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Abbreviations: HL, hearing loss; ARNSHL, autosomal recessive 
nonsyndromic hearing loss; NGS, next-generation sequencing; CIs, 
cochlear implants; WES, whole-exome sequencing; TEs/DPOAEs, 
transient emissions/distortion-product optoacoustics; ABR, auditory 
brainstem response; ASSR, auditory steady-state response; CAP, 
Categories of Auditory Performance; SIR, Speech Intelligibility Rating; 
Hg19, Human Genome Build 19; gnomAD, Genome Aggregation 
Database; dbSNP, Single Nucleotide Polymorphism Database; 
I-TASSER, Iterative Threading ASSEmbly Refinement; ACMG, American 
College of Medical Genetics and Genomics; ESP, Exome Sequencing 
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Consortium; PND, prenatal diagnostic test; PGD, preimplantation 
genetic diagnosis; IGV, Integrative Genomics Viewer; NA, information not 
available; … , nonapplicable

Laboratory Medicine 2022;53:111–122; https://doi.org/10.1093/labmed/
lmab047

ABSTRACT

Background: Hearing loss (HL) is the most prevalent and genetically 

heterogeneous sensory disabilities in humans throughout the world.

Methods: In this study, we used whole-exome sequencing 

(WES) to determine the variant causing autosomal recessive 

nonsyndromic hearing loss (ARNSHL) segregating in 3 sepa-

rate Iranian consanguineous families (with 3 different ethnicities: 

Azeri, Persian, and Lur), followed by cosegregation analy-

sis, computational analysis, and structural modeling using the 

I-TASSER (Iterative Threading ASSEmbly Refinement) server. 

Also, we used speech-perception tests to measure cochlear im-

plant (CI) performance in patients.

Results: One small in-frame deletion variant (MYO15A c.8309_8311del 

(p.Glu2770del)), resulting in deletion of a single amino-acid residue 

was identified. We found it to be cosegregating with the disease in 

the studied families. We provide some evidence suggesting the path-

ogenesis of this variant in HL based on the American College of Medi-

cal Genetics (ACMG) and Genomics guidelines. Evaluation of auditory 

and speech performance indicated favorable outcome after cochlear 

implantation in our patients.

Conclusions: The findings of this study demonstrate the utility of WES 

in genetic diagnostics of HL.

Hereditary hearing loss (HL), as the most frequent neurosensory dis-
order, affects millions of people worldwide. The prevalence of HL in 
Iran is 2 to 3 times higher than in most other parts of the world due 
to consanguineous marriage.1 Genetic factors are the main reason for 
HL, with more than 50% of cases having a genetic etiology.2 Monogenic 
inheritance accounts for 70% of all congenital HL with all Mendelian 
inheritance patterns. However, autosomal recessive nonsyndromic HL 
(ARNSHL) is the most frequent hereditary pattern, for which more than 
74 genes have been identified (The Hereditary Hearing Loss Homepage: 
http://hereditaryhearingloss.org/).

The MYO15A gene (OMIM no.  602666)  with 71-kb length and 66 
exons on chromosome 17p11.2 (chr17:18,012,020-18,083,116; hg19 
assembly), also known as DFNB3, was described in 1995 in the literature 
for the first time.3 Since then, hundreds of variants have been identified 
in this gene that cause ARNSHL. Pathogenic/likely pathogenic variants 
of MYO15A in Iran, as in other ethnic groups, are considered the third-
most-common cause of ARNSHL.4 

Myosin XVA, or unconventional myosin XV, is a protein with 
3530 residues in its longest form (MYO15_HUMAN, Q9UKN7, and 
NP_057323.3). There are 2 alternatively spliced transcripts according to 

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, 
please e-mail: journals.permissions@oup.com
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the presence or lack of exon 2, isoform classes 1 and 2, respectively.5 The 
long isoform of the human myosin XVA consists of an N-terminal do-
main (aa 1–1223), an ATPase motor-head domain (aa 1224–1899); the 
neck region contains 2 light chain–binding motifs (IQ; aa 1909–1942), 
the tail region contains 2 MyTH4 (myosin tail homology 4)  domains 
(aa 2066–2174 and 3051–3161), 2 FERM (band 4.1, ezrin, radixin, and 
moesin) domains (aa 2687–2867 and 3217–3497), a SH3 (src homology 
3) domain (aa 2865–2959), and a C-terminal class I PDZ-binding motif.6,7

Myosin XVA is essential for elongation and maintenance of 
stereocilia, the mechanosensory sound-transducing organelles in the 
inner-ear hair cells.8–11 Pathogenic variants of the MyTH4-FERM do-
main of the myosin XVA are frequently reported to be associated with 
HL. Thus, it is among the most prevalent genetic causes of ARNSHL.4

To date, more than 900 variants have been reported in MYO15A world-
wide, which encompass a wide range of missense/nonsense, splicing, dele-
tion, insertions, and complex mutations (https://www.ncbi.nlm.nih.gov/
clinvar). So far, only 41 pathogenic or likely pathogenic variants have been 
reported in this gene from the Iranian population.

Genetic diagnosis of HL, as one of the most genetically heteroge-
neous disorders, based on Sanger sequencing, is cumbersome. Except 
for GJB2, as the most common cause of ARNSHL with 1 coding exon, 
direct sequencing of other common deafness genes is not cost-effec-
tive due to the large size/number of exons. This idea has also been 
emphasized by the ACMG guideline for hearing loss,12 in which it has 
been recommended for ARNSHL to jump to next-generation sequencing 
(NGS) after only excluding GJB2/GJB6 pathogenic variants. We note 
that GJB6 pathogenic variants have near-0 frequencies in Iran, based 
on the findings of many investigations. The advent of NGS facilitates 
genetic diagnosis by sequencing massive amounts of DNA simultane-
ously, and reduces time and cost of sequencing by several orders of 
magnitude.

Cochlear implants (CIs) bypass cochlear hair cells and directly stimulate 
the hearing nerves. Also, pathogenic variants in different deafness genes 
have different pathological effects. As a result, the findings of recent phys-
iological studies, such as Eppsteinter et al,13 suggest that the site of the 
genetic defect might impact outcomes of cochlear implantation.

In this study, as a part of a larger study, we report on 3 consanguine-
ous Iranian families with a history of profound sensorineural HL compat-
ible with ARNSHL. We applied whole-exome sequencing (WES) to clarify 
the etiology of HL in the studied families and identified 1 pathogenic ho-
mozygous small nonframeshifting deletion in MYO15A (c.8309_8311del 
[p.Glu2770del]), resulting in the deletion of a single amino-acid residue.

Material and Methods

Study Participants and Clinical Evaluations
This study is a part of a larger study on genetics of HL in several provinces 
of Iran. The study families involved 3 consanguineous Iranian families with 
3 different ethnicities, namely, Azeri, Persian, and Lur. Written informed 
consent was obtained from all of the participants in the study, and written 
consent to participate was obtained from the parents of patients younger 
than age 16  years. Written informed consent for publication of clinical 
details and clinical images was obtained from all of the participants and 
from the parents of the patients younger than 18 years.

Comprehensive family history, physical examination, and audiological 
testing consisting of play audiometry, tympanometry, acoustic stapedial 

reflex, transient emissions/distortion-product otoacoustic emissions (TEs/
DPOAEs), auditory brainstem response (ABR), and auditory steady-state re-
sponse (ASSR) was performed. The case individuals had received a CI 3 years 
ago (the first individual at the age of 1 year and 10 months, the second at 
2 years and 5 months, and the third one at 3 years and 6 months).

 Auditory and speech performance were evaluated using the 
Categories of Auditory Performance (CAP)14 and Speech Intelligibility 
Rating (SIR)15 after cochlear implantation. CAP consists of 8 categories, 
ranging from complete deafness: “no awareness of environment” (CAP 
score 0) to good verbal communication: “use of telephone with known 
users” (CAP score 7). SIR consists of 5 categories that range from “unin-
telligible speech” (SIR score 1) to “speech intelligible to all listeners” (SIR 
score 5). All 3 families signed written informed-consent forms.

DNA Extraction and Mutation Screening via NGS
Genomic DNA was extracted from peripheral blood of the patients and 
their family members using QIAamp DNA Blood Mini kit (QIAGEN), ac-
cording to the manufacturer-provided instructions. We assessed quality 
and quantity of DNA using agarose gel and the Nanodrop 2000 instru-
ment (Thermo Fisher Scientific Inc.), respectively. Sanger sequencing 
was performed, to exclude pathogenic/likely pathogenic variants in exon 
2 of the GJB2 as the most common deafness gene. For this purpose, the 
forward and reverse primers were used, as described previously.16 After 
making sure there was no pathogenic/likely pathogenic variant in the 
GJB2, patient specimens were subjected to WES.

DNA libraries were generated from fragmented genomic DNA 
and subjected to the enrichment of coding exons and flanking in-
tronic sequences using the SureSelect Human All Exon 50  Mb kit 
(Agilent Technologies, Inc.). The enriched DNA was sequenced 
using NextSeq 500 with the 90bp pair-end reads. The sequencing 
yielded an average sequencing depth of 100× per specimen, with 
at least 90% of the targeted region covered at 10×. Sequence align-
ment was performed by Burrows Wheeler Alignment software 
using Human Genome Build 19 (Hg19) as the reference, and vari-
ant filtering steps were performed using GATK software,17 by ex-
cluding noncoding regions variants, exonic synonymous variants, 
and variants with an MAF greater than 0.01. We based these values 
on the contents of public databases, including the 1000 Genomes 
Project (http://www.1000genomes.org),the Genome Aggregation 
Database (gnomAD) (gnomad.broadinstitute.org/), the Single Nu-
cleotide Polymorphism Database (dbSNP), the Iranome database 
(www.iranome.com, which is an online variant frequency database 
consisting of genome data of 800 healthy Iranians from 8 ethnic 
groups in Iran), and the GTaC database (our own locally developed 
database consisting of 1500 exomes, followed by annotation for con-
servation [phyloP, phastCons] and pathogenicity [MutationTaster,18 
PROVEAN,19 SIFT indel,20 and DDIG-in 21]).

The 3-D Structure of the MYO15A Protein
We used the I-TASSER (Iterative Threading ASSEmbly Refinement)22 
server to construct the 3D structure of the wild-type and mutant forms 
of the MYO15A tail. The PDB file of the generated protein model was 
used as the input for visualized by PyMOL software.

Cosegregation Study and Pathogenicity Examination
We performed Sanger sequencing to confirm the variant reported 
via NGS, to examine cosegregation of the genotype and HL phe-
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reflex, transient emissions/distortion-product otoacoustic emissions (TEs/
DPOAEs), auditory brainstem response (ABR), and auditory steady-state re-
sponse (ASSR) was performed. The case individuals had received a CI 3 years 
ago (the first individual at the age of 1 year and 10 months, the second at 
2 years and 5 months, and the third one at 3 years and 6 months).

 Auditory and speech performance were evaluated using the 
Categories of Auditory Performance (CAP)14 and Speech Intelligibility 
Rating (SIR)15 after cochlear implantation. CAP consists of 8 categories, 
ranging from complete deafness: “no awareness of environment” (CAP 
score 0) to good verbal communication: “use of telephone with known 
users” (CAP score 7). SIR consists of 5 categories that range from “unin-
telligible speech” (SIR score 1) to “speech intelligible to all listeners” (SIR 
score 5). All 3 families signed written informed-consent forms.

DNA Extraction and Mutation Screening via NGS
Genomic DNA was extracted from peripheral blood of the patients and 
their family members using QIAamp DNA Blood Mini kit (QIAGEN), ac-
cording to the manufacturer-provided instructions. We assessed quality 
and quantity of DNA using agarose gel and the Nanodrop 2000 instru-
ment (Thermo Fisher Scientific Inc.), respectively. Sanger sequencing 
was performed, to exclude pathogenic/likely pathogenic variants in exon 
2 of the GJB2 as the most common deafness gene. For this purpose, the 
forward and reverse primers were used, as described previously.16 After 
making sure there was no pathogenic/likely pathogenic variant in the 
GJB2, patient specimens were subjected to WES.

DNA libraries were generated from fragmented genomic DNA 
and subjected to the enrichment of coding exons and flanking in-
tronic sequences using the SureSelect Human All Exon 50  Mb kit 
(Agilent Technologies, Inc.). The enriched DNA was sequenced 
using NextSeq 500 with the 90bp pair-end reads. The sequencing 
yielded an average sequencing depth of 100× per specimen, with 
at least 90% of the targeted region covered at 10×. Sequence align-
ment was performed by Burrows Wheeler Alignment software 
using Human Genome Build 19 (Hg19) as the reference, and vari-
ant filtering steps were performed using GATK software,17 by ex-
cluding noncoding regions variants, exonic synonymous variants, 
and variants with an MAF greater than 0.01. We based these values 
on the contents of public databases, including the 1000 Genomes 
Project (http://www.1000genomes.org),the Genome Aggregation 
Database (gnomAD) (gnomad.broadinstitute.org/), the Single Nu-
cleotide Polymorphism Database (dbSNP), the Iranome database 
(www.iranome.com, which is an online variant frequency database 
consisting of genome data of 800 healthy Iranians from 8 ethnic 
groups in Iran), and the GTaC database (our own locally developed 
database consisting of 1500 exomes, followed by annotation for con-
servation [phyloP, phastCons] and pathogenicity [MutationTaster,18 
PROVEAN,19 SIFT indel,20 and DDIG-in 21]).

The 3-D Structure of the MYO15A Protein
We used the I-TASSER (Iterative Threading ASSEmbly Refinement)22 
server to construct the 3D structure of the wild-type and mutant forms 
of the MYO15A tail. The PDB file of the generated protein model was 
used as the input for visualized by PyMOL software.

Cosegregation Study and Pathogenicity Examination
We performed Sanger sequencing to confirm the variant reported 
via NGS, to examine cosegregation of the genotype and HL phe-

notype among family members. A  set of primers were designed via 
Primer 3 software (F: 5′ -AGGGAGACTGAGGCTGACAA-3′ and R: 
5′-CACAGCTAGGAGCTGCACAC-3′) to amplify the region of the small 
deletion in exon 46 of all family members. Then, the amplicon was used 
for bidirectional Sanger sequencing using an ABI 3130 automated se-

quencer (Thermo Fisher Scientific Inc.). The sequences were compared 
with the MYO15A gene reference sequence. Based on the criteria 
introduced by the American College of Medical Genetics and Genomics 
(ACMG) and HL-specific ACMG/AMP guidelines,12,23 the pathogenicity 
of the variant in MYO15A was examined.

FIGURE 1. The electropherogram analysis shows wild-type (D), homozygote (E), and heterozygote (F) variants (MYO15A 
c.8309_8311del (p.Glu2770del)) in 3 pedigrees. The lower panel indicate the integrative genomics viewer (IGV) illustration of the 
identified variant. A, Family HL-CI 10. B, Family HL-CI 3. C, Family HL-CI 19. 
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Results
In the first family (HL-CI 10)  (FIGURE 1A), a 35  year  old pregnant 
woman (IV2) was referred to our genetics laboratory with a positive 
family history for ARNSHL. The couples were consanguineous. After 
taking history and drawing the pedigree, the nephew of that woman 
(V1: a 5 year old boy) underwent WES after Sanger sequencing of GJB2.

The second family (HL-CI 3) (FIGURE 1B) referred to our genetics 
laboratory had a girl child (V1), aged 5 years, with congenital HL. Clin-
ical evaluation suggested it to be a result of ARNSHL. The parents were 
first cousins and had a family history of HL; the mother was pregnant 
and was worried about whether her embryo would be affected. Her af-
fected daughter, underwent genetic testing.

The third family (HL-CI 19) (FIGURE 1C) referred to our laboratory 
had a 6 year old boy with HL that had been diagnosed at age 1 year. He 
was the only deaf person in the family. His parents were first cousins 
and were worried about the possibility of HL in their next pregnancy. 
After ensuring there was no pathogenic/likely pathogenic variant in the 
GJB2 gene, WES was performed for probands of HL-CI 10, HL-CI 3, and 
HL-CI 19 families.

Several filtering steps were used to analyze patient variants. The to-
tal number of variants in patients (HL-CI 10-V1, HL-CI3-IV1, and HL-CI 
19-IV1) after alignment and SNV calling were 82096, 67072, and 46690, 
respectively. By applying several exclusion processes, such as function 
(ie, exonic/intronic variants), frequency in dbSNP, 1000 Genomes Proj-
ect, ESP, and gnomAD databases (among others) and quality filtering, 
the number of variants in patients was reduced to 1023, 1302, and 923, 
respectively. 

The variants were prioritized based on the comparisons with 
known deafness genes; eventually, regarding the inheritance pattern 
in pedigrees, only 1 relevant variant was identified. No significant path-
ogenic incidental findings were observed in any probands. As the result, 
a homozygous nonframeshift deletion variant was detected in MYO15A 
(MYO15A:NM_016239: exon 46: c.8309_8311del (p.Glu2770del) in the all 
3 families. Based on the data provided in the NCBI Clinvar database, this 

homozygous deletion variant had been categorized as likely pathogenic 
without providing any evidence (Variation ID: 493209). Therefore, in these 
study findings, the pathogenicity status of the variant is established. 

Based on audiological reports and clinical manifestations, all 3 cases 
showed bilateral profound nonsyndromic sensorineural HL (FIGURE 
2). CAP and SIR scaling were used to assess auditory and speech perfor-
mance after cochlear implantation. These scales, as a reliable instrument 
for measuring the outcome of cochlear implantation, are approved.24,25

Results of auditory and speech performance indicated favorable out-
come of cochlear implantation in all cases after 3 years (the first patient 
had a CAP score of 5 (understanding of common phrases without lip 
reading) and a SIR score of 5 (speech is intelligible to all listeners). The 
second patient had a CAP score of 6 (understanding conversation with-
out lip reading) and a SIR score of 5 (speech is intelligible to all listeners). 
The third patient had a CAP score of 6 and a SIR score of 4 (speech is in-

FIGURE 2. The typical downsloping audiogram at the time of 
diagnosis, which was similar in the patients.
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telligible to listeners with little experience of the speech of deaf people), 
respectively. 

Sanger sequencing on family members confirmed that the variant 
was cosegregating with HL (homozygote in patients and heterozygote 
in parents) (FIGURES 1D-1F). Comparison of the sequence of the 
MYO15A protein with multiple species proved that p.Glu2770 is evo-
lutionarily conserved and, thus, suggested its importance in the proper 
protein function (FIGURE 3).

According to the ACMG and HL-specific ACMG/AMP guidelines, 
this variant c.8309_8311del (p.Glu2770del) is classified as patho-
genic, based on some lines of evidence. The moderate (PM2) variant 

is absent from the controls of the Exome Sequencing Project (ESP), 
1000 Genomes Project (TGP), Exome Aggregation Consortium (ExAC), 
Iranome, and GTaC databases. Moderate (PM3): 0.5 point awarded from 
tables 6A and 6B of the ACMG/AMP guidelines to each of the probands 
(total score of 1.5 for homozygous occurrence due to consanguinity in 
a total of 6 patients).

Moderate (PM4): Protein length is changed as a result of small in-frame 
deletion (1 amino acid) in a nonrepeating region of the protein. Strong 
(PP1): the cosegregation study using the Sanger sequencing method 
reveals that the variant is cosegregating with the disease in all 3 families. 

The greatest strength level, PP1, was identified in the HL-CI10 ped-
igree, with 3 affected and 2 unaffected siblings, based on table 4 of the 
ACMG/AMP guideline. The LOD score was 2.06, suggesting a strong 
cosegregation with the disease. Supporting (PP3): multiple lines of com-
putational evidence support the deleterious effect of this variant (evo-
lutionary conservation, pathogenicity prediction, protein structure) 
(TABLE 1). Supporting (PP5): this variant is reported as likely patho-
genic in 2 separate studies; 26,27 however, no evidence has been provided.

The 3D structure of MYO15A and its mutant model was constructed 
using the I-TASSER online server. The results showed that this pro-
tein has missed 1 negatively charged amino acid in an α-helix struc-
ture of the second FERM domain due to MYO15A:NM_016239:exon46: 
c.8309_8311del (p.Glu2770del) (FIGURE 4). Using modeling, we showed 
that noncovalent interaction between Glu2770 and Ser 2774 is missed 
due to deletion of Glu and the resultant disruption of the α-helix structure 
(FIGURE 4). Because there are 3.6 residues per turn in every α-helix, de-
letion of glutamate as a residue with negative charge could lead a consider-
able shift in side chains of the remaining residues in the disrupted α-helix 
and may consequently negatively affect the protein folding.

After elucidating the pathogenicity of the variant, during the next 
pregnancy, 2 of the studied families requested a prenatal diagnosis. In 
family HL-CI 10, the father (III1) was not a carrier for the MYO15A 
c.8309_8311del (p.Glu2770del) variant. Because the risk of deafness 
due to compound heterozygous pathogenic variants in the fetus was ex-
pected to be low because of consanguinity, the parents choose not to 
pursue prenatal diagnostic testing (PND). In family HL-CI 3, performing 
PND by amniotic fluid sampling at the 14th week of gestation showed 
the fetus is heterozygous for MYO15A c.8309_8311del (p.Glu2770del). 

FIGURE 3. Schematic structure of Myosin XVa and conservation analysis. Human MYO15A domains consist of N-terminal 
domain (aa 1–1223), an ATPase motor head domain (aa 1224–1899). The neck region contains 2 light chain–binding motifs (IQ; 
aa 1909–1942), and the tail region contains 2 MyTH4 domains (aa 2066–2174 and 3051–3161), 2 FERM domains (aa 2687–2867 
and 3217–3497), 1 SH3 domain (aa 2865–2959), and a C-terminal class I PDZ-binding motif. Protein alignment by Clustal Omega 
showed evolutionary conservation of residue E2770 in MYO15A.

N-terminal extension Motor MyTH4 FERMa

MYO15A:NM_016239:exon46: c.8309_8311del(p.Glu2770del)

MyTH4 FERMaSH3 PDZ

TABLE 1. In Silico Analysis of the Identified Variant in 
MYO15A

Transcript
ENST00000647165.2  

NM_016239.4

Variant c.8309_8311del  

p.Glu2770del 

Alteration (physical location) chr17:18058506_18058508delGGA

dbSNP rsID rs1555546699

Associated disease Deafness, autosomal  
recessive

OMIM ID #602666

1000 Genomes MAF …

PhastCons score 1

PhyloP 5.89

Zygosity Homo

DDIG-in Disease

SIFT indel Damaging

MutationTaster Disease-causing

PROVEAN Deleterious

ACMG Classification Pathogenic

Segregates in the  
family

yes

… , nonapplicable; ACMG, American College of Medical Genetics and 
Genomics.
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Thus, both fetuses (HL-CI 10-V6 and HL-CI 3-V2) were predicted to be 
unaffected for MYO15A-related hearing loss. Our predictions were con-
firmed after the birth of both infants. In the case of the third family 
(HL-CI 19), they were told that they could benefit from PND or PGD 
(preimplantation genetic diagnosis) testing in the next pregnancy to 
have a child without hearing impairment.

Discussion
MYO15A variants are documented as one of the most prevalent ge-
netic causes of ARNSHL worldwide.4 This type of variant is recognized 
as a common cause of HL, in third place after the GJB2 and SLC26A4 
variants in the Iranian population.27–30

According to the information provided in the ClinVar online ar-
chive, more than 900 variants have been reported in MYO15A world-
wide. However, the results of professional HGMD indicated that 343 
of these variants were associated with HL. They involve a wide spec-

trum of variant types, including missense/nonsense (n = 220), splicing 
(n = 51), small deletion (n = 39), small insertion (n = 26), small indel 
(n = 2), gross deletion (n = 4), and complex mutation (n = 1). Until now, 
41 pathogenic or likely pathogenic variants have been reported in this 
gene from the Iranian population, including 16 missense, 13 small in-
sertion or deletion, 7 splice site, and 5 nonsense variant (TABLE 2).

In this study report, we have identified and investigated the effect 
of 1 small in-frame deletion in MYO15A in 3 separate consanguine-
ous Iranian families. We applied NGS to the molecular diagnosis and 
identified 1 homozygous small nonframeshifting deletion in MYO15A 
(c.8309_8311del [p.Glu2770del]), which was classified as pathogenic 
based on the ACMG and HL-specific ACMG/AMP guidelines. It results 
in the deletion of 1 glutamate from an α-helical region in the FERM do-
main of unconventional myosin-15.

Small insertions/deletions are the second-most-abundant type of 
variants in the human genome after single nucleotide variants; in-frame 
indels account for 50% of these variants.31 Indels present a unique chal-

FIGURE 4. Structure of the MYO15A tail with MyTH4-FERM domains. A, The affected amino acid is located in an α-helical 
region in the FERMa domain and is highlighted in red. Ribbon representation of the wild-type protein and noncovalent 
interaction between Glu2770 (B) and Ser 2774 (C). D, Analysis of the variant at the molecular level reveals how the deletion 
might lead to loss of the noncovalent interaction and so contribute to disruption of the α-helix structure.
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lenge because they alter protein primary structure, and also, they are 
highly prevalent in healthy populations.32

The variant found in our study has been reported previously in 1 Ira-
nian and 1 Turkish family and has been categorized as likely pathogenic 
in the NCBI Clinvar database. However, no cosegregation or bioinformat-
ics analyses had been performed on it.26,27 In this study report, we provide 
further evidence of the pathogenicity of the variant. We have performed 
a cosegregation analysis along with computational analysis and structural 
modeling to improve our diagnostic value. This deletion is predicted by 
MutationTaster, SIFT-indel, PROVEAN, and DDG-in to be deleterious.

Structural analysis of the mutant protein in this study suggests 
that the absence of a single residue in an α-helical region affects 
amino-acid interaction and helical stability. Because there are 3.6 
residues per turn in every α-helix, deletion of 1 hydrophilic amino acid 
with a negative charge (Glu2770) shifts the position of the remaining 
residues. This action might affect protein structure by changing in 
the stability of protein folding. However, structural modeling is spec-
ulative, and experimentally determined structure, obtained by struc-
tural biology techniques such as X-ray crystallography, is needed 
to elucidate the exact structure of the MYO15A protein. Our result 
indicates that an abnormal phenotype can occur through change in 
the structure of the protein and, ultimately, disruption of the protein 
function, which is necessary for the mechanosensory activity of hair 
cells in the inner ear.

The findings from recent studies, such as Eppsteiner et al,13 suggest 
that pathogenic/likely pathogenic variants in different deafness genes 
lead to different pathologies and, thus, affect the outcome of postop-
erative cochlear implantation. Our results are in line with those from 
previous studies,31,33–35 suggesting that patients with MYO15A patho-
genic variants show favorable auditory performance after CI surgery. 
However, a comprehensive study in a group with larger sample sizes is 
required to correlate the genetic findings to CI performance.

Conclusions
Our results, which indicate the pathogenicity of MYO15A 
(c.8309_8311del [p.Glu2770del]) in affected patients from 3 separate 
families of different ethnicities, could be used in cascade screening of 
consanguineous marriage in extended families. Also, our finding of a 
small recurrent in-frame deletion variant in MYO15A causing ARNSHL 
has implications for genetic diagnosis of HL in Iran.
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lenge because they alter protein primary structure, and also, they are 
highly prevalent in healthy populations.32

The variant found in our study has been reported previously in 1 Ira-
nian and 1 Turkish family and has been categorized as likely pathogenic 
in the NCBI Clinvar database. However, no cosegregation or bioinformat-
ics analyses had been performed on it.26,27 In this study report, we provide 
further evidence of the pathogenicity of the variant. We have performed 
a cosegregation analysis along with computational analysis and structural 
modeling to improve our diagnostic value. This deletion is predicted by 
MutationTaster, SIFT-indel, PROVEAN, and DDG-in to be deleterious.

Structural analysis of the mutant protein in this study suggests 
that the absence of a single residue in an α-helical region affects 
amino-acid interaction and helical stability. Because there are 3.6 
residues per turn in every α-helix, deletion of 1 hydrophilic amino acid 
with a negative charge (Glu2770) shifts the position of the remaining 
residues. This action might affect protein structure by changing in 
the stability of protein folding. However, structural modeling is spec-
ulative, and experimentally determined structure, obtained by struc-
tural biology techniques such as X-ray crystallography, is needed 
to elucidate the exact structure of the MYO15A protein. Our result 
indicates that an abnormal phenotype can occur through change in 
the structure of the protein and, ultimately, disruption of the protein 
function, which is necessary for the mechanosensory activity of hair 
cells in the inner ear.

The findings from recent studies, such as Eppsteiner et al,13 suggest 
that pathogenic/likely pathogenic variants in different deafness genes 
lead to different pathologies and, thus, affect the outcome of postop-
erative cochlear implantation. Our results are in line with those from 
previous studies,31,33–35 suggesting that patients with MYO15A patho-
genic variants show favorable auditory performance after CI surgery. 
However, a comprehensive study in a group with larger sample sizes is 
required to correlate the genetic findings to CI performance.

Conclusions
Our results, which indicate the pathogenicity of MYO15A 
(c.8309_8311del [p.Glu2770del]) in affected patients from 3 separate 
families of different ethnicities, could be used in cascade screening of 
consanguineous marriage in extended families. Also, our finding of a 
small recurrent in-frame deletion variant in MYO15A causing ARNSHL 
has implications for genetic diagnosis of HL in Iran.
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ABSTRACT

Objective: Some conventional laboratory tests are routinely used for 

the prediction of systemic autoimmune disease activity, such as the 

erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP); 

however, they can give false-negative results, pointing out the need to 

identify more specific markers.

Methods: We evaluated biomarkers in 21 Italian patients naïve to 

treatment with a diagnosis of autoimmune rheumatic disease accord-

ing to the 2010 American College of Rheumatology/European League 

Against Rheumatism Classification Criteria for Rheumatoid Arthritis 

during 6 months of therapeutic treatments.

Results: We found a significant difference in interleukin-6 (IL-6), CRP, 

ESR, platelet count, and fecal calprotectin in diagnosed patients 

compared with healthy participants and a significant decrease in 

these values during follow-up, except for IL-6 and platelet count.

Conclusion: We found that CRP, ESR, and fecal calprotectin seemed 

to be related to autoimmune rheumatic disorders and to be associated 

with therapy, whereas serum calprotectin and IL-6 did not seem to 

be associated with disease improvement after the start of treatment, 

along with leukocyte count and platelet count.

Rheumatic diseases include more than 150 different disorders affecting 
more than 5 million of people worldwide, and this number is expected 
to increase because of the aging of the population. However, these 
pathologies are still undervalued by most affected individuals, who er-
roneously believe that the pain is caused by age. For these reasons, too 
many diagnoses are formulated belatedly, and clinicians are often forced 
to intervene when the situation has already evolved. The rheumatic 
diseases are quite different from each other, both the symptoms and the 
causes that determine them. They mainly affect the joints, the skeleton, 
and the muscular apparatus, but sometimes they also involve internal 
organs and other tissues. Inflammation is often the consequence of an 
abnormal response of the immune system, in that it happens in many 
“autoimmune” rheumatic diseases, that can gradually lead to disability 
conditions if not treated.1

Rheumatoid arthritis (RA) is the most common chronic immune-
mediated inflammatory joint disease. It has a progressive evolution 
that compromises articular function with a high invalidating risk.2 
The treatment of RA has improved greatly over the last 15 years, es-
pecially with the introduction of biologic therapies and treat-to-target 
strategies.

Polymyalgia rheumatica (PMR) is a systemic inflammatory disease 
that occurs in patients older than age 50 years. It mostly affects women 
and is characterized by an elevated erythrocyte sedimentation rate (ESR), 
proximal extremity pain, morning stiffness, and rapid relief with the ad-
ministration of corticosteroids; however, some patients may take longer 
to come to clinical attention because of a persistently “normal” ESR. In 
these patients, a measurement of C-reactive protein (CRP) may be use-
ful, even if it is not considered part of the published diagnostic criteria.3

Psoriatic arthritis (PsA) is a heterogeneous condition with musculo-
skeletal involvement, including arthritis, enthesitis, dactylitis, and ax-
ial involvement and potential nails and skin disease.4 In patients with 
severe cases, there is a risk that the joints will become permanently 
damaged or deformed, requiring a surgical treatment. Early diagnosis 
and appropriate treatment are important to slow down the progression 
of the condition and to minimize or prevent permanent damage to the 
joints.5,6

In clinical practice, some laboratory tests are commonly used for the 
prediction of systemic autoimmune disease activity including ESR, CRP, 
and leukocyte and platelet (PLT) counts, which are considered generic 

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, 
please e-mail: journals.permissions@oup.com
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inflammatory-disease biological markers and are usually elevated in 
patients with RA.

In fact, even though PLTs are primarily recognized for their role in 
the prevention of bleeding, because of their large number of receptors, 
they respond promptly to complement and damage-associated molec-
ular patterns, representing a great reservoir of immunomodulatory 
molecules in the circulation and confirming their role in immune 
responses and inflammation.7

Regarding the association between leukocytosis and rheumatic 
diseases, data from the literature are controversial: Intermittent or per-
sistent leukocytosis seem to be common in patients with RA receiving 
low-dose oral steroid therapy; moreover, a higher white blood cell (WBC) 
count has been found in patients with more active disease.8 On the 
other hand, hemolytic anemia, leukopenia, lymphopenia, and immune-
mediated thrombocytopenia are frequently seen in patients with sys-
temic lupus erythematosus.9

However, some studies have shown that these nonspecific markers 
can give false-negative results.10,11 For this reason, in recent years, there 
has been a constant search for specific markers that reflect the inflam-
matory status of patients with autoimmune disease and that may pre-
dict responsiveness to treatment.12

Calprotectin is a calcium-binding leukocyte protein consisting 
of the heterodimers of the proteins S100A8 and S100A9 (myeloid-
related protein, MRP8/MRP14) that is mainly expressed in early-
stage differentiated monocytes and neutrophil granulocytes13,14 and is 
released predominantly at sites of inflammation. In contrast to CRP, 
calprotectin regulates the maturation of inflammatory cells, facilitating 
further inflammation; it is secreted from these cells and for this rea-
son its plasma concentration reflects both the number of inflammatory 
cells and their activity.15 This protein can actually be measured in body 
fluids, and several studies have shown that elevated concentrations of 
calprotectin in serum and/or synovial fluid are present in various rheu-
matic diseases14 and that high levels of calprotectin predict methotrex-
ate (MTX) responsiveness.12-16 Moreover, its concentration in stool is 
proportional to the presence of neutrophils and inflammation in the 
gut. Because some studies show a correlation between inflammatory 
rheumatic diseases and a variety of gastrointestinal manifestations, fe-
cal calprotectin has been used in our work to assess subclinical gut in-
flammation in patients who are rheumatic without symptoms.

In addition to calprotectin, data from the literature indicate that 
cytokines are also important components of inflammatory response 
in rheumatic diseases. Among them, interleukin (IL)-6 serum concen-
tration is significantly elevated in patients with RA and decreases with 
medical treatment, proposing a potential role for the IL-6 family of 
cytokines in the pathogenesis of RA.17-19

Pharmacological treatments for autoimmune rheumatic diseases in-
clude nonsteroidal anti-inflammatory drugs, glucocorticoids (GCs), and 
other disease-modifying anti-rheumatoid drugs (DMARDs), which may be 
synthetic (either conventional [csDMARDs] or targeted) or biologic.20 In 
many patients, DMARDs allow them to achieve a good remission, especially 
when used efficaciously and in combination.21 Among the csDMARDs, the 
most used are hydroxychloroquine (HCQ), MTX, and sulfasalazine.22-24

The objectives of the present study were (i) to indirectly investigate 
the prevalence of subclinical intestinal inflammation in naïve patients 
(patients that started pharmacological treatment for the first time) 
 affected by autoimmune rheumatic disease according to the 2010 Amer-
ican College of Rheumatology/European League Against Rheumatism 

(ACR/EULAR) Classification Criteria for Rheumatoid Arthritis,25 with-
out intestinal symptoms and before starting any therapy, by measuring 
their fecal calprotectin concentrations at recruitment and comparing 
these values to those of healthy participants; (ii) to assess the patients’ 
serum calprotectin levels, exploring their possible associations with 
those of fecal calprotectin, before and during 6  months of pharmaco-
logical csDMARDs and/or GC treatment; and (iii) to compare patients’ 
concentrations of fecal calprotectin, serum calprotectin, and serum IL-6 
to those of the most common used unspecific inflammatory markers 
(ESR, CRP, PLT count, and leukocyte count) at the time of recruitment 
and after 1, 3, and 6 months from the start of therapy, also evaluating 
the changes in rheumatic symptoms, disease activity parameters, and 
organ manifestations.

Materials and Methods
Between April 2016 and May 2017, a total of 245 outpatients came to 
the rheumatology department of San Camillo Hospital in Treviso, Italy 
for the first time and, among them, 21 patients—14 women and 7 men 
(mean age 63.3 years; standard deviation [SD] 9.2)—were consecutively 
recruited for this prospective study under the following criteria: a new 
diagnosis of autoimmune rheumatic disease according to the 2010 ACR/
EULAR Classification Criteria for Rheumatoid Arthritis,25 without gas-
trointestinal manifestations at recruitment. Patients presenting with 
inflammatory bowel disease, acute or chronic kidney and liver disease, 
any form of current acute or chronic infection, or any hematological 
disease, and patients receiving antibiotic therapy and/or corticoster-
oid and estrogenic therapy were excluded. Patients’ disease activity was 
evaluated by the Disease Activity Score 28-PCR (DAS28-PCR),26 which 
was calculated using 4 measures: the number of swollen joints out of 
the 28 considered, the number of tender joints out of the 28 considered, 
CRP, and a “global assessment of health” of the patient using a visual an-
alogue scale in a complex mathematical formula to produce the overall 
activity score of the disease. A DAS28-PCR >5.1 implies active disease, 
a value between 5.1 and 3.2 indicates moderate disease activity, <3.2 
indicates low disease activity, and <2.6 indicates remission.

All the enrolled patients—4 with RA, 7 with PMR, and 10 with 
PsA—started the therapy with GCs or at least 1 of the csDMARDs as-
sociated with a GC immediately after recruitment; next, symptoms and 
fecal and serum biomarkers were evaluated at diagnosis and after one, 
3, and 6 months from the start of treatment. The same laboratory tests, 
except for serum IL-6 and serum calprotectin, were also performed on 
the control group, which included 21 age- and sex-matched healthy 
participants (mean age 63.6 years; SD 13.7; P = .999).

CRP, ESR, leukocyte (WBC) counts, and PLT counts were analyzed im-
mediately after blood collection using routine procedures in the laboratory 
department of San Camillo Hospital: CRP was determined by serum spec-
imen using the immunoturbidimetric method (high-sensivity CRP assay) 
on a Dimension EXL with an LM analyzer (Siemens Healthcare Diagnostics 
Inc.), with an assay range of 0.1 to 50 mg/L. The ESR, WBC count, and PLT 
count were measured in blood specimens anticoagulated with K3EDTA. 
The ESR was measured using spectrophotometric assay (Alifax test-1 THL, 
950 nm; Alifax, Polverara, Italy), reference range 0 to 20 mm/hour, and 
WBC and PLT counts were measured using a Siemens hematology analyzer 
(ADVIA 2120i System, with analytical ranges, respectively, of 0.02 to 400 × 
103/μL and 5.0 to 3500 × 103/μL and a reference range from 4.8 × 103/μL to 
10.5 × 103/μL for WBC and from 130 to 400 × 103/μL for PLT). 

Fecal calprotectin was immediately evaluated by fluoroenzyme 
immunoassay for calprotectin determination on the instrument 
Phadia 100 with the EliA Calprotectin (Thermo Scientific) kit for 
both patients and healthy control participants. Stool extraction was 
performed using the EliA Stool Extraction Kit, according to manu-
facturer instructions. When the EliA Calprotectin test could not be 
performed immediately after specimen extraction, the extract was 
frozen at –20°C until the analysis was performed. The extract is 
stable for a maximum of 3  months at ≤20°C. The reportable range 
(detection limit, upper limit) for EliA Calprotectin is from 15.0 to ≥ 
3000 mg/kg, reference range < 50 mg/Kg. 

Blood for calprotectin and IL-6 measurements was collected from 
patients using a serum separator tube. The specimens were allowed to 
clot for 2 hours at room temperature and then were centrifuged for 20 
minutes at 1000 g; the serum was separated and kept frozen immedi-
ately at a temperature of –80°C until the analyses were performed. The 
IL-6 and calprotectin serum concentrations were measured in batches 
using commercial enzyme-linked immunosorbent assay (ELISA) kits 
(Cloud-Clone Corp.,) on a GDMS Micro Plate Read ELISA microplate 
analyzer (Gentaur/GDMS Belgium). The intra-assay coefficients of vari-
ation (CVs) of the 2 kits were <10%, and the interassay CVs were <12%. 
The lower limit of detection was 13.3 ng/L for serum calprotectin and 
3.2 ng/L for IL-6 with a reportable range of 7.8 to 500 pg/mL for IL-6 
and 125 to 2000 pg/mL for calprotectin. Accuracy (as a percentage of 
recovery) in serum ranged from 83% to 98% for IL-6 and from 81% to 
96% for calprotectin. Both the assays were executed according to the 
manufacturer’s instructions.

The study was performed according to the guidelines of the Declara-
tion of Helsinki and was approved by the local ethics committee of the 
institute. All the included individuals gave their informed written con-
sent before being enrolled for the study.

Statistical Analysis
A Kolmogorov-Smirnov test of normality was performed for all variables. 
Then, to analyze the differences between groups of interest, statistical 
significance was calculated using a Mann-Whitney U test (nonparamet-
ric)27 or an independent-sample Student’s t-test (parametric). A P value 
of <.05 was considered significant. The overall test used was the nonpa-
rametric Friedman test or analysis of variance (parametric alternative) 
for repeated measures. Where results were deemed significant, the com-
parison between 2 results was evaluated using a paired Student’s t-test 
(parametric) or Wilcoxon test (nonparametric). The P values were finally 
adjusted according to the Bonferroni correction.
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Fecal calprotectin was immediately evaluated by fluoroenzyme 
immunoassay for calprotectin determination on the instrument 
Phadia 100 with the EliA Calprotectin (Thermo Scientific) kit for 
both patients and healthy control participants. Stool extraction was 
performed using the EliA Stool Extraction Kit, according to manu-
facturer instructions. When the EliA Calprotectin test could not be 
performed immediately after specimen extraction, the extract was 
frozen at –20°C until the analysis was performed. The extract is 
stable for a maximum of 3  months at ≤20°C. The reportable range 
(detection limit, upper limit) for EliA Calprotectin is from 15.0 to ≥ 
3000 mg/kg, reference range < 50 mg/Kg. 

Blood for calprotectin and IL-6 measurements was collected from 
patients using a serum separator tube. The specimens were allowed to 
clot for 2 hours at room temperature and then were centrifuged for 20 
minutes at 1000 g; the serum was separated and kept frozen immedi-
ately at a temperature of –80°C until the analyses were performed. The 
IL-6 and calprotectin serum concentrations were measured in batches 
using commercial enzyme-linked immunosorbent assay (ELISA) kits 
(Cloud-Clone Corp.,) on a GDMS Micro Plate Read ELISA microplate 
analyzer (Gentaur/GDMS Belgium). The intra-assay coefficients of vari-
ation (CVs) of the 2 kits were <10%, and the interassay CVs were <12%. 
The lower limit of detection was 13.3 ng/L for serum calprotectin and 
3.2 ng/L for IL-6 with a reportable range of 7.8 to 500 pg/mL for IL-6 
and 125 to 2000 pg/mL for calprotectin. Accuracy (as a percentage of 
recovery) in serum ranged from 83% to 98% for IL-6 and from 81% to 
96% for calprotectin. Both the assays were executed according to the 
manufacturer’s instructions.

The study was performed according to the guidelines of the Declara-
tion of Helsinki and was approved by the local ethics committee of the 
institute. All the included individuals gave their informed written con-
sent before being enrolled for the study.

Statistical Analysis
A Kolmogorov-Smirnov test of normality was performed for all variables. 
Then, to analyze the differences between groups of interest, statistical 
significance was calculated using a Mann-Whitney U test (nonparamet-
ric)27 or an independent-sample Student’s t-test (parametric). A P value 
of <.05 was considered significant. The overall test used was the nonpa-
rametric Friedman test or analysis of variance (parametric alternative) 
for repeated measures. Where results were deemed significant, the com-
parison between 2 results was evaluated using a paired Student’s t-test 
(parametric) or Wilcoxon test (nonparametric). The P values were finally 
adjusted according to the Bonferroni correction.

Results
As shown in TABLE 1, at the time of diagnosis, a significant increase 
in fecal calprotectin and serum IL-6 and of ESR, CRP, and PLT counts 
(P <.05) was observed in patients who had not begun therapy, compared 
to healthy participants. Conversely, no significant difference was found 
for the leukocyte count. When we compared patients’ serum and fe-
cal biomarker concentrations during the 6  months after diagnosis  
(TABLE 2), we found no significant difference in PLT and leukocyte 
counts, whereas ESR and CRP had a significant reduction in their 
concentrations during the entire follow-up period. In addition, fecal 
calprotectin showed a significant decrease after 1 and 3 months from 
the start of treatment with GCs or GCs with MTX or HCQ but increased 
again at the last follow-up. Furthermore, contrary to what we expected, 
there was an increase of IL-6 and serum calprotectin concentrations 
from recruitment to the first follow-up, followed by a progressive signif-
icant overall decrease in the median values at third and fourth controls, 
respectively after 3 and 6 months. Finally, regarding the DAS28-PCR 
score, a significant decrease was noted in all patients from diagnosis to 
the last follow-up date (P < .001), indicating an overall good response to 
the therapy. In fact, because the DAS28-PCR score is a strong predictor 
of disability and radiological progression,28 based on the score ranges, 
we found that at recruitment 19% of patients showed high disease ac-
tivity (score  >5.1), 67% showed moderate activity (score between 3.2 
and ≤5.1), and 14% showed low activity (score between 2.6 and <3.2), 
whereas after 6 months of treatment, no patient showed a DAS28-PCR 
score corresponding to high disease activity, 5% presented a low disease 
activity score, 76% presented a moderate disease activity score, and 19% 
showed remission (score between 0 and <2.6).

Discussion
Some acute-phase laboratory tests routinely used in clinical practice, 
such as the ESR and CRP levels, may be elevated in several inflammatory 
illnesses, providing important information about a current patient’s dis-
ease activity and inflammatory state. Nevertheless, data from the liter-
ature report that approximately one-half and even more of individuals 
affected by RA have a normal ESR or CRP level.10,29 Further, it has been 
shown that a reduction of these parameters reflects a clinical improve-
ment in most but not all patients with RA.30

Our prospective study, involving 21 patients with a new diagnosis 
of autoimmune rheumatic disease according to the 2010 ACR/EULAR 
Classification Criteria for Rheumatoid Arthritis,25 showed that fecal 
calprotectin, CRP, ESR, IL-6, and PLT counts were significantly increased 

TABLE 1.  Laboratory Test Results Compared Between Patients at Diagnosis and Control Participants

Parameter
Patients (n = 21),   

Median, IQR
Control Group (n = 21),   

Median, IQR
P Value

Leukocyte count, × 109/L 7.32, 1.19 5.93, 1.57 .164

ESR, mm/h 27.5, 26.0 8.0, 7.5 <.001

CRP, mg/L 1.21, 1.46 0.24, 0.10 <.001

Platelet count, × 109/L 260.50, 45.25 236.50, 46.25 .015

IL-6 28.1, 16.9 3.9, 4.5 <.001

Fecal calprotectin, mg/kg 60.36, 48.25 5.00, 6.50 <.001

CRP, C-reactive protein (extended range); ESR, erythrocyte sedimentation rate; IL-6, interleukin-6; IQR, interquartile range. Significant values in bold.
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in patients at recruitment compared to those of healthy participants, 
confirming the potential role of these biomarkers in helping to diagnose 
autoimmune rheumatic diseases.

Our aim was also to understand whether these specific markers could 
provide more information about the prognosis rather than the most 
common inflammatory markers. For this reason, we compared the con-
centration of all parameters investigated during 6 months of therapy, in-
cluding serum calprotectin, that were not tested in healthy participants. 
The fact that in our study IL-6 and serum calprotectin did not decrease 
after 1 month of treatment but rather increased significantly at the first 
follow-up and began to decrease only after 3 and 6 months of treatment 
suggests that these parameters cannot be considered as such good prog-
nostic markers but rather that they could be useful to evaluate the effi-
cacy of long-term therapy during treatment, offering a current, static 
indication of the patient’s overall condition. Therefore, these markers do 
not currently provide any additional value to the less-specific markers 
and scores already used. On the other hand, some authors have observed 
that freeze-thawing resulted in a higher variability of calprotectin levels 
in serum than in EDTA plasma, which could be a further cause of vari-
able results.31

Probably the most interesting observation in this study was that 
even though all the patients were enrolled without gastrointesti-
nal symptoms, the high levels of fecal calprotectin found at recruit-
ment suggest that they likely had some subclinical gastrointestinal 
conditions, possibly because of the concomitant rheumatic disease, 
indicating a probable involvement of the intestine in the generalized 
inflammation status of these patients and, consequently, a potential 
role of fecal calprotectin as a noninvasive marker with “predictive” 
value of gastrointestinal disease in individuals affected by autoim-
mune rheumatic illnesses. In fact, because fecal calprotectin increases 
in patients with inflammatory bowel disease and its concentration 
in stool correlates with the infiltration of the intestinal mucosa by 
polymorphonuclear neutrophils and, consequently, with the clinical 
and histopathological activity of this disease, it can be used to detect 
subclinical inflammatory gastrointestinal activity in asymptomatic 
disease.32,33 

To support our hypothesis, a recent study evaluated the relation-
ship between patients with PsA and fecal calprotectin, showing that it 
was higher in patients with high skin disease activity and suggesting 

a potential therapeutic implication of gut inflammation in this kind 
of pathology.34 However, it remains to be clarified why the decrease 
in the fecal calprotectin concentration did not persist after 6 months 
of therapy but that after this period its concentration seemed to 
increase again. This apparently contradictory behavior could probably 
be explained by the fact that at the last control after 6 months, three 
of the 21 enrolled patients reported that they had discontinued GC 
and DMARD therapy after the third medical checkup regardless of the 
therapist’s opinion, 2 because of an improvement in painful symptoms, 
the other one because of the onset of pneumonia. As a result, these 
patients showed a high increase in serum and fecal calprotectin and 
in their DAS28-PCR score, with concomitant worsening of painful 
symptoms. Moreover, 4 of the 18 patients who followed the therapy 
correctly had a substantial increase in their serum calprotectin con-
centration at the 6-month medical checkup, referencing a persistent or 
substantial worsening in joint pain. The P value was confirmed as not 
significant (P >.05), also excluding from the calculations the patients 
who had stopped the therapy.

Our data note that CRP, ESR, and fecal calprotectin had a good cor-
relation with the response to DMARDs and or GC treatment in patients 
with systemic autoimmune rheumatic disorders and, contrary to what 
we expected, that serum calprotectin and IL-6 were not good markers 
of disease improvement after the start of pharmacological treatment. 
However, to date, IL-6 and serum calprotectin are not routinely available 
in most clinical laboratories worldwide because the methods currently 
used for its detection are still not standardized. In any event, the poor 
significance results of serum calprotectin at the 6-month follow-up need 
more in-depth studies, involving a larger number of patients, to find an 
efficient explanation.

Although a weakness of this study is the relatively small sample 
size of patients, note that they were recruited in a rigorous manner as 
regards the diagnosis, therapy, and exclusion criteria; however, some 
confounding factors such as smoking and diet that also may have an im-
portant role in the development of inflammatory conditions were not 
taken into consideration.12,35

Conclusion
Certainly, more substantial studies, involving a larger number of 
individuals and using standardized methods, are needed to confirm our 

TABLE 2.  Variation in Patients’ Laboratory Test During GC Use or GC Use Associated with csDMARD Pharmacological 
Treatment

Parameter (unit)
At Recruitment,   

Median, IQR
After 1 Mo,   

Median, IQR
After 3 Mo,   

Median, IQR
After 6 Mo,   

Median, IQR
P Value

Serum calprotectin (ng/L) 1101.1, 592.9 1647.0, 617.6 1395.0, 786.9 1212.9, 605.55 .700

Fecal calprotectin (mg/kg) 60.36, 48.25 25.57, 5.00 12.00, 4.75 51.64, 32.50 .002

IL-6 (ng/L) 28.1, 16.9 35.6, 16.9 32.8, 7.2 41.3, 7.8 .310

WBC count (× 109/L) 7.32, 1.19 7.30, 1.45 7.10 2.81 6.30, 2.64 .150

CRP (mg/L) 1.21, 1.46 0.37, 0.88 0.36, 0.21 0.53, 0.70 .024

PLTs (× 109/L) 260.50, 45.25 266.00, 54.00 281.00, 41.25 275.0, 67.25 .061

ESR (mm/h) 27.5, 19.0 21.0, 19.0 18.5, 10.8 16.0, 15.0 <.001

DAS28-PCR 4.17, 1.24 3.08, 0.97 3.02, 1.31 3.49, 1.01 <.001

CRP, C-reactive protein; DAS28-PCR, Disease Activity Score 28-PCR; ESR, erythrocyte sedimentation rate; IL-6, interleukin-6; IQR, interquartile range; 
PLTs, platelets; WBCs, white blood cells. Significant values in bold.

results and clarify the benefit of the routine use of calprotectin and IL-6 
as inflammatory markers for patients affected by inflammatory rheu-
matic diseases.
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a potential therapeutic implication of gut inflammation in this kind 
of pathology.34 However, it remains to be clarified why the decrease 
in the fecal calprotectin concentration did not persist after 6 months 
of therapy but that after this period its concentration seemed to 
increase again. This apparently contradictory behavior could probably 
be explained by the fact that at the last control after 6 months, three 
of the 21 enrolled patients reported that they had discontinued GC 
and DMARD therapy after the third medical checkup regardless of the 
therapist’s opinion, 2 because of an improvement in painful symptoms, 
the other one because of the onset of pneumonia. As a result, these 
patients showed a high increase in serum and fecal calprotectin and 
in their DAS28-PCR score, with concomitant worsening of painful 
symptoms. Moreover, 4 of the 18 patients who followed the therapy 
correctly had a substantial increase in their serum calprotectin con-
centration at the 6-month medical checkup, referencing a persistent or 
substantial worsening in joint pain. The P value was confirmed as not 
significant (P >.05), also excluding from the calculations the patients 
who had stopped the therapy.

Our data note that CRP, ESR, and fecal calprotectin had a good cor-
relation with the response to DMARDs and or GC treatment in patients 
with systemic autoimmune rheumatic disorders and, contrary to what 
we expected, that serum calprotectin and IL-6 were not good markers 
of disease improvement after the start of pharmacological treatment. 
However, to date, IL-6 and serum calprotectin are not routinely available 
in most clinical laboratories worldwide because the methods currently 
used for its detection are still not standardized. In any event, the poor 
significance results of serum calprotectin at the 6-month follow-up need 
more in-depth studies, involving a larger number of patients, to find an 
efficient explanation.

Although a weakness of this study is the relatively small sample 
size of patients, note that they were recruited in a rigorous manner as 
regards the diagnosis, therapy, and exclusion criteria; however, some 
confounding factors such as smoking and diet that also may have an im-
portant role in the development of inflammatory conditions were not 
taken into consideration.12,35

Conclusion
Certainly, more substantial studies, involving a larger number of 
individuals and using standardized methods, are needed to confirm our 

results and clarify the benefit of the routine use of calprotectin and IL-6 
as inflammatory markers for patients affected by inflammatory rheu-
matic diseases.
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ABSTRACT

Objective: Antibiotic resistance by beta  lactamase expression is a 

serious and growing threat. We aimed to determine whether beta-

lactamase activity is detectable in urine specimens to enable faster 

identification of resistance.

Methods: Urine specimens from patients with extended spectrum 

beta lactamase (ESBL)-expressing urinary infections were incubated 

with beta lactam antibiotics. Beta lactam hydrolysis was determined 

by mass spectrometry methods.

Results: Ceftriaxone hydrolysis was observed in 45 of 45 ESBL-

containing specimens from patients not treated with a beta lactamase 

inhibitor before specimen collection. Ceftriaxone hydrolysis was not 

observed in 108 of 108 non-ESBL-containing specimens. Spiking 

studies show that beta lactam hydrolysis can be observed within 30 

minutes. Beta  lactam hydrolysis is evidenced by mass spectrometry 

preceded by either liquid chromatography or matrix-assisted laser de-

sorption ionization specimen processing methods.

Conclusion: Clinically significant beta lactamase activity is detectable 

directly from urine specimens. The described methods would enable 

the detection of beta  lactam resistance 24 to 48 hours sooner than 

culture based methods.

The beta  lactam class of antibiotics is a key component of the 
antimicrobial arsenal. The archetypal beta lactam is penicillin, which is 
naturally derived from penicillium mold and is synthetically manufac-
tured for frequent human use.1 Since the discovery of penicillin, many 
other beta  lactam antibiotics (all containing a beta  lactam ring) have 
been developed to improve pharmacologic properties (eg, oral availa-
bility) and microbicidal properties (eg, targeting a broader spectrum of 
organisms).2 This class of antibiotics comprises 19 of 40 spots on the 
World Health Organization list of essential antibiotics and accounts for 
more than half of all antibiotics used globally.2-4

The beta lactam ring that defines the beta lactam class of drugs mimics 
the d-alanyl-d-alanine structure that nearly all bacterial species require 
for the composition of their cell wall.5 Beta lactam drugs irreversibly bind 
to cell-wall synthesis enzymes, leading to structural degradation and bac-
terial death. Resistance to beta lactams can be acquired by 3 mechanisms: 
(i) mutation of the beta lactam binding enzymes to prevent beta lactam 
binding, (ii) acquisition of a beta lactam efflux pump that prevents the 
drugs from entering the cell, and (iii) acquisition of a beta lactamase en-
zyme that hydrolyzes the beta lactam ring, rendering the molecule inef-
fective.6-8 The first 2 mechanisms of resistance are slow to be acquired 
and have a negative impact on the overall fitness of an organism.9 In con-
trast, the acquisition of a beta lactamase enzyme is fast because the gene 
encoding the enzyme can be transferred between bacteria (even those of 
different species) and production of the enzyme in sufficient quantities 
to confer resistance presents minimal metabolic cost to the organism.6,9

The evolution and spread of beta lactamase enzymes has led to a sub-
stantial health care burden. The rise and spread of extended spectrum 
beta lactamase (ESBL)-expressing Enterobacteriaceae have led to approx-

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, 
please e-mail: journals.permissions@oup.com

imately 197,400 infections, 9,100 deaths, and $1.2 billion in estimated 
attributable health care costs annually in the United States.10,11 New 
beta lactamase enzymes are continuing to emerge and spread, presenting 
a serious public health threat.12,13

The typical workflow in a clinical microbiology laboratory leading to 
identification of antibiotic-resistant organisms consists of (1) specimen 
plating and mixed growth, (ii) pathogen isolation and growth, (iii) iden-
tification of the organism by biochemical tests or matrix-assisted laser 
desorption ionization-time of flight (MALDI-TOF), and (iv) observed 
growth in antibiotic-containing media to determine antibiotic suscep-
tibility/resistance patterns.14-17 This workflow requires 36 to 72 hours, 
involves multiple manual steps, and may not detect inducible resist-
ance.18 While awaiting results, most patients are empirically treated, 
and when susceptibility results are available the treatment strategy is 
adjusted.19 Inevitable delays in providing appropriate antibiotic treat-
ment lead to higher patient morbidity and mortality and contribute to 
the spread of resistant organisms.20,21

Given the clinical challenges that beta  lactamase  expressing 
pathogens present, there is a clear need for faster identification to both 
enable effective treatment and enact isolation precautions preventing 
the further spread of resistant organisms. Resistant bacteria typically 
express high levels of beta lactamase to effectively counteract therapeu-
tic doses of beta lactam antibiotics.22 We sought to determine whether 
beta  lactamase activity could be sensitively and specifically detected 
in unprocessed clinical specimens to quickly (within hours) detect the 
presence of beta  lactamase  expressing organisms. Our approach used 
mass spectrometry to show beta lactamase activity directly in biological 
specimens by measuring the hydrolysis of target antibiotics through the 
disappearance of protonated molecular ions in the presence of resistant 
organisms.

Methods

Specimen Preparation
Residual urine specimens collected during routine clinical care were used 
for this study. The study was approved by the University of California, 
San Diego Institutional Review Board with a waiver of informed consent 
(protocol number 181656XL).

Urine specimens were collected in Becton Dickinson Biosciences 
vacutainer culture and susceptibility preservative tubes containing 
2.63 mg/mL boric acid, 3.95 mg/mL sodium borate, and 1.65 mg/mL 
sodium formate to prevent bacterial overgrowth (Becton, Dickinson, 
and Company, Franklin Lakes, NJ) as part of routine clinical practice. 
All specimens tested were excess clinical specimens stored at 4°C for 
7 days or less. Colony forming units (CFUs) were determined by col-
ony counting after the application of specimens using a 0.001-mL 
loop. Specimens were centrifuged and reconstituted in drug-free urine 
(DFU) to remove preservatives, which inhibit hydrolysis activity. Next, 
400 μL of the specimen was centrifuged at 21,000 g in a fixed-angle 
rotor for 10 minutes in 1.7 mL Eppendorf tubes. After centrifugation, 
the supernatant was aspirated off using an air-displacement pipette 
and discarded. The aspiration of supernatant was conducted in such a 
manner as to leave behind any pellet, regardless of whether it as vis-
ible to the naked eye. Next, 200  μL of certified DFU (UTAK Catalog 
#88121-CDF) containing 500 μg/mL of ceftriaxone was added to each 
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imately 197,400 infections, 9,100 deaths, and $1.2 billion in estimated 
attributable health care costs annually in the United States.10,11 New 
beta lactamase enzymes are continuing to emerge and spread, presenting 
a serious public health threat.12,13

The typical workflow in a clinical microbiology laboratory leading to 
identification of antibiotic-resistant organisms consists of (1) specimen 
plating and mixed growth, (ii) pathogen isolation and growth, (iii) iden-
tification of the organism by biochemical tests or matrix-assisted laser 
desorption ionization-time of flight (MALDI-TOF), and (iv) observed 
growth in antibiotic-containing media to determine antibiotic suscep-
tibility/resistance patterns.14-17 This workflow requires 36 to 72 hours, 
involves multiple manual steps, and may not detect inducible resist-
ance.18 While awaiting results, most patients are empirically treated, 
and when susceptibility results are available the treatment strategy is 
adjusted.19 Inevitable delays in providing appropriate antibiotic treat-
ment lead to higher patient morbidity and mortality and contribute to 
the spread of resistant organisms.20,21

Given the clinical challenges that beta  lactamase  expressing 
pathogens present, there is a clear need for faster identification to both 
enable effective treatment and enact isolation precautions preventing 
the further spread of resistant organisms. Resistant bacteria typically 
express high levels of beta lactamase to effectively counteract therapeu-
tic doses of beta lactam antibiotics.22 We sought to determine whether 
beta  lactamase activity could be sensitively and specifically detected 
in unprocessed clinical specimens to quickly (within hours) detect the 
presence of beta  lactamase  expressing organisms. Our approach used 
mass spectrometry to show beta lactamase activity directly in biological 
specimens by measuring the hydrolysis of target antibiotics through the 
disappearance of protonated molecular ions in the presence of resistant 
organisms.

Methods

Specimen Preparation
Residual urine specimens collected during routine clinical care were used 
for this study. The study was approved by the University of California, 
San Diego Institutional Review Board with a waiver of informed consent 
(protocol number 181656XL).

Urine specimens were collected in Becton Dickinson Biosciences 
vacutainer culture and susceptibility preservative tubes containing 
2.63 mg/mL boric acid, 3.95 mg/mL sodium borate, and 1.65 mg/mL 
sodium formate to prevent bacterial overgrowth (Becton, Dickinson, 
and Company, Franklin Lakes, NJ) as part of routine clinical practice. 
All specimens tested were excess clinical specimens stored at 4°C for 
7 days or less. Colony forming units (CFUs) were determined by col-
ony counting after the application of specimens using a 0.001-mL 
loop. Specimens were centrifuged and reconstituted in drug-free urine 
(DFU) to remove preservatives, which inhibit hydrolysis activity. Next, 
400 μL of the specimen was centrifuged at 21,000 g in a fixed-angle 
rotor for 10 minutes in 1.7 mL Eppendorf tubes. After centrifugation, 
the supernatant was aspirated off using an air-displacement pipette 
and discarded. The aspiration of supernatant was conducted in such a 
manner as to leave behind any pellet, regardless of whether it as vis-
ible to the naked eye. Next, 200  μL of certified DFU (UTAK Catalog 
#88121-CDF) containing 500 μg/mL of ceftriaxone was added to each 

specimen and mixed by vortexing for 1 minute. Specimens were then 
incubated at 37°C for at least 4 hours. After incubation, specimens 
were centrifuged at 13,000 g in a fixed-angle rotor for 5 minutes. In 
addition, 100 μL of the supernatant was diluted using 300 μL of 95% 
deionized H

2
O, 5% methanol containing internal standard (IS; 50 ng/

mL amphetamine-d5). Isotopically labeled beta  lactam was not used 
as an internal standard to prevent (i) ESBL-mediated hydrolysis of the 
internal standard or (ii) an internal standard acting as an inhibitor of 
ESBL-mediated hydrolysis. Finally, 20 μL of the diluted specimen was 
injected using a full-loop injection on a liquid chromatography (LC) 
quadrupole TOF mass spectrometer (MS) system (Waters ultra perfor-
mance liquid chromatography, Waters Xevo quadrupole time-of-flight 
[QTOF]). 

For multidrug analysis, specimen preparation was performed as 
above with the exception that specimens were incubated for 12 hours 
at 37°C and that 200 μL of certified DFU containing 500 μg/mL of each 
drug (ceftriaxone, cefazolin, and oxacillin or ceftriaxone, cefazolin, ox-
acillin, and meropenem) was added to each specimen. The kinetics of 
ceftriaxone hydrolysis and identification of its hydrolysis products 
were performed as stated above, with the exception that certified DFU 
containing 300 μg/mL of ceftriaxone was used. Incubation times were 5 
minutes, 30 minutes, and 20 hours, with specimens being immediately 
injected into the LC-MS system after centrifugation and specimen di-
lution.

LC
For ceftriaxone analysis, LC was performed using a Waters BEH-C18 col-
umn (1.7 μm) on a Waters Acquity UPLC system. Mobile phase A was 
5 mM ammonium formate, 0.1% formic acid, and 99.9% deionized H

2
O 

(buffer A). Mobile phase B was 0.1% formic acid and 99.9% acetonitrile 
(ACN). The LC method spanned a total of 8 minutes and is described in 
Supplemental Table 1. Specimens were injected using an autosampler 
with a full loop injection of 20 μL.

For multidrug analysis (ceftriaxone, cefazolin, oxacillin, 
meropenem), LC was performed with the same buffers, column, and 
injection parameters as above. The LC method spanned a total of 8 
minutes and is described in Supplementary Table 1.

For ceftriaxone hydrolysis product analysis, LC was performed with 
the same buffers, column, and injection parameters as above. The LC 
method spanned a total of 15 minutes and is described in Supplemen-
tary Table 1.

QTOF-MS
Data for MS were acquired on a Waters Xevo G2 TOF MS. Mass spectra 
were acquired in a scanning mode across an m/z range (50–900 m/z) at a 
rate of 1 scan per 0.5 seconds in continuum mode. The total MS method 
spanned 6.5 minutes and was run in positive polarity with the analyzer 
in sensitivity mode. Electrospray ionization was used as the ionization 
method with a cone voltage of 25 volts and a fixed collision energy value 
of 6 volts.

Qualitative Matrix Interference Studies
Qualitative assessment of matrix interference was performed by injecting 5 
unspiked ESBL-containing urine specimens and 5 unspiked ESBL-negative 
urine specimens while simultaneously infusing a solution containing 
50 μg/mL of ceftriaxone reconstituted in 50% ACN:50% deionized H

2
O. 
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Extracted ion chromatograms (EICs) of ceftriaxone were overlaid with the 
expected ceftriaxone peak for all 10 patient urine specimens.

MALDI-TOF
MALDI-TOF MS was performed on a Bruker Microflex MALDI-TOF 
mass spectrometer equipped with an N2 laser. Spectra were acquired in 
reflectron-positive mode, with 100 μm raster spot and roughly 80% la-
ser power, 200 shots (random walk, 20 shots) detection gain 40×, and a 
range of 100–1000 m/z. Specimens were prepared as above and mixed 
1:1 with 10  mg/mL α-cyano-4-hydroxycinnamic acid. Using the dried 
drop method, 2 μL of the mixture was spotted on a Bruker MSP 96 tar-
get ground steel plate. Calibration was performed using a ceftriaxone 
standard at 555.0533 m/z before data acquisition.

MS Data Processing
The LC-MS data were processed in MassLynx (Waters) using the in-
tegration parameters described in Supplemental Table 2. All traces 
were smoothed with 1 iteration using the mean of 2 adjacent scans. 
The MALDI-TOF data were processed using Flex Analysis 4.2 (Bruker 
Daltronics).  Peak areas described throughout are measured in arbi-
trary units correlated to the quantity of ions colliding with the ion 
detector.

Data Analysis and Graphing
Data analysis was performed with R studio (rstudio.com). Graphs were 
created using the ggplot function within the tidyverse package (cran.r-
project.org/web/packages/tidyverse).

Results

Hydrolysis of Ceftriaxone in Urine Specimens
The ESBL hydrolysis of ceftriaxone was evaluated by examining EICs 
of ceftriaxone (500 μg/mL) and IS in DFU (control) after 4 hours of 
incubation at 37°C in the presence or absence of an ESBL-containing 
patient urine specimen (FIGURE 1). In DFU alone, peak areas of 
ceftriaxone and IS were 76,484 and 4,073, respectively. However, 
a discernible ceftriaxone peak was not observed after incubation 
with an ESBL, whereas a similar peak area for the IS was observed 
(4,957). It is clear when comparing FIGURE 1A with FIGURE 1B 
that ceftriaxone was hydrolyzed by the ESBL-containing specimen be-
cause the protonated molecular ion of ceftriaxone is not discernible 
in FIGURE 1B. The IS is easily seen in both FIGURE 1A and 1B 
and helps rule out a matrix effect that could potentially suppress the 
ceftriaxone signal in FIGURE 1B. Boxplots illustrating the median 
ratios of ceftriaxone area counts and IS area counts (CTX/IS ratio) af-
ter incubation with DFU, ESBL-containing patient specimens, ESBL-
containing specimens from patients treated with a beta  lactamase 
inhibitor (tazobactam or meropenem), and non-ESBL-containing pa-
tient specimens are shown in FIGURE 1C. Strikingly, there was at 
least a 10-fold difference in the median CTX/IS ratio between ESBL-
containing specimens and specimens lacking ESBL activity. A cutoff 
of the CTX/IS of anywhere between 0.77 and 5.4 would allow perfect 
discrimination. To confirm the discriminatory utility of the hydroly-
sis assay, we tested 94 specimens in a blinded manner (FIGURE 1D). 
Two specimens showed clear evidence of hydrolysis (filled arrow), and 
these 2 specimens were confirmed to contain ESBLs. 

During a 12-month period from December 2019 to December 2020, 
the University of California, San Diego Clinical Microbiology Labora-
tory performed 37,731 urine cultures. Of these cultures, gram negative 
rods were observed in 11,560 (30.6%). In addition, ESBL-expressing 
organisms were observed in 1,283 cultures (3.4% of total cultures, 
11.2% of gram negative rods). All ESBL-expressing organisms were 
gram negative rods: 987 (76.9%) were Escherichia coli, 280 (21.8%) were 
Klebsiella pneumoniae, and 16 (1.3%) were Klebsiella oxytoca. Thus, our 
finding that 2 out of 94 culture specimens contained ESBL organisms 
is consistent with the overall prevalence of ESBLs in our institution’s 
tested population.

Discrimination between ESBL- and non-ESBL-containing specimens 
was robust under conditions intended to simulate decreased analytical 
sensitivity or detect potential interferences. The robust identification of 
ESBL-containing specimens was also apparent when data were analyzed 
at unit resolution (Supplemental Figure 1), simulating the performance 
of an instrument with lower mass accuracy. To determine whether bac-
terial overgrowth or matrix effects could lead to false positives or false 
negatives, 5 specimens with ESBL and 5 specimens without ESBL, all 
with visible turbidity and/or discoloration, were analyzed on 5 noncon-
secutive days in both a qualitative and a quantitative matrix effect study. 
The CTX/IS ratios were separated by at least an order of magnitude on 
all days, although some degradation of hydrolysis activity was observed 
(Supplemental Figure 2). An infusion of 50  μg/mL of ceftriaxone 
performed during an injection of urine specimens from the same set of 
10 specimens revealed no significant ion suppression or enhancement 
across the ceftriaxone peak observed (Supplementary Figure 3).

Collective Hydrolysis of Ceftriaxone, Cefazolin, and 
Oxacillin in Urine Specimens
To show the generalizability of our approach, we looked for ESBL hy-
drolysis of a mixture of 3 beta lactam antibiotics (ceftriaxone, cefazolin, 
oxacillin [CCO]) by observing the EICs of ceftriaxone (500  μg/mL), 
cefazolin (500 μ g/mL), and oxacillin (500 μ g/mL), and the EIC of the 
IS in DFU were evaluated after 12 hours of incubation at 37°C, in the 
presence or absence of an ESBL (FIGURE 2). As expected, robust peak 
areas for the molecular ions corresponding to ceftriaxone (99,907), 
cefazolin (66,619), oxacillin (36,612), and IS (2,511) were observed in 
the absence of an ESBL (FIGURE 2A). Except for the IS, these peaks 
disappeared after incubation with an ESBL-containing specimen, 
indicating robust hydrolysis of all 3 beta  lactam antibiotics (FIGURE 
2B). Boxplots illustrating the median ratios of ceftriaxone/IS, cefazolin/
IS, and oxacillin/IS after incubation with (n = 10) or without (n = 3) an 
ESBL-containing specimen are shown in FIGURE 2C. As seen with 
the hydrolysis of ceftriaxone alone, there was at least a 10-fold differ-
ence in the median ratios between ESBL-containing specimens and 
specimens lacking ESBL activity for the CCO mixture, with all beta lac-
tam antibiotics being hydrolyzed in a similar fashion.

CCO Hydrolysis Inhibited by Meropenem in Noncultured 
Urine Specimens
Because a subpopulation of patients with suspected urinary tract 
infections (UTIs) take antibiotics or inhibitors that prevent ESBL ac-
tivity, we monitored the hydrolysis of a CCO mixture in the presence 
of meropenem. The EICs for the protonated molecular ions of CCO, 
meropenem, and IS are shown in DFU after 12 hours of incubation at 
37°C (FIGURE 3A). Peak areas of ceftriaxone (500 μg/mL), cefazolin 

(500 μg/mL), oxacillin (500 μg/mL), meropenem (500 μg/mL), and IS 
were 87,072; 66,190; 28,882; 225,280; and 1,524, respectively. As ex-
pected, these peak areas were essentially unchanged after a parallel incu-
bation with an ESBL-containing specimen, indicating that meropenem 
inhibits the ESBL hydrolysis of CCO (FIGURE 3B). Boxplots illustrating 
the median ratios of ceftriaxone/IS, cefazolin/IS, oxacillin/IS, and 
meropenem/IS after incubation with (n  =  10) or without (n  =  3) an 
ESBL-containing specimen are shown in FIGURE 3C.

Kinetics of ESBL Ceftriaxone Hydrolysis and Identification 
of Hydrolysis Products
The kinetics of ceftriaxone hydrolysis by ESBL-containing specimens 
was evaluated by incubating ceftriaxone in the presence or absence of an 
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During a 12-month period from December 2019 to December 2020, 
the University of California, San Diego Clinical Microbiology Labora-
tory performed 37,731 urine cultures. Of these cultures, gram negative 
rods were observed in 11,560 (30.6%). In addition, ESBL-expressing 
organisms were observed in 1,283 cultures (3.4% of total cultures, 
11.2% of gram negative rods). All ESBL-expressing organisms were 
gram negative rods: 987 (76.9%) were Escherichia coli, 280 (21.8%) were 
Klebsiella pneumoniae, and 16 (1.3%) were Klebsiella oxytoca. Thus, our 
finding that 2 out of 94 culture specimens contained ESBL organisms 
is consistent with the overall prevalence of ESBLs in our institution’s 
tested population.

Discrimination between ESBL- and non-ESBL-containing specimens 
was robust under conditions intended to simulate decreased analytical 
sensitivity or detect potential interferences. The robust identification of 
ESBL-containing specimens was also apparent when data were analyzed 
at unit resolution (Supplemental Figure 1), simulating the performance 
of an instrument with lower mass accuracy. To determine whether bac-
terial overgrowth or matrix effects could lead to false positives or false 
negatives, 5 specimens with ESBL and 5 specimens without ESBL, all 
with visible turbidity and/or discoloration, were analyzed on 5 noncon-
secutive days in both a qualitative and a quantitative matrix effect study. 
The CTX/IS ratios were separated by at least an order of magnitude on 
all days, although some degradation of hydrolysis activity was observed 
(Supplemental Figure 2). An infusion of 50  μg/mL of ceftriaxone 
performed during an injection of urine specimens from the same set of 
10 specimens revealed no significant ion suppression or enhancement 
across the ceftriaxone peak observed (Supplementary Figure 3).

Collective Hydrolysis of Ceftriaxone, Cefazolin, and 
Oxacillin in Urine Specimens
To show the generalizability of our approach, we looked for ESBL hy-
drolysis of a mixture of 3 beta lactam antibiotics (ceftriaxone, cefazolin, 
oxacillin [CCO]) by observing the EICs of ceftriaxone (500  μg/mL), 
cefazolin (500 μ g/mL), and oxacillin (500 μ g/mL), and the EIC of the 
IS in DFU were evaluated after 12 hours of incubation at 37°C, in the 
presence or absence of an ESBL (FIGURE 2). As expected, robust peak 
areas for the molecular ions corresponding to ceftriaxone (99,907), 
cefazolin (66,619), oxacillin (36,612), and IS (2,511) were observed in 
the absence of an ESBL (FIGURE 2A). Except for the IS, these peaks 
disappeared after incubation with an ESBL-containing specimen, 
indicating robust hydrolysis of all 3 beta  lactam antibiotics (FIGURE 
2B). Boxplots illustrating the median ratios of ceftriaxone/IS, cefazolin/
IS, and oxacillin/IS after incubation with (n = 10) or without (n = 3) an 
ESBL-containing specimen are shown in FIGURE 2C. As seen with 
the hydrolysis of ceftriaxone alone, there was at least a 10-fold differ-
ence in the median ratios between ESBL-containing specimens and 
specimens lacking ESBL activity for the CCO mixture, with all beta lac-
tam antibiotics being hydrolyzed in a similar fashion.

CCO Hydrolysis Inhibited by Meropenem in Noncultured 
Urine Specimens
Because a subpopulation of patients with suspected urinary tract 
infections (UTIs) take antibiotics or inhibitors that prevent ESBL ac-
tivity, we monitored the hydrolysis of a CCO mixture in the presence 
of meropenem. The EICs for the protonated molecular ions of CCO, 
meropenem, and IS are shown in DFU after 12 hours of incubation at 
37°C (FIGURE 3A). Peak areas of ceftriaxone (500 μg/mL), cefazolin 

(500 μg/mL), oxacillin (500 μg/mL), meropenem (500 μg/mL), and IS 
were 87,072; 66,190; 28,882; 225,280; and 1,524, respectively. As ex-
pected, these peak areas were essentially unchanged after a parallel incu-
bation with an ESBL-containing specimen, indicating that meropenem 
inhibits the ESBL hydrolysis of CCO (FIGURE 3B). Boxplots illustrating 
the median ratios of ceftriaxone/IS, cefazolin/IS, oxacillin/IS, and 
meropenem/IS after incubation with (n  =  10) or without (n  =  3) an 
ESBL-containing specimen are shown in FIGURE 3C.

Kinetics of ESBL Ceftriaxone Hydrolysis and Identification 
of Hydrolysis Products
The kinetics of ceftriaxone hydrolysis by ESBL-containing specimens 
was evaluated by incubating ceftriaxone in the presence or absence of an 

ESBL-containing specimen for 5 minutes and 30 minutes at room tem-
perature (RT). At the 5-minute time point, ceftriaxone peak areas were 
15,166 in the absence of an ESBL and 10,574 in the presence of an ESBL 
(FIGURE 4A), an approximate 30% reduction in raw area counts. Hydrol-
ysis was essentially complete by the 30-minute time point; the ceftriaxone 
peak area was 15,391 in the absence of an ESBL and was not observed 
in the presence of an ESBL (FIGURE 4B). The correlation of the CTX/IS 
ratios with the CFUs of the specimens showed no correlation (Supplemen-
tal Figure 4), suggesting that hydrolysis kinetics were substrate limited.

The presence of a ceftriaxone hydrolysis product was evaluated by 
monitoring the EICs of the protonated molecular ion of ceftriaxone after 
the loss of its triazine-ylthiol group (414.05 m/z).23 In the presence of 
an ESBL, a peak at 3.41 minutes was observed with an integrated area 

FIGURE 1. Evaluation of ESBL Hydrolysis of Ceftriaxone: (A) EICs of the protonated molecular ions (exact m/z) of ceftriaxone 
(top) and IS (bottom) after 4 hours of incubation with a sample not containing an extended spectrum beta lactamase (-ESBL) 
expressing pathogen. (B) EICs of the protonated molecular ions of ceftriaxone (top) and IS (bottom) after 4 hours of incubation 
with an ESBL containing specimen (+ESBL). Expected retention times for each compound are indicated to illustrate the loss 
of a peak. % ion intensity (indicated at top left of each EIC) is plotted on the Y-axis and Time (min) is plotted on the X-axis. (C) 
Boxplots of median ratios of ceftriaxone/IS after incubation with: Control DFU –drug free urine (n = 12), ESBL containing urine 
specimens (n = 45), ESBL containing urine specimens from patients receiving beta-lactamase inhibitor treatment (n = 6), and 
non-ESBL containing specimens (n = 108). Wilcoxon P-values are displayed. (D) Scatterplot illustrating ratios of ceftriaxone/
IS plotted on log scale for 94 random urine culture specimens after incubation. Closed arrow indicates two samples with ESBL 
identified by urine culture and susceptibility assays. Open arrow indicates a non-ESBL containing specimen. 
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of 858. After 30 minutes, the peak at 3.41 minutes had an increased 
peak area of 1247 (FIGURE 4D). This peak was no longer observed af-
ter a 20-hour incubation at RT (Supplemental Figure 5), indicating that 
this hydrolysis product was likely unstable and unsuitable for end-point 
analysis.

Monitoring of Ceftriaxone Hydrolysis by MALDI-TOF MS
Because many clinical microbiology laboratories are equipped with 
MALDI-TOF MS instruments, we evaluated ceftriaxone hydrolysis using 
a Bruker Microflex MALDI-TOF MS (FIGURE 5). Using the same speci-
men preparation used for LC-MS analysis, the protonated molecular ion 
of ceftriaxone was clearly observed at 555.0533 m/z in both the control 
and ESBL-negative specimens (FIGURE 5A and 5B). In contrast, this 
peak was absent in the ESBL-positive specimens, indicating ceftriaxone 

hydrolysis by ESBL (FIGURE 5C). Boxplots representing the median 
area counts for the protonated molecular ion of ceftriaxone are shown for 
controls (n = 2), ESBL-containing specimens (n = 14), ESBL-containing 
specimens from patients treated with a beta lactamase inhibitor (n = 1), 
and non-ESBL-containing specimens (n = 13; FIGURE 5D). The median 
ceftriaxone area counts for the controls, ESBL positives from patients 
treated with a beta  lactamase inhibitor, and ESBL-negative specimens 
were at least 100-fold greater than the median area counts observed in 
ESBL-positive specimens.

Discussion
The evolution and spread of antibiotic resistance among human 
pathogens represents a serious public health threat.11 Faster identifi-

FIGURE 2. Evaluation of ESBL Hydrolysis of CCO: (A) EICs of the protonated molecular ions of ceftriaxone, cefazolin, oxacillin, 
and IS are shown after incubation with a sample not containing extended spectrum beta lactamase (-ESBL) expressing 
pathogen. Exact m/z of the protonated molecular ion for each compound is indicated. (B) EICs of the protonated molecular 
ions of ceftriaxone, cefazolin, oxacillin, and IS are shown after incubation with a sample containing an ESBL containing 
specimen (-ESBL). Expected retention times of the protonated molecular ions for each compound are indicated to illustrate the 
loss of a peak. % ion intensity (indicated at top left of each EIC) is plotted on the Y-axis and Time (min) is plotted on the X-axis. 
(C) Boxplots plotted on a log scale of individual median ratios of CCO/IS after incubation with: Control DFU –drug free urine (n 
= 3) or ESBL containing urine specimens (n = 10). Dotted line indicates a ceftriaxone/IS ratio of 1.

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/128/6353799 by guest on 28 February 2025

http://academic.oup.com/labmed/article-lookup/doi/10.1093/labmed/lmab068#supplementary-data


133www.labmedicine.com

cation of the presence of antibiotic-resistant organisms is a key com-
ponent in the effort to reduce the spread of antibiotic resistance, as 
evidenced by the inclusion of diagnostic development in the Centers 
for Disease Control and Prevention’s (CDC) national strategy to com-
bat antibiotic resistance.24 Our findings indicate that beta lactamase 
activity from resistant organisms can be detected in clinical urine 
specimens. This finding enables a diagnostic strategy that could pro-
vide same-day detection of beta  lactamase  expressing organisms as 

compared with the several days required for traditional culture and 
susceptibility methods.

Same-day identification of beta  lactamase  expressing organisms 
could provide both clinical and infection control benefits. Timely treat-
ment with effective antibiotics leads to improved clinical outcomes and 
decreased costs for individual patients.25 Infection control measures for 
patients with antibiotic-resistant organisms (eg, use of personal protec-
tive equipment) can prevent the nosocomial spread of resistant infections 

FIGURE 3. Meropenem Inhibits ESBL CCO Hydrolysis: (A) EICs of the protonated molecular ions of ceftriaxone, cefazolin, 
oxacillin, meropenem and IS are shown after incubation with a sample not containing extended spectrum beta lactamase 
(-ESBL) expressing pathogen. Exact m/z of the protonated molecular ion for each compound is indicated. (B) EICs of the 
protonated molecular ions of ceftriaxone, cefazolin, oxacillin, meropenem, and IS are shown after incubation with a sample 
containing an ESBL containing specimen (-ESBL). Expected retention times of the protonated molecular ions for each 
compound are indicated to illustrate the loss of a peak. % ion intensity (indicated at top left of each EIC) is plotted on the 
Y-axis and Time (min) is plotted on the X-axis. (C) Boxplots plotted on a log scale of individual median ratios of CCO and 
meropenem/IS after incubation with: Control DFU –drug free urine (n = 3) or ESBL containing urine specimens (n = 10).
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if implemented in a timely manner.26 In addition, our method may be use-
ful for public health or agricultural monitoring for ESBL.27 Our data, and 
that from other centers, suggest that ESBL-expressing organisms account 
for 3% to 23% of all UTIs and are likely to increase as antibiotic resist-
ance spreads.24,28-30 According to chart reviews of our small and randomly 
selected population of ESBL-expressing E.  coli UTIs, 6 of 34 patients 
were empirically treated with ineffective cephalosporins (ceftriaxone or 
cefazolin). These patients may have had shorter lengths of infection had 
they been treated with effective antibiotics earlier. Furthermore, ESBL-
expressing E.  coli was discovered in one of these patients 48 hours af-
ter being discharged to a long-term care facility with an ineffective oral 
antibiotic regimen, a scenario associated with the continued spread of 
antibiotic-resistant organisms. Consistent with our findings, an obser-
vational study of hospitalized patients with ESBL pyelonephritis showed 
that ~65% of patients received ineffective antibiotic coverage.31 Direct 
detection of ESBL activity in urine specimens could be used to rule out 
empirical treatment for Gram-negative UTIs (eg, ceftriaxone or cefazolin).

Significant effort has gone into the detection of antibiotic-resistant 
organisms given the clinical need for faster identification. Primarily, 
breakthroughs have occurred in identifying the sequence of the genes 
responsible for resistance.32,33 Specifically, molecular identification of 
the mecA gene creating methicillin-resistant Staphylococcus aureus has 
shown clinical utility.34 However, the diversity of known beta lactamase 
genes (hundreds have been identified) and the emergence of novel genes 
limits the utility of this approach.32,33 Identification of ESBL enzyme 
activity from clinical specimens utilizing a chromogenic substrate has 
shown promise, but the reagents necessary are not readily available.35,36

Our findings show, for the first time, that the activity of ESBL en-
zyme present in a centrifuged urine specimen is sufficient for robust 
detection, using LC-MS, before the required culture and isolation of 
pathogenic organisms. Such direct detection of beta lactamase activity 
enables the fast detection of resistance in clinical scenarios involving 
other pathogens, clinical specimens, or beta lactam drugs. For example, 
detecting the presence of carbapenemase activity in sputum specimens 

FIGURE 4. Kinetics of Ceftriaxone Hydrolysis: Peak intensity of ceftriaxone after 5 minutes (A) and 30 minutes (B) of incubation 
with (+ESBL) or without (-ESBL) an ESBL containing specimen. The predicted hydrolysis product due to the loss of the 
ceftriaxone’s triazine-ylthiol group at 414.05 m/z (RT: 3.40 min) appears after 5 minutes (C) and 30 minutes (D) of incubation 
only in the presence of ESBL expressing bacteria. % ion intensity (indicated at top left of each EIC) is plotted on the Y-axis and 
Time (min) is plotted on the X-axis.
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from patients with suspected Acinetobacter infections could indicate the 
presence of carbapenemase expressing Acinetobacter infections, another 
class of antibiotic-resistant organisms classified as an urgent threat by 
the CDC.11 Additional studies need to be conducted to show that di-
rect detection of beta lactamase activity could be used to differentiate a 
pathogenic infection from non-disease-causing colonization with a re-
sistant organism, a common diagnostic challenge.37

Our data was primarily generated using LC-based separation 
methods followed by MS detection of parent beta lactam ions because of 
analytical sensitivity and ease of data interpretation. Because we did not 
rely on high-resolution data for identifying beta lactamase activity, this 
technique is generalizable to LC combined with most quadrupole mass 
spectrometers. In addition, we have shown that beta lactamase detec-
tion can be performed using MALDI techniques. The MALDI-TOF tech-
nology is utilized for organism identification in many clinical microbi-
ology laboratories. Notably, the specific instrument type and matrix we 

used for our experiments is the same as those used for clinical specimens 
in our institution’s microbiology laboratory. The ready availability of 
both quadrupole and MALDI-TOF technology in clinical laboratories 
would enable the utilization of our described diagnostic approach with 
minimal additional instrumentation required.

Clinically administered beta  lactamase inhibitors are a potential 
interferent of the described diagnostic strategy. As we observed, patients 
who received tazobactam or meropenem before specimen collection did not 
have appreciable beta lactamase activity in their urine. It should be noted 
that specimens intended for microbiology testing are ideally collected from 
patients before they receive treatment because antibiotics can also interfere 
with most culture, identification, and susceptibility testing methods. Thus, 
the potential for interference in the described method of beta  lactamase 
activity assessment would not present an excessive burden compared to 
standard methods. Both tazobactam and meropenem have been shown to 
inhibit beta lactamase activity in vitro.38,39

FIGURE 5. Evaluation of Ceftriaxone hydrolysis by MALDI-TOF MS. Protonated molecular ion of ceftriaxone after incubation 
with DFU (n = 2) (A), patient specimens (n = 8) without an ESBL (B), and patient specimens with an ESBL (n = 14) (C). The 
expected m/z of the protonated ceftriaxone molecular ion (555.0533 m/z) is indicated in each plot with a dotted line and each 
plot is shown using the same X and Y axis scale. (D) Box plots of the median area counts of ceftriaxone after incubation with 
DFU, ESBL +, ESBL + w/Inhibitor Treatment, and ESBL – specimens as measured by MALDI-TOF MS. Whiskers are up to but no 
greater than 1.5 times the inter-quartile range.
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Conclusion
Further development (eg, identifying optimal buffers and matrices, 
and the most stable hydrolysis products) of the described diagnostic 
strategy will be needed to improve turnaround time, which could be 
reduced to 30 minutes or less based on estimates of beta lactamase 
enzyme kinetics.40 Larger studies including unique clinical scenarios 
must be performed to understand sensitivity, specificity, opti-
mal cutoffs, and concordance with traditional culture and suscep-
tibility analysis for relevant pathogen, specimen, and antibiotic 
combinations.

Supplementary Data
Supplemental figures and tables can be found in the online version of 
this article at www.labmedicine.com.
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ABSTRACT

Background: The concentration of monoclonal immunoglobulins (Igs) 

in neoplastic monoclonal gammopathic manifestations is generally 

measured by densitometric scanning of the monoclonal peaks on gel 

or by measuring absorbance at 210 nm in capillary electrophoresis (CE). 

For monoclonal Igs migrating in the beta region, measurement is com-

plicated by the major beta-region proteins, namely, transferrin and C3.

Methods: C3 interference in densitometry was eliminated by heat 

treatment of serum, and monoclonal Igs were quantified by densi-

tometry of the residual band. The immunochemical measurement of 

transferrin was converted to its equivalent densitometric quantity. For 

monoclonal Ig migrating with transferrin, the contribution of the latter 

was removed by subtracting the converted transferrin concentration 

from the combined densitometric quantification of the band. With CE, 

monoclonal Ig was measured by using immunosubtraction (ISUB) to 

guide demarcation.

Results: The results obtained using the C3 depletion and transferrin 

subtraction method were lower and yet comparable to the results de-

rived from using CE measurement guided by ISUB. As we expected, 

the results from both methods were lower than those derived from a 

perpendicular drop measurement of the peak or via nephelometric as-

say of the involved isotype.

Discussion: Accurate measurement of monoclonal Igs is impor-

tant for the diagnosis and monitoring of monoclonal gammopathic 

manifestations. Determination of serum free light chain concentra-

tion per gram of monoclonal Ig is an essential measure for the di-

agnosis of light chain–predominant multiple myeloma. The method 

described herein improves accuracy of measurements for monoclonal 

Igs migrating in the beta region, without the need for special reagents 

or equipment.

The diagnosis of monoclonal gammopathy of undetermined significance 
(MGUS), smoldering/asymptomatic multiple myeloma (SMM), and 
plasma cell/multiple myeloma (MM) is based, partly, on the serum con-
centration of monoclonal immunoglobulin (Ig).1–6 For light chain–pre-
dominant multiple myeloma (LCPMM), a newly described variant of MM, 
diagnosis is based partly on the involved serum free light chain (SFLC) 
concentration per gram of intact monoclonal Ig.7 LCPMM constitutes 
approximately 18% of total intact Ig-producing MM and has an adverse 
prognosis.7 Accurate measurement of beta-region monoclonal Igs is es-
sential for correct diagnosis of LCPMM and was the impetus for this in-
vestigation. Beyond the initial diagnosis, accurate determination of the 
concentration of monoclonal Igs is essential for monitoring the course 
of disease in these neoplastic monoclonal gammopathic manifestations.6

The concentration of monoclonal Ig is generally determined by 
densitometric scanning of the peak observed on serum protein elec-
trophoresis (SPEP). This measurement is affected by many factors, 
including variations in dye binding by different proteins, the back-
ground of polyclonal Igs, and interference by other normal proteins, 
especially in the case of monoclonal Igs migrating outside the gamma 
region.8,9 Differences in gel-based protein and capillary electrophore-
sis (CE), use of perpendicular drop or tangent skimming, and the sub-
jectivity of demarcation all compound variability in measurements of 
monoclonal-Ig concentration.8,9 Within a laboratory, the densitomet-
ric measurement of monoclonal Igs in the gamma region is generally 
reliable and provides clinically useful results, although these variables 
do not permit easy comparison of results among laboratories.9

A fraction of the monoclonal Igs, usually IgA in particular, migrate 
in the beta region, where the monoclonal peak may overlap the native 
transferrin and/or C3 bands. In rare instances, monoclonal Igs migrate 
in the alpha region; however, for the purpose of this research, we re-
stricted ourselves to improving the accuracy of measurement of mono-
clonal Ig migrating in the beta region.

CE may be used with immunosubtraction (ISUB) for identification 
of monoclonal Igs. Also, CE with ISUB allows estimation of the protein 
concentration specific to monoclonal Ig versus the contribution by back-
ground Igs and other normal proteins, such as transferrin and C3.8

Because normal beta-region components interfere with measure-
ment of beta-migrating monoclonal Igs, the International Myeloma 
Working Group (IMWG) recommended using immunochemical determi-
nation of total IgA to follow patients with IgA monoclonal Igs migrating 
in the beta region.10 Because this measurement includes polyclonal IgA 
and the monoclonal molecules, the use of Hevylite measurements has 
been proposed to decrease interference from polyclonal IgA molecules of 
the uninvolved light-chain isotype.11 However, as with assays for SFLC, 
the Hevylite method is not specific for monoclonal Igs.11–13 

Despite the appeal of this method, it has not been adopted by the 
laboratory community, partly because the method provides little advan-
tage over measuring total IgA.14 A more recent assay, MASS FIX (Ig en-
richment coupled with MALDI-TOF mass spectrometry), may provide 
better estimation of monoclonal Ig, as and when it is configured to pro-
vide quantitative results. However, it is available from only 1 reference 
laboratory. Also, given the need for special reagents, equipment, and 
expertise, the method may be suitable only for high-volume reference 
laboratories.15

For improving the accuracy of measurement of monoclonal Igs 
migrating in the beta region, we considered the following processes: 
ISUB of transferrin and C3 proteins; heat degradation of C3 followed by 
densitometric measurement of residual band in case of monoclonal Ig 
comigrating with C3; subtraction of transferrin and/or C3 protein con-
centration, as determined by immunochemical measurement, from the 
densitometric concentration of the combined band; and a combination 
of these techniques.

Methods
This study was performed on 32 serum specimens available after rou-
tine testing performed at a tertiary-care, medical school–affiliated 
medical center in the southeastern United States. The protocol was 
reviewed and approved by the institutional review board. SPEP, serum 
protein immunofixation (SIFE), and densitometric measurements were 
conducted using the SPIFE Touch instrument from Helena Laboratories 
Corporation, as described earlier in the literature.16,17

CE was carried out at the University of Michigan. Deidentified 
specimens were submitted for ISUB quantification of monoclonal 
Igs migrating in the beta region based on gel electrophoresis. Serum 
specimens were analyzed according to manufacturer recommendations 
on a CAPILLARYS 2 Flex Piercing instrument (Sebia SA) using 
PROTEIN(E) and IMMUNOTYPING programs for CE and ISUB, respec-
tively. Total serum protein concentrations were used in determining 
monoclonal-protein concentrations by CE, and total Ig levels were used 
to select the appropriate ISUB parameters. Determining the concentra-
tion of monoclonal protein was estimated by perpendicular drop or tan-
gent skim methods on the CE, based on which method better estimated 
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rived from using CE measurement guided by ISUB. As we expected, 

the results from both methods were lower than those derived from a 

perpendicular drop measurement of the peak or via nephelometric as-

say of the involved isotype.

Discussion: Accurate measurement of monoclonal Igs is impor-

tant for the diagnosis and monitoring of monoclonal gammopathic 

manifestations. Determination of serum free light chain concentra-

tion per gram of monoclonal Ig is an essential measure for the di-

agnosis of light chain–predominant multiple myeloma. The method 

described herein improves accuracy of measurements for monoclonal 

Igs migrating in the beta region, without the need for special reagents 

or equipment.

The diagnosis of monoclonal gammopathy of undetermined significance 
(MGUS), smoldering/asymptomatic multiple myeloma (SMM), and 
plasma cell/multiple myeloma (MM) is based, partly, on the serum con-
centration of monoclonal immunoglobulin (Ig).1–6 For light chain–pre-
dominant multiple myeloma (LCPMM), a newly described variant of MM, 
diagnosis is based partly on the involved serum free light chain (SFLC) 
concentration per gram of intact monoclonal Ig.7 LCPMM constitutes 
approximately 18% of total intact Ig-producing MM and has an adverse 
prognosis.7 Accurate measurement of beta-region monoclonal Igs is es-
sential for correct diagnosis of LCPMM and was the impetus for this in-
vestigation. Beyond the initial diagnosis, accurate determination of the 
concentration of monoclonal Igs is essential for monitoring the course 
of disease in these neoplastic monoclonal gammopathic manifestations.6

The concentration of monoclonal Ig is generally determined by 
densitometric scanning of the peak observed on serum protein elec-
trophoresis (SPEP). This measurement is affected by many factors, 
including variations in dye binding by different proteins, the back-
ground of polyclonal Igs, and interference by other normal proteins, 
especially in the case of monoclonal Igs migrating outside the gamma 
region.8,9 Differences in gel-based protein and capillary electrophore-
sis (CE), use of perpendicular drop or tangent skimming, and the sub-
jectivity of demarcation all compound variability in measurements of 
monoclonal-Ig concentration.8,9 Within a laboratory, the densitomet-
ric measurement of monoclonal Igs in the gamma region is generally 
reliable and provides clinically useful results, although these variables 
do not permit easy comparison of results among laboratories.9

A fraction of the monoclonal Igs, usually IgA in particular, migrate 
in the beta region, where the monoclonal peak may overlap the native 
transferrin and/or C3 bands. In rare instances, monoclonal Igs migrate 
in the alpha region; however, for the purpose of this research, we re-
stricted ourselves to improving the accuracy of measurement of mono-
clonal Ig migrating in the beta region.

CE may be used with immunosubtraction (ISUB) for identification 
of monoclonal Igs. Also, CE with ISUB allows estimation of the protein 
concentration specific to monoclonal Ig versus the contribution by back-
ground Igs and other normal proteins, such as transferrin and C3.8

Because normal beta-region components interfere with measure-
ment of beta-migrating monoclonal Igs, the International Myeloma 
Working Group (IMWG) recommended using immunochemical determi-
nation of total IgA to follow patients with IgA monoclonal Igs migrating 
in the beta region.10 Because this measurement includes polyclonal IgA 
and the monoclonal molecules, the use of Hevylite measurements has 
been proposed to decrease interference from polyclonal IgA molecules of 
the uninvolved light-chain isotype.11 However, as with assays for SFLC, 
the Hevylite method is not specific for monoclonal Igs.11–13 

Despite the appeal of this method, it has not been adopted by the 
laboratory community, partly because the method provides little advan-
tage over measuring total IgA.14 A more recent assay, MASS FIX (Ig en-
richment coupled with MALDI-TOF mass spectrometry), may provide 
better estimation of monoclonal Ig, as and when it is configured to pro-
vide quantitative results. However, it is available from only 1 reference 
laboratory. Also, given the need for special reagents, equipment, and 
expertise, the method may be suitable only for high-volume reference 
laboratories.15

For improving the accuracy of measurement of monoclonal Igs 
migrating in the beta region, we considered the following processes: 
ISUB of transferrin and C3 proteins; heat degradation of C3 followed by 
densitometric measurement of residual band in case of monoclonal Ig 
comigrating with C3; subtraction of transferrin and/or C3 protein con-
centration, as determined by immunochemical measurement, from the 
densitometric concentration of the combined band; and a combination 
of these techniques.

Methods
This study was performed on 32 serum specimens available after rou-
tine testing performed at a tertiary-care, medical school–affiliated 
medical center in the southeastern United States. The protocol was 
reviewed and approved by the institutional review board. SPEP, serum 
protein immunofixation (SIFE), and densitometric measurements were 
conducted using the SPIFE Touch instrument from Helena Laboratories 
Corporation, as described earlier in the literature.16,17

CE was carried out at the University of Michigan. Deidentified 
specimens were submitted for ISUB quantification of monoclonal 
Igs migrating in the beta region based on gel electrophoresis. Serum 
specimens were analyzed according to manufacturer recommendations 
on a CAPILLARYS 2 Flex Piercing instrument (Sebia SA) using 
PROTEIN(E) and IMMUNOTYPING programs for CE and ISUB, respec-
tively. Total serum protein concentrations were used in determining 
monoclonal-protein concentrations by CE, and total Ig levels were used 
to select the appropriate ISUB parameters. Determining the concentra-
tion of monoclonal protein was estimated by perpendicular drop or tan-
gent skim methods on the CE, based on which method better estimated 

the output of the ISUB, as determined by 2 independent pathologist 
interpretations.8

Heat inactivation of C3: C3 is a labile protein that degrades at room 
temperature storage for a few days. Initially, inactivation of C3 was 
performed by heating serum at 56oC. Due to degradation of Igs and 
other proteins in these conditions, serum specimens were incubated at 
37oC for 24 hours.

Immunochemical measurement of transferrin: We compared 
immunochemical and densitometric measurements of transferrin con-
centration in specimens without monoclonal immunoglobulins in the 
beta region. Transferrin was quantified by routine immunoassay using 
Beckman-Coulter Inc. AU 5800 equipment. Also, concentration of trans-
ferrin was estimated by densitometric measurement of the beta 1 band 
on SPEP. Immunochemical measurements of transferrin were conver-
ted to their densitometric equivalent by using the regression equation 
presented in the Results section of this article. This derived value was 
subtracted from the combined, densitometric protein concentration of 
monoclonal Igs and transferrin, in cases of monoclonal Igs migrating in 
the beta 1 position. In cases of monoclonal Ig overlapping the C3 and 
transferrin bands, a combination of the 2 processes was used.

We attempted ISUB of transferrin by incubation of serum with an-
tiserum to human transferrin. We tried 2 antiserum concentrations: 
10 µL of serum plus 10 µL saline plus 10 µL antiserum, and 10 µL serum 
plus 50 µL antiserum. The mixtures were incubated overnight at 4oC and 
centrifuged at 16,600g for 5 minutes before protein electrophoresis.18

Heat inactivation of C3 was sufficiently effective in eliminating the 
interference by C3. Therefore, we did not attempt antibody-mediated 
immune elimination for C3 or subtraction of immunochemically deter-
mined concentration of C3.

Results
In 20 of 32 cases, the monoclonal Ig overlapped C3; in 10 of 32 cases, 
it overlapped the transferrin band; and in 2 cases, the monoclonal Ig 
overlapped both bands. In 21 of 32 cases, CE results determined that the 
quantity of monoclonal Ig was less than 1.0 g/dL.

Heat inactivation of C3: Heat treatment of normal serum at 56oC 
for 30 minutes eliminated the C3 peak/band on SPEP (FIGURE 1). 
However, this treatment denatured other proteins, including Igs, par-
ticularly monoclonal IgM and monoclonal IgG and IgA when present 
at higher concentrations (FIGURE 2). Therefore, we used only 37oC 
treatment for elimination of interference by C3. Incubation of serum 
with monoclonal Igs comigrating with C3 at 37oC for 24 hours yielded 
mainly monoclonal Igs on SPEP. The peak/band specific to the mon-
oclonal Ig was measured by perpendicular drop of the densitometric 
scan. Heat treatment, especially at 37°C, did not transform the C3 
mobility area to the baseline becuase other proteins, including other 
complement components and normal Igs, also migrate in the same 
region. Data showing pre–heat treatment concentration of monoclo-
nal Ig, along with C3 and post-treatment concentration of monoclo-
nal Ig, as well as total concentration of involved Igs, are presented 
in TABLE 1. Similarly, densitometric quantification of beta 1 peaks 
before correction for transferrin levels are also included in the pre-
treatment values.

Immunosubtraction of transferrin: ISUB of transferrin with antibody 
specific to transferrin was unsuccessful. At the concentrations used, the 
antibody not only failed to deplete transferrin but also interfered with 
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FIGURE 1. Normal serum specimens from 2 patients were subjected to serum protein electrophoresis (SPEP) in their native 
state, after 56oC treatment for 30 minutes and incubation at 37oC for 24 hours. Both treatments eliminated the peak due to C3 
at the beta 2 position. However, treatment at 56oC induced more artefacts than 37oC treatment. A small residual peak at the C3 
site in specimens treated at 37oC could be complement that did not get degraded or it could be due to other proteins present 
at the same location. The lack of such a small peak in 56oC-treated specimens could be due to denaturation of the other 
proteins normally present in that location.

2a 2b 2c

2d

Native serum

2e

Serum 56C × 30 minutes

2f

Serum 37C 24 hours

FIGURE 2. Scans of serum protein electrophoresis (SPEP). Serum specimens from 2 patients with monoclonal immunoglobulins 
(Igs) in the beta 2 location were subjected to heat treatment at 56oC and 37oC, respectively. Although treatment at 56oC was 
effective in eliminating the C3 peak/band, it caused distortion of monoclonal Ig bands and was replaced by incubation of the 
specimens at 37oC for 24 hours. The estimate of monoclonal Ig in 56oC specimens was markedly lower than that for 37oC 
treatment. Arrows indicate the monoclonal Ig peak. A, Untreated serum specimen showing monoclonal Ig and C3 at beta 2 site. 
B, Serum specimen treated at 56°C showing residual peak at beta 2 site. C, Serum specimen treated at 37°C showing residual 
peak at beta 2 site. D, Untreated serum specimen showing monoclonal Ig and C3 at beta 2 site. E, Serum specimen treated at 
56oC showing residual peak at beta 2 site. F, Serum specimen treated at 37oC showing residual peak at beta 2 site.
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FIGURE 2. Scans of serum protein electrophoresis (SPEP). Serum specimens from 2 patients with monoclonal immunoglobulins 
(Igs) in the beta 2 location were subjected to heat treatment at 56oC and 37oC, respectively. Although treatment at 56oC was 
effective in eliminating the C3 peak/band, it caused distortion of monoclonal Ig bands and was replaced by incubation of the 
specimens at 37oC for 24 hours. The estimate of monoclonal Ig in 56oC specimens was markedly lower than that for 37oC 
treatment. Arrows indicate the monoclonal Ig peak. A, Untreated serum specimen showing monoclonal Ig and C3 at beta 2 site. 
B, Serum specimen treated at 56°C showing residual peak at beta 2 site. C, Serum specimen treated at 37°C showing residual 
peak at beta 2 site. D, Untreated serum specimen showing monoclonal Ig and C3 at beta 2 site. E, Serum specimen treated at 
56oC showing residual peak at beta 2 site. F, Serum specimen treated at 37oC showing residual peak at beta 2 site.

Native serum, Mono Ig
Peak = 1.2 

A B C

D E F

g
56C treated serum, Mono Ig

Peak = 0.42 g
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Peak = 0.82 g
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monoclonal Ig measurement due to the addition of reagent antibody. 
ISUB of transferrin did not yield satisfactory results, so we did not pur-
sue it further.

Comparison of the immunochemical measurement of transferrin and 
densitometric quantification of the protein is shown in FIGURE 3. To 
adjust for the difference in the values of transferrin by immunochemical 
measurement, compared with densitometric scanning of the beta 1 
band, a regression analysis of the 2 values yielded the following equation 
when immunochemical measurement was designated as the independ-
ent measurement: Y = 0.77848X + 0.08914. The correlation coefficient 
for the 2 methods is 0.73. Densitometric measurement results were ap-

proximately 11% higher than those obtained by immunochemical quan-
tification. This difference was statistically significant by the Student t 
test (P = .02).

The results for monoclonal immunoglobulins migrating in a beta 
2 position were estimated by perpendicular drop on the densitomet-
ric scan of the band/spike after C3 depletion by heat treatment. The 
immunochemically measured transferrin values were converted to their 
densitometric equivalent by using the equation given earlier herein. This 
value was subtracted from the densitometric scan–measured concentra-
tion of beta 1 migrating monoclonal Igs. These values will be collectively 
referred to as beta-depleted values.

TABLE 1.   Comparison of CE with Beta Region Measurement Before and After Depletion of C3 and Transferrina

Specimen ID M Protein Beta Siteb g/dL

CE Quantc Beta depd Beta Pre-depe Total Involved Igf

1 IgG kappa 2 0.1 0.13 0.33 1.25

2 IgA kappa 1 0.1 0.12 0.35 0.31

3 IgM lambda 2 0.1 0.086 0.34 0.34

4 IgA kappa 1 0.1 0.18 0.23 0.28

5 IgG kappa 1 0.8 0.96 1.11 1.86

6 IgA lambda 2 0.5 0.18 0.26 0.34

7 IgA lambda 2 0.3 0.19 0.36 0.46

8 IgG lambda 2 2.3 1.8 2.25 2.83

9 IgA kappa 2 0.2 0.3 0.85 0.54

10 IgA kappa 1 0.1 0.07 0.33 0.28

11 IgA kappa 2 0.5 0.31 0.58 0.88

12 IgG kappa 2 0.1 0.19 0.24 0.79

13 IgG kappa 2 2.7 2.04 2.11 2.5

14 IgA kappa 1 0.2 0.26 0.44 1.45

15 IgA kappa 2 0.4 0.32 0.39 0.42

16 IgA lambda 1 0.1 0.11 0.26 0.18

17 Ig A kappa 2 0.1 0.17 0.22 0.25

18 IgM kappa 2 5 3.4 3.8 6.4

19 IgG lambda 2 2.8 1.9 2 2.9

20 IgA kappa 1 1.2 0.54 1.24 1.5

21 IgA kappa 2 1.3 1.4 1.54 2.12

22 IgG lambda 2 1.1 0.82 1.19 2.53

23 IgA lambda 1 0.1 0.11 0.23 0.06

24 IgA kappa 1 0.6 0.59 1.27 0.99

25 IgA lambda 1 0.3 0.18 0.33 0.49

26 IgA lambda 2 0.1 0.17 0.3 0.31

27 IgG lambda 2 3.1 2.39 2.7 3.49

28 IgA kappa 2 0.1 0.17 0.28 0.34

29 IgA lambda 2 3.6 2.53 2.63 3.4

30 IgA lambda 2 0.5 0.43 0.45 1.01

31 IgA kappa Both 1.1 0.93 1.2 1.08

32 IgA kappa Both 2 1.76 2.03 2.26

CE, capillary electrophoresis; Ig, immunoglobulin; ISUB, immunosubtraction.
aThe results of beta depletion are insignificantly lower than those measured via by CE (P = .43) the correlation coefficient between the 2 methods is 0.98.
bBeta site: Beta 1 or beta 2 location of the monoclonal immunoglobulin peak based on gel electrophoresis and which correction technique was utilized. In 
2 cases the monoclonal immunoglobulin overlapped C3 and transferrin, and both corrections were applied to these specimens.
cCE quant: CE measurement of M protein based on ISUB pattern (for example, see FIGURE 4).
dBeta dep: Beta measurement results after C3 and/or transferrin depletion.
eBeta Pre-dep: Densitometric quantity of beta peak measurement before C3 or transferrin depletion.
fTotal Involved Ig: Nephelometric measurement of the involved isotype (IgG, IgA, or IgM).
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Measurement of the beta-migrating M-protein was performed by 
CE using the results from the ISUB to guide the demarcation positions 
(FIGURE 4). Results of CE estimation of the beta-migrating monoclo-
nal Igs are included in TABLE 1. Compared with CE results, the results 
from beta depletion were lower, but the difference was statistically 
nonsignificant (P = .43). As expected, the results from CE and beta de-
pletion were, on average, lower than those estimated by densitometric 
scanning of the monoclonal band/spike in native serum and the concen-
tration of involved Ig (TABLE 1).

Discussion
Accurate determination of the concentrations of monoclonal Igs is im-
portant in distinguishing between the diagnosis of MGUS and SMM, and 
in establishing a baseline level of the M-spike for patients with MM.2,4 
This information is critical for monitoring the change in the concentra-
tion of monoclonal Igs in response to treatment and for monitoring the 
course of treatment in MM.19 In a given patient, the concentration of the 
monoclonal Igs reflects the tumor burden and is a valid tumor marker.19,20 
The monoclonal Igs migrating in the gamma region can be quantified rea-
sonably well by densitometric scanning. Variations in marking the area 
occupied by the monoclonal peak affect the quantification and has been 
addressed elsewhere.8,9 The major factors affecting the accuracy of quan-
tification of monoclonal Igs in the gamma region are the non-neoplastic 
background Igs. The latter issue is further aggravated by the polyclo-
nal increase in background Igs and oligoclonal pattern, as observed in 
patients treated with hematopoietic stem-cell transplants.6,21

Quantification of monoclonal Igs migrating in the beta region is 
more significantly impacted by other proteins and Igs migrating in  

the same location. Normal IgA, IgM, and IgG all exhibit migration  
in the beta region to varying degrees, with IgA being the dominant Ig 
in the beta region.22 The primary non-Ig proteins are transferrin and 
C3. When SPEP is performed in gels capable of resolving the beta 1 and 
beta 2 proteins, transferrin results in an easily recognizable band in the 
beta 1 region, and C3 produces a recognizable peak in the beta 2 region. 
Both of these proteins can be quantified by densitometric scanning, 
although immunoassays are generally used for measurement of these 
proteins. Other, lower concentration proteins migrating in the beta 
region include C4, C5, and factor B components of the complement sys-
tem, antithrombin 3, and hemopexin.22 None of these proteins result in 
a measureable band on usual SPEP.23

Quantification of monoclonal Igs in the beta region may be 
approximated by measuring the total amount of involved Igs, measuring 
Hevylite combination of relevant heavy and light chains, and using ISUB 
to guide measurement by CE.24 Although the latter helps to exclude 
nonmonoclonal proteins, it is subjective and not in common use, as 
more laboratories employ gel-based assays for SPEP and SIFE.14 MASS-
FIX has not yet been adopted in routine clinical practice.

The method described in this article approximates the results obtained 
by CE with ISUB without the need for special equipment and reagents. In 
general, densitometric measurement of the peak produced by monoclonal 
Igs, even when it includes normal beta-region proteins, is generally suit-
able for monitoring the progress of a patient.6 However, more accurate 
measurement of beta-migrating monoclonal Igs is essential for diagnosis 
of patients with LCPMM, a subgroup with a higher risk of renal damage 
and shorter survival than patients with typical MM.7 Thus, accurate es-
timation of the quantity of monoclonal Igs migrating in the beta region 
acquires greater importance. The concentration of intact monoclonal Ig in 

FIGURE 3. Plot of results of immunochemical measurement of transferrin (X-axis) and densitometric readings of the beta 1 
band (Y-axis) on serum protein electrophoreses of specimens without monoclonal immunoglobulins in the beta region. The 
trend line and regression equation for estimating densitometric equivalent of immunochemical measurement of transferrin are 
displayed. The correlation coefficient is 0.73. 
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the same location. Normal IgA, IgM, and IgG all exhibit migration  
in the beta region to varying degrees, with IgA being the dominant Ig 
in the beta region.22 The primary non-Ig proteins are transferrin and 
C3. When SPEP is performed in gels capable of resolving the beta 1 and 
beta 2 proteins, transferrin results in an easily recognizable band in the 
beta 1 region, and C3 produces a recognizable peak in the beta 2 region. 
Both of these proteins can be quantified by densitometric scanning, 
although immunoassays are generally used for measurement of these 
proteins. Other, lower concentration proteins migrating in the beta 
region include C4, C5, and factor B components of the complement sys-
tem, antithrombin 3, and hemopexin.22 None of these proteins result in 
a measureable band on usual SPEP.23

Quantification of monoclonal Igs in the beta region may be 
approximated by measuring the total amount of involved Igs, measuring 
Hevylite combination of relevant heavy and light chains, and using ISUB 
to guide measurement by CE.24 Although the latter helps to exclude 
nonmonoclonal proteins, it is subjective and not in common use, as 
more laboratories employ gel-based assays for SPEP and SIFE.14 MASS-
FIX has not yet been adopted in routine clinical practice.

The method described in this article approximates the results obtained 
by CE with ISUB without the need for special equipment and reagents. In 
general, densitometric measurement of the peak produced by monoclonal 
Igs, even when it includes normal beta-region proteins, is generally suit-
able for monitoring the progress of a patient.6 However, more accurate 
measurement of beta-migrating monoclonal Igs is essential for diagnosis 
of patients with LCPMM, a subgroup with a higher risk of renal damage 
and shorter survival than patients with typical MM.7 Thus, accurate es-
timation of the quantity of monoclonal Igs migrating in the beta region 
acquires greater importance. The concentration of intact monoclonal Ig in 

FIGURE 3. Plot of results of immunochemical measurement of transferrin (X-axis) and densitometric readings of the beta 1 
band (Y-axis) on serum protein electrophoreses of specimens without monoclonal immunoglobulins in the beta region. The 
trend line and regression equation for estimating densitometric equivalent of immunochemical measurement of transferrin are 
displayed. The correlation coefficient is 0.73. 
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LCPMM is generally low and is subject to overestimation if correction for 
comigrating proteins in the beta region is not implemented. The error for 
measuring monoclonal Igs is higher at lower concentrations, and this fact 
is especially important in the diagnostic criteria for LCPMM.

The estimation of monoclonal Igs overlapping the transferrin band is 
complicated by the need to immunochemically measure transferrin and 
then convert the value to its densitometric equivalent. However, nearly 
two-thirds of the monoclonal Igs migrating in the beta region overlapped 
C3, and elimination of C3 is easily accomplished by incubating at 37°C. 
Even if only C3 abrogation were adopted, that would address approx-

imately two-thirds of the cases with monoclonal Ig migrating in the 
beta region.

The lack of a gold standard  method for quantification of monoclonal 
Igs in general, and those migrating in the beta region in particular, is a 
weakness in this field. If purified preparations of monoclonal IgA and 
IgG migrating in the beta region were available, these could be used to 
assess the accuracy of the method described herein. Similarly, longitu-
dinal comparisons in patients with progressive disease or responding to 
therapy could demonstrate how each evaluated measurement compares 
over a range of values, although this finding might lack generalizability. 

AQ21

FIGURE 4. Immunosubtraction (ISUB) and capillary electrophoresis (CE) tangent skim measurement of involved isotype: ISUB 
and monoclonal protein estimation by CE. An example of monoclonal protein identification and size determination is shown for 
specimen 24, which by perpendicular drop measured via gel electrophoresis is 1.27 g/dL before removal of C3 and transferrin 
but corrects to 0.59 g/dL after removal matching the CE measurement of 0.6 g/dL. A, ISUB in gamma depletion. B, ISUB in 
kappa depletion. C, ISUB in alpha depletion. D, ISUB in lambda depletion. E, ISUB in mu depletion. The correspondingly labeled 
component is diminished in the blue tracing, compared with the black baseline tracing. The dominant monoclonal protein in 
the beta region is subtracted by immunoglobulin (Ig)A and kappa (arrows in parts B and C), yet shows a baseline even with 
the IgA and kappa subtracted. This visualization is used to guide estimation of the area on CE by the tangent skim method for 
measurement (F). If a perpendicular drop had been were used, the estimate would rise from 0.6 g/dL to 0.8 g/dL. Two small free 
kappa bands also are present at the cathodal end of the gamma region in part F.
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We recognize the modest number of specimens analyzed in this study; 
however, the close agreement with ISUB CE measurement lends cre-
dence to the assay. As we expected, all quantification results were lower 
than the untreated peak and the concentration of involved Ig.

In brief, the beta-depletion method described in this report adds 
to the accuracy of measurement of monoclonal Igs migrating in the 
beta region, without the need for special reagents, equipment, or ex-
pertise. This improvement is particularly important in accurate diag-
nosis of LCPMM because of the adverse prognosis associated with this 
disease entity.
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ABSTRACT

Objective: Patients with light chain–predominant multiple myeloma 

have been shown to exhibit shorter survival. Retrospective compar-

ison of clinical and laboratory data was undertaken to ascertain the 

likely cause(s) of this observation.

Methods: Records of patients with multiple myeloma seen at 1 institution 

revealed 316 patients with conventional and 71 patients with light chain–

predominant multiple myelomas with secretion of intact immunoglobulins. 

Laboratory and clinical findings in the 2 groups were compared.

Results: Patients with light chain–predominant multiple myeloma had 

a significantly higher death rate, a higher rate of chronic dialysis, a 

lower estimated glomerular filtration rate and serum albumin, a sig-

nificantly higher urine protein concentration, and a significantly higher 

prevalence of hypertension and blood transfusion requirements. Other 

clinical and laboratory parameters surveyed were not significantly dif-

ferent between the 2 groups.

Conclusion: The shorter survival of patients with light chain–predomi-

nant multiple myeloma is clearly associated with renal damage caused 

by excess free immunoglobulin light chains. Renal damage may be 

ameliorated by early aggressive treatment with chemotherapy, plas-

mapheresis, and dialysis; a multi-institutional prospective controlled 

trial would be needed to test this hypothesis.

Neoplastic disorders of plasma cells include, in order of severity of pa-
thology, the premalignant entities of monoclonal gammopathy of unde-
termined significance (MGUS) and smoldering or asymptomatic mye-
loma (SMM) and the malignant entity of plasma cell myeloma/multiple 
myeloma (MM).1-4 Research has shown that MM is the most common 
hematologic malignancy in adults in the United States.5 The disease is 
treatable but for the most part not curable. Advances in chemotherapy, 
precision medicine, and perhaps the implementation of autologous he-
matopoietic stem cell transplantation (ASCT) have improved outcomes 
in this malignancy.6-9

Studies have shown that MMs generally produce and secrete mon-
oclonal immunoglobulins that can be detected in serum and urine and 
provide diagnostic information and an estimate of tumor burden to 
monitor the effects of treatment. Approximately 85% of MM lesions 
secrete intact immunoglobulins, and approximately 13% secrete light 
chains only; the balance is composed of bi- or triclonal lesions and 
nonsecretory myelomas.10 Although stoichiometrically the standard 
immunoglobulin consists of 2 heavy chains covalently bound to 2 light 
chains, both normal and neoplastic plasma cells may produce more light 
chains than heavy chains. The excess free light chains can be measured 
in serum and urine.11 An assay for serum free light chains (SFLCs) selec-
tively measures free light chains, albeit it is not specific for monoclonal 
light chains.12

There is wide variation in the amount of SFLCs produced by 
myelomas. Some lesions, especially those associated with lambda light 
chains, do not produce detectable excess SFLCs, whereas at the other 
extreme are lesions that produce only light chains.10,13 Among approx-
imately 85% of myelomas that produce intact immunoglobulins, a 
subgroup constituting close to 18% of these lesions has been shown 
to produce a marked excess of SFLCs. This subgroup has been des-
ignated as light chain–predominant multiple myeloma (LCPMM), 
which produces an intact monoclonal immunoglobulin in serum 
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and has increased levels of SFLCs. The specific diagnostic criteria for 
LCPMM lesions are based on levels of SFLCs and include (i) SFLC 
concentrations of ≥35.2  mg/L (kappa) or ≥36.8  mg/L (lambda), (ii) 
a ratio of involved to uninvolved SFLCs of ≥44.9 (regardless of light 
chain specificity), (iii) an SFLC concentration in mg/L/concentration 
of monoclonal immunoglobulin in g/dL of ≥67  mg/g (kappa) and 
≥43.5 mg/g (lambda), and (iv) a ratio of involved to uninvolved SFLC 
concentration to monoclonal immunoglobulin of ≥68.4 g/dL (kappa) 
or ≥51.6 g/dL (lambda) (TABLE 1). All 4 criteria need to be met or 
exceeded for the lesion to be classified as LCPMM. It has been shown 
that patients with LCPMM have significantly shorter survival, by 
nearly 2 years.14 This study was undertaken to further assess the ex-
tent and degree of adverse outcomes and to ascertain the likely cause 
of adverse outcomes in patients with LCPMM.

Methods
This retrospective, observational investigation was conducted at a 480-
bed tertiary care, medical school–affiliated medical center in the south-
eastern United States. The study protocol was reviewed and approved 
by the institutional review board. Methods for serum and urine protein 
electrophoreses, serum immunofixation electrophoresis (SIFE) and 
urine immunofixation electrophoresis, and SFLC measurement have 
been described in earlier research.10,11

Records of all patients undergoing SIFE at this institution, from Jan-
uary 2010 through August 2020, were reviewed. Some of the results of 
the studies from these reviews have been published, including a recent 
study that categorized the subgroup of LCPMM and showed signifi-
cantly shorter survival in this subgroup.13,14 Of the 624 patients with 
MM in the records at this institution, sufficient data were available 
for 387 patients for evaluation of the various parameters examined in 
the study. The patients not included in the study were those who were 
examined and treated elsewhere and were referred for evaluation for he-
matopoietic stem cell transplantation, and their record was limited to 1 
visit. No patients in whom required data were available were excluded. 
Laboratory and clinical data were examined to ascertain the likely path-
ophysiology responsible for shorter survival in LCPMM. The various 
parameters examined are listed in TABLE 2.

Patient deaths were ascertained from the medical records, includ-
ing notifications by next of kin through phone calls. Only patients with 
end-stage renal disease (ESRD) on chronic dialysis were recorded as re-
ceiving dialysis. Patients refusing dialysis despite having ESRD were not 
included. The estimated glomerular filtration rate (eGFR) was calculated 

using the CKD-Epi equation.15 Creatinine values at the date of last con-
tact with the patient were used for the eGFR estimation, as were the val-
ues for serum albumin, alanine transaminase (ALT), and total bilirubin. 
For urine protein, the highest recorded urine protein concentration was 
noted, although this information was not available for 26.6% of patients 
with conventional MM and 19.7% of patients with LCPMM. Hyper-
tension, diabetes, heart disease, hypothyroidism, pathologic fractures, 
tobacco use, occurrence of plasmacytomas, chronic obstructive pulmo-
nary disease (COPD), and malignancy (other than MM) were recorded 
as present or not present based on annotation in the medical record. 
Transfusion was recorded as positive for any transfusion reported in the 
host electronic medical records, with the caveat that patients not receiv-
ing transfusions at this institution may have been transfused elsewhere. 
Because the host institution is a tertiary care center, many patients were 
referred for consideration of hematopoietic stem cell transplantation af-
ter treatment at other medical centers. Patients were recorded as being 
positive for deep vein thrombosis (DVT) if there was a history of DVT 
and/or pulmonary embolism (PE). The highest recorded body mass in-
dex (BMI) for each individual was used in the study. Finally, ASCT was 
recorded whether it was performed at this institution or elsewhere, as 
noted in the medical records.

Continuous variables were compared by Student’s t-test between 
patients with conventional MM and those with LCPMM. A 2-tailed com-
parison with an assumption of unequal variances was employed in the 
Student’s t-test to ensure conservative estimates of the P value. The chi-
square test was used for discrete variables. A correction to the P value for 
the number of comparisons was not applied to the display in TABLE 1, 
although the key parameters of higher death rate, higher rate of dialysis, 
and lower eGFR and higher urine protein levels in LCPMM did maintain 
statistical significance when the Bonferroni correction was applied for 
the 25 issues compared between the 2 groups.

Results
Out of a total of 624 patients with MM patients evaluated, 387 patients 
with intact immunoglobulin-producing MM had sufficient data availa-
ble for classification into 316 patients with conventional intact immu-
noglobulin MM and 71 patients with LCPMM. Comparative laboratory 
and clinical data for the 2 groups along with the statistical analysis are 
presented in TABLE 2. Mortality was significantly higher for patients 
with LCPMM and was nearly 3 times higher than that for patients with 
conventional MM. Kidney function as assessed by eGFR was lower by 
a mean of 23 mL in patients with LCPMM. When patients on chronic 
dialysis were excluded, the eGFR was lower by 19  mL in patients 
with LCPMM, although the difference was still highly significant at P 
<.00001. More patients with LCPMM (18.3%) were on chronic dialysis 
than patients with conventional MM (3.5%). Mean urine protein con-
centration was significantly higher in patients with LCPMM, at 239 mg/
dL, compared to 76 mg/dL in conventional MM. Serum albumin levels 
were significantly lower in LCPMM, at a mean of 3.4 g/dL, compared to 
3.7 g/dL in conventional MM. Hypertension was prevalent at a signif-
icantly higher frequency of 87% in patients with LCPMM compared to 
72% in patients with conventional MM. Requirement for blood transfu-
sion was more frequent in patients with LCPMM.

The following parameters were not significantly different between 
the 2 groups: age, age at diagnosis, race, sex, BMI, ALT, total biliru-
bin, presence of plasmacytomas, pathologic fractures, diabetes, COPD,  

TABLE 1.  Diagnostic Criteria for LCPMM 

Diagnostic Criteria for LCPMM Subgroup

Kappa Lambda

SFLC, mg/L ≥35.2 ≥36.8

Involved SFLC/uninvolved SFLC, mg/L ≥44.9 ≥44.9

SFLC/monoclonal immunoglobulin, g/dL ≥67 ≥43.5

(involved SFLC/uninvolved SFLC)/monoclonal  
immunoglobulin, g/dL

≥68.4 ≥51.6

LCPMM, light chain–predominant multiple myeloma; SFLC, serum free 
light chain.
Highest levels of the parameters listed in the table were used for the 
LCPMM designation.
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additional malignancy, heart disease, hypothyroidism, DVT/PE, cere-
brovascular disease including transient ischemic attacks, and tobacco 
use. The frequency of treatment with ASCT was similar in the 2 groups, 
albeit marginally lower in patients with LCPMM.

In 35 patients in the conventional MM group, 3 of the 4 change point 
criteria were met for designation as LCPMM. In 31 of these 35 patients, 
the criterion not meeting the change point target was light chain per g 
of monoclonal Ig. The eGFR in this group of 35 patients was 72.5 mL 
and was not significantly different from that in the other 281 patients 
with conventional MM, who had an eGFR of 74.1 mL. The eGFR in the 
patients with LCPMM (49.1  mL) was significantly lower than that of 
the the entire conventional MM group (ie, the 35 patients who met 3 of 
the 4 change point criteria and the 281 patients in whom fewer than 3 
change point criteria were met).

The key parameters were not significantly different between kappa 
and lambda chain–associated lesions. The P values for the LCPMM 

groups with kappa and lambda light chains were .23 and .95 for length 
of survival and eGFR, respectively.

Discussion
The higher death rate and shorter survival in patients with LCPMM 
are clearly associated with greater disease burden in the form of ex-
cess SFLCs compromising renal function. Significantly lower eGFR, a 
significantly higher prevalence of chronic dialysis, a higher prevalence 
of hypertension, and a greater extent of proteinuria with resultant 
hypoalbuminemia are all indicative of more severe renal pathology in 
patients with LCPMM. The greater extent of renal failure can also explain 
the higher frequency of blood transfusions in patients with LCPMM, 
and the greater disease burden of renal insufficiency likely explains the 
strikingly higher mortality in these patients. It was not feasible to as-
certain whether the higher prevalence of hypertension caused worse re-

TABLE 2.  Comparison of Laboratory and Clinical Findings in Conventional MM vs LCPMM. 

 MM LCPMM P Value

Number of patients 316 71  

Death (%) 43 (13.6) 25 (35.2) .00001

Dialysis (%) 11 (3.5) 13 (18.3) .00001

eGFR, mL (SD) [median] 69.4 (29.3) [73] 46.3(32.4) [46] .0000003

Urine protein, mg/dL (SD) [median] 75.9 (288.3) [16] 238.8 (332.9) [96] .001

Hypertension (%) 227 (71.8) 62 (87.3) .007

Albumin, g/dL (SD) [median] 3.7 (0.62) [3.8] 3.44 (0.71) [3.5] .005

Transfusion (%) 224 (70.9) 59 (83.1) .05

ASCT (%) 205 (64.9) 37 (52.1) .06

Age, y (SD) [median] 66.9(10.3) [66] 67.4 (11.8) [68] .74

Age at diagnosis, y (SD) [median] 61.0(10.4) [62] 63.0 (12) [60] .20

Sex: male–female (%) 183 (57.9)—133 (42.1) 44 (62.0)—27 (38) .53

Race, White (%) 134 (42.4) 31 (43.7) .95

Race, Black (%) 176 (55.7) 40 (56.3) …

Race, Hispanic (%) 2 (0.6) 0 …

Race, Other (%) 4 (1.3) 0 …

Tobacco use (%) 49 (15.5) 13 (18.3) .56

BMI (SD) [median] 31.2 (6.5) [30] 31.4 (7.8) [29.6] .88

ALT, U/L (SD) [median] 31.1 (87.8) [17] 34 (66.9) [16] .75

Total bilirubin, mg/dL (SD) [median] 0.8 (2.5) [0.5] 0.7 (0.6) [0.5] .52

Plasmacytoma (%) 39 (12.3) 11 (15.5) .47

Diabetes (%) 89 (38.2) 20 (28.2) 1.00

COPD (%) 53 (16.8) 10 (14.1) .58

Malignancy (%) 50 (15.8) 12 (16.9) .82

Heart disease (%) 95 (30.1) 25 (35.2) .40

Hypothyroidism (%) 40 (12.7) 5 (7.0) .18

Fracture 100 (31.74) 19 (26.8) .42

DVT/PE (%) 59 (18.7) 16 (22.5) .46

CVA (%) 21 (6.6) 6 (8.5) .59

ALT, alanine transaminase; ASCT, autologous stem cell transplantation; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CVA, ce-
rebrovascular accident; DVT, deep vein thrombosis; eGFR, estimated glomerular filtration rate; LCPMM, light chain–predominant multiple myeloma; MM, 
multiple myeloma; PE, pulmonary embolism; SD, standard deviation.
Patients with LCPMM had significantly higher death rate, prevalence of chronic dialysis, proteinuria, hypertension, and transfusion rate along with signifi-
cantly lower eGFR and serum albumin levels. The adverse outcomes in LCPMM can be attributed to renal damage caused by excess free light chains.
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nal function or if the renal damage by free immunoglobulin light chains 
resulted in a higher prevalence of hypertension in the LCPMM group.

Excess free immunoglobulin light chains are a known risk factor for 
renal disease, with light chain cast nephropathy being the usual path-
ogenetic mechanism for renal damage. Addressing the free light chain 
burden early in the course of illness in patients with LCPMM may help 
mitigate or reverse renal pathology. The pathogenic burden of SFLCs 
could be ameliorated by chemotherapy, plasmapheresis, and dialysis 
with a higher-molecular-weight pore size membrane.16 Rigorously test-
ing this hypothesis would require a multisite prospective randomized 
controlled clinical trial. The present study has the usual drawbacks of a 
retrospective observational study; nevertheless, it documents the likely 
explanation for lower survival in the newly described LCPMM subgroup 
as renal damage mediated by excess free immunoglobulin light chains.

The marginally lower rate of ASCT in patients with LCPMM likely 
reflects fewer patients with LCPMM being suitable candidates for ASCT 
because of poorer baseline functional status. Although low serum albu-
min is a general marker of poor health, the hypoalbuminemia was more 
likely the result of renal protein loss rather than hepatic hypofunction 
because the liver function markers of ALT and bilirubin were not differ-
ent between the patients with MM and those with LCPMM.

With additional data and harmonization of light chain quantifica-
tion methods, it may be feasible to devise a single criterion, for each 
light chain type, to identify patients with LCPMM. The light chain 
concentration/g of monoclonal Ig is the single criterion most likely to 
meet the requirement for this diagnostic marker.

In brief, LCPMM has higher mortality than conventional MM. The 
adverse outcomes in LCPMM seem to be mediated by renal damage 
caused by excess free light chains. Prospective controlled trials designed 
to aggressively lower SFLC concentrations to improve outcomes are 
warranted.

Conclusion
Tumors in a subset (approximately 18%) of patients with MM secrete 
distinctly higher amounts of free immunoglobulin light chains. The ex-
cess free light chains are clearly associated with renal damage, resulting 
in renal failure and significantly shorter survival in the affected patients. 
Effectiveness of early and aggressive treatment aimed at reducing SFLCs 
needs to be ascertained through clinical trials.
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ABSTRACT

Objective: Previous studies have shown that a number of cytokines 

participate in the regulation of ankylosing spondylitis (AS). To investi-

gate the potential role of interleukin (IL)-6 and tumor necrosis factor- α 

(TNF-α) in AS pathogenesis, this study examined the serum levels of 

IL-6 and TNF-α in patients with AS and its clinical association with 

disease activity.

Materials and Methods: The serum concentrations of IL-6 and TNF-

α from 80 patients with AS and 46 healthy control patients (HCs) 

were examined by electrochemiluminescence immunoassay. The 

correlations between the serum IL-6 and TNF-α levels and the Bath 

Ankylosing Spondylitis Disease Activity Index (BASDAI), computed 

tomography (CT) imaging-based classification, and laboratory 

indicators were analyzed using the Spearman correlation test.

Results: Compared to HCs, patients with AS showed higher levels 

of IL-6 and TNF-α. There was also a positive correlation between the 

serum IL-6 and TNF-α levels and the BASDAI, the progression of AS, 

and the CT imaging–based classification. The serum levels of IL-6 

correlated closely with C-reactive protein and the erythrocyte sedi-

mentation rate. More important, patients with AS with hip joint involve-

ment exhibited a significant elevation of serum levels of TNF-α, and 

higher IL-6 was detected in patients with the involvement of joints 

other than the hip and sacroiliac joints.

Conclusion: The serum levels of IL-6 and TNF-α can function as im-

portant indicators for auxiliary diagnosis and disease activity evalua-

tion of AS.

Ankylosing spondylitis (AS) is an immune-mediated chronic inflam-
matory disorder that primarily affects the sacroiliac joints, the axial  
skeleton, and the peripheral joints and eventually leads to spinal  
deformity and stiffness.1,2 Chronic back pain and progressive spinal 
stiffness are the most common features of the disease.3-5 Many patients 
with AS suffer a severe loss of mobility and lose their ability to work 
as a consequence.6 As an insidiously progressive and debilitating form 
of arthritis, AS has an estimated prevalence in the global population of 
0.7% to 3.2%.7,8 The disorder typically starts during the second or third 
decade of life and develops in young adult men with a sex ratio of ap-
proximately 3:1 (male:female).9,10 It is a lifelong condition with an un-
predictable disease course that eventually severely affects the quality of 
life of individual patients.11,12

The pharmacological treatment for AS involves nonsteroidal anti-in-
flammatory medications (NSAIDs) and tumor necrosis factor--α (TNF-α) 
inhibitors. In general, NSAIDs are first-line treatments for patients with 
active AS and TNF-α inhibitors are advised for patients with high disease 
activity. Additional biologic drugs for patients who fail to respond to TNF-α 
inhibitors or who develop tolerability issues include interleukin (IL)-17 
inhibitors, IL-12/23 inhibitors, and antibodies against CD20+ B cells.13

The early diagnosis and timely treatment of AS are important for 
improving clinical outcomes. The clinical Bath Ankyosing Spondylitis Dis-
ease Activity Index (BASDAI) is widely used to evaluate disease activity in 
patients with AS and includes self-reported feelings expressed by patients 
that are evaluated from the patient questionnaire.14,15 C-reactive protein 
(CRP) and the erythrocyte sedimentation rate (ESR) are 2 laboratory acute-
phase reactants that are classically used to assess the presence of inflamma-
tion in patients with AS.16,17 However, just 45% to 50% of patients with AS 
show elevated ESR and CRP levels. There is a poor correlation between clin-
ical disease activity and the ESR in AS. Patients with spondylitis may have a 
normal ESR, and an elevated ESR is often seen in patients with a clinically 
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quiescent condition. The ESR is also a nonspecific test that is influenced by 
a large number of factors unrelated to inflammation.16,18-20 Therefore, there 
is a clear and urgent need for more sensitive and specific disease activity 
markers for the measurement of disease activity to guide the diagnosis and 
treatment of AS.

Although the mechanisms underlying this disease are not fully 
understood, and the treatment options for AS are limited, a num-
ber of studies have clearly shown that the cytokine network plays an 
immunopathological role in AS.21 Increasing attention has focused 
on the roles of cytokines in the inflammatory process of autoimmune 
diseases and the correlation between cytokines and clinical disease ac-
tivity. Many studies have indicated that TNF-α and IL-6 play pivotal 
roles in the pathogenesis of AS. Currently, TNF-α inhibitors are increas-
ingly used for patients with AS with active disease when other treatment 
options have proven ineffective. In fact, TNF-α inhibitors are effective in 
reducing pain and stiffness and improving the function of patients with 
AS.22,23 It remains unclear why some patients with AS achieve signifi-
cant improvement after TNF-α inhibitor treatment whereas others do 
not respond to the same treatment. Furthermore, IL-6 is a pleiotropic 
cytokine that participates in the development of AS, but whether it can 
be used to assess disease activity remains controversial.24 

The current study examined the serum levels of IL-6 and TNF-α in 
patients with AS to clarify the correlation of these levels with imaging classi-
fication of the sacroiliac joint, clinical parameters, and laboratory indicators, 
which will provide a theoretical basis for their clinical implications. 

Materials and Methods

Participants
Eighty hospitalized patients with AS with radiographic axial 
spondyloarthritis were invited to enroll in our research from March 
2018 to September 2018 at the Peking University Shenzhen Hospital, 
Shenzhen, People’s Republic of China. Patients were excluded accord-
ing to the following criteria: acute inflammatory diseases, heart failure, 
blood system diseases, and endocrine diseases. All patients with AS were 
individually diagnosed according to the modified New York criteria25 
and the Assessment of SpondyloArthritis International Society classi-
fication criteria. An additional set of 46 age- and sex-matched healthy 
volunteers served as the healthy control patients (HCs) who had no pre-
vious history of arthritis, back pain, or chronic diseases such as diabetes. 
The clinical characteristics of patients with AS and HCs are summarized 
in TABLE 1. The regional ethics committee of Peking University Shen-
zhen Hospital approved the research. Written informed consents were 
obtained from all participants.

Measurement of IL-6 and TNF-α
Peripheral blood specimens were obtained from patients with AS and 
HCs. All serum specimens were taken at different time points and 
stored at –80℃ until cytokines were determined. The serum levels of 
IL-6 and TNF-α were determined using a Cobas E601 automatic elec-
trochemical luminescence immune analyzer (Roche Diagnostics) and a 
DPC immulite 1000 immunoassay analyzer (Siemens), respectively. Ac-
cording to the manufacturer, the assay range for IL-6 is 1.5 to 5000 pg/
mL and the assay limit is 1.5 pg/mL, whereas the assay range and limit 
for TNF-α are 1.7 to 1000 pg/mL and 1.7 pg/mL. The normal reference 
ranges of IL-6 and TNF-α are ≤7.0 pg/mL and ≤8.1 pg/mL, respectively.

BASDAI Assessment
The BASDAI reflects disease activity in AS and includes fatigue, spinal 
pain, joint pain/swelling, areas of localized tenderness, and morning 
stiffness. The possible BASDAI score ranges from 0 to 10. A score of 1 
to 4 suggests inactive disease, and a score of 4 to 6 indicates that a com-
bination of laboratory indicators is required to determine whether the 
disease is active. Scores of 6 to 10 are suggestive of active disease.

Assessment of Laboratory Indicators
All laboratory indicators were measured by independent researchers who 
were blinded to the clinical characteristics of the patients. The surface 
expression of human leukocyte antigen-B27 (HLA-B27) was analyzed 
using a Cytomics FC500 flow cytometer (Beckman). The CRP and total 
hemolytic complement (CH50) were measured according to the immune 
turbidity method using the Beckman Coulter AU5800 biochemical ana-
lyzer. The ESR was determined using the Westergren method according 
to the manufacturer’s instructions. The normal reference range of CRP 
is ≤10 mg/dL, that of the ESR is ≤20 mm/h, and that of CH50 is 23 to 
46 U/mL.

Computed Tomography Imaging-Based Classification
Computed tomography (CT) scans were performed to evaluate sac-
roiliac arthritis. The clinical evaluation of sacroiliac arthritis was 
graded from Ⅰ to Ⅲ as follows: Ⅰ, blurring of articular surface, minor 
bone cortex destruction; Ⅱ, bone cortex sclerosis, rough articular sur-
face, but no change in joint space; and Ⅲ, articular surface erosions 
or sclerosis, irregular and narrow joint space or nonuniform width.

Statistical Analysis
The results are expressed as the mean ± standard deviation. Statis-
tical analyses were performed using SPSS software version 25.0 and 
GraphPad Prism software version 6.0. Statistical comparisons of the 
2 groups were performed using a 2-tailed Student’s t-test. The Spear-
man nonparametric correlation analysis was used to evaluate the 
associations between the serum cytokine levels and disease activity 

TABLE 1.  Clinical and Laboratory Characteristics in Patients 
with AS and HCs 

Characteristics AS HC

Number of participants 80 46

Female, n (%) 17 (21%) 10 (22%)

Male, n (%) 63 (79%) 36 (78%)

Age, y (range) 32.6 ± 10.8 32.7 ± 10.9

Disease duration (y) 7.2 ± 5.9 …

BASDAI 5.1 ± 1.8 …

HLA-B27-positive, n (%) 69 (86%) …

CH50 (U/mL) 42.6 ± 6.3 35.1 ± 4.7

ESR (mm/h) (mean ± SD) 26.8 ± 19.2 10.5 ± 8.2

CRP (mg/L) (mean ± SD) 16 ± 16.7 1.9 ± 1.9

AS, ankylosing spondylitis; BASDAI, Bath Ankylosing Spondylitis Disease 
Activity Index; CH50, total hemolytic complement; CRP, C-reactive pro-
tein; ESR, erythrocyte sedimentation rate; HCs, healthy control patients; 
HLA-B27, human leukocyte antigen-B27; SD, standard deviation.
Values are expressed as mean ± SD. There were no significant differences 
between patients with AS and HCs in terms of age and sex.
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parameters. Differences with *P <.05, **P <.01, and ***P <.001 were 
considered to be significant.

Results

Serum Levels of IL-6 and TNF-α in AS
To investigate the correlations between the serum IL-6 and TNF-α levels 
with the BASDAI, we first compared the levels of IL-6 and TNF-α in the 
serum from 80 patients with AS with the levels of IL-6 and TNF-α in the 
serum from 46 HCs. As shown in FIGURE 1, serum IL-6 and TNF-α 
levels were markedly higher in the specimens from patients with AS 
than in those from the HCs.

Serum Levels of IL-6 and TNF-α in AS with Different 
Clinical Characteristics
Twenty-seven of the 80 patients with AS had fever. Forty-seven patients 
with AS exhibited hip joint involvement, and 19 patients had other joint 
involvement such as in the knee joints and the cervical vertebra beside 
the sacroiliac joints. There were 6 patients with complications, such as 
ophthalmia, intestinal inflammation, or vasculitis, and 69 patients were 
HLA-B27-positive. We compared the serum levels of IL-6 and TNF-α in 
each group. As shown in FIGURE 2, serum levels of IL-6 were signifi-
cantly increased in patients with AS with other joint involvement, and 
obviously enhanced serum levels of TNF-α were found only in patients 
with AS with hip joint involvement.

Correlations Between Serum IL-6 and TNF-α Levels and 
Imaging Classification
The inflammation and injury of the sacroiliac joint in patients with AS 
were classified into 3 levels using imaging, and the differences between 
the serum levels of IL-6 and TNF-α were compared between groups. As 
shown in FIGURE 3, the Spearman nonparametric correlation analysis 
showed that the serum levels of IL-6 increased gradually with sacroiliac ar-
thritis progression, but that serum levels of TNF-α did not show any sig-
nificant correlation with the imaging classification of the sacroiliac joint.

Correlations Between Serum IL-6 and TNF-α Levels with 
Clinical Parameters and Laboratory Indicators
A Spearman nonparametric correlation analysis was also performed be-
tween the serum IL-6 and TNF-α levels and the clinical parameters and 
laboratory indicators. A statistically significant positive correlation was 
observed between the serum levels of IL-6 and the BASDAI, disease dura-
tion, CH50, CRP, and ESR in the patients with AS (FIGURE 4). However, 
the serum levels of TNF-α positively correlated with the BASDAI and dis-
ease duration but did not correlate with the CH50, CRP, or ESR levels.

Discussion
Although the exact etiology of AS remains unclear, genetic  
predisposition and innate immune aspects in combination with  
environmental factors are considered to be essential for disease de-
velopment.13 Previous studies have confirmed obvious genetic and 
familial tendencies in the onset of AS.26,27 The major histocompati-
bility complex haplotype HLA-B27 is a major predisposing factor that 
plays a major role in the evaluation, pathogenesis, and prognosis of 
AS.28,29 Mechanistically, HLA-B27 contributes to the pathogenesis of 
AS mainly via 3 pathways: peptide presentation to CD8 T cells, abnor-
mal forms of the HLA-B27 heavy chain and their recognition by leu-
kocyte immunoglobulin-like receptors on immune effector cells, and 
HLA-B27 heavy chain misfolding and intrinsic biological effects on 
affected cells.30,31 Although most patients with AS in the general pop-
ulation are HLA-B27-positive, the presence of the HLA-B27 genotype 
is not sufficient for AS pathogenesis.32,33 In this study, we revealed 
that 87% of patients were positive for HLA-B27. However, we failed 
to detect a significant correlation between the IL-6 and TNF-α levels 
with HLA-B27, which suggests that HLA-B27 does not affect the ex-
pression of IL-6 or TNF-α.

Various cell types produce IL-6, such as monocytes, fibroblasts, and 
endothelial cells, and IL-6 was originally identified as a B-cell differen-
tiation factor. Furthermore, IL-6 is a multifunctional proinflammatory 
cytokine with significant functions in the regulation of the immune sys-
tem. It also exerts its biological activities via its unique receptor system. 
Numerous preclinical and clinical studies have revealed that IL-6 plays a 
pathological role in inflammation, autoimmunity, and cancer. Increased 
levels of IL-6 are detected in several human inflammatory diseases. 
Moreover, many studies have shown that IL-6 is also critically involved 
in the pathogenesis of autoimmune diseases.34,35

Research has shown that CRP, an acute-phase protein produced 
in the liver, is a powerful marker for disease activity in infectious 
and inflammatory diseases, and IL-6 contributes to the expression 
and release of CRP. Rising CRP concentrations furthermore activate 
neutrophils and monocytes to secrete IL-6.36 Thus, IL-6 and CRP 
are the 2 most commonly assayed biomarkers of inflammation. Re-
cently, research in immunology has shown that IL-6 and CRP are 
more than inflammatory biomarkers. Specifically, IL‐6 is a pleiotropic 
cytokine with proinflammatory, anti-inflammatory, and endocrine 
functions. Similarly, CRP is involved in inflammation but also in 
many other processes related to tissue maintenance, and it plays both 
proinflammatory and anti-inflammatory roles within the immune sys-
tem.37

A previous study suggested that the persistent proinflammatory 
environment in AS is suitable for the differentiation of Th17 and 
Th1 cells.38 The balance of IL-17-induced Th17 cells and regulatory 

FIGURE 1. Expression of IL-6 and TNF-α in patients with 
AS and HCs. Comparison of IL-6 (A) and TNF-α (B) protein 
expression by automatic electrochemical luminescence 
immune analyzer or enzyme-linked immunosorbent assay 
in sera from patients with AS (n = 80) or HCs (n = 46). Data 
are shown as mean ± SD. **P <.01; Student’s t-test. AS, 
ankylosing spondylitis; HCs, healthy control patients; IL-6, 
interleukin-6; TNF-α, tumor necrosis factor-α. 
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Treg cells serves an important role in the pathogenesis of AS.39 Ev-
idence from animal models has suggested that anti-IL-6 increases 
Th17 and decreases Treg cell differentiation.40 In the present study, 
serum levels of IL-6 were substantially higher in patients with AS 
than in HCs. Notably, our experiments also showed that serum IL-6 
positively correlated with the BASDAI and laboratory values, such 
as CRP and the ESR. Taken together, these observations suggest 
that IL-6 probably plays an important role in the disease evaluation 
of AS.

Studies have shown that IL-6 signaling-enhanced expression 
of matrix-degrading enzymes, such as matrix metalloproteinase 
(MMP)-1 and MMP-3, contributes to cartilage destruction in rheu-
matoid arthritis.41 Furthermore, fibroblast- or macrophage-secreted 
IL-6 and IL-1β induces bone damage by promoting the differenti-
ation of precursor cells to mature osteoclasts and eventually causes 
irreversible damage to joints and bones in osteoporosis.38 We found 
that the levels of serum IL-6 positively correlated with CT imaging 
classification of sacroiliac arthritis, which suggests that IL-6 plays 
an important role in the progression of bone damage in AS. Nota-

bly, we confirmed high IL-6 levels in serum from patients with AS 
with sacroiliac arthritis and other joint involvement, such as the 
knee joints and cervical vertebrae. Therefore, high IL-6 levels likely  
represent severe sacroiliac joint involvement and active disease and 
predict other joints that are frequently involved and poor prognosis 
of the disease. In another words, the elevated levels of IL-6 are closely 
related to disease activity and participate in AS occurrence and devel-
opment.

The pleiotropic cytokine TNF-α is produced by activated mononu-
clear macrophages, natural killer cells, and T cells.42 The TNF-α pathway 
plays pivotal roles in the pathogenesis of AS, in which TNF-α stimulates 
the inflammatory immune response and accelerates AS development 
and progression via the activation of immune cells to produce cytokines, 
including IL-1, IL-6, and IL-37.43 The expression of TNF-α may be signif-
icantly elevated at local inflammatory sites in patients with AS. For ex-
ample, sacroiliac joint biopsy specimens and atrial water from patients 
with uveitis exhibit increased levels of TNF-α, and this enhanced ex-
pression positively correlates with ESR levels and disease activity.44-46 
The underlying mechanisms of TNF-α participation in pathogenesis 

FIGURE 2. Expression of IL-6 and TNF-α in patients with AS with different clinical characteristics. Comparison of IL-6 (A) 
and TNF-α (B) protein expression in patients with AS with or without fever, hip joint involvement, other joint involvement, 
complications, and positive HLA-B27, respectively. Data are shown as mean ± SD. *P <.05; Student’s t-test. AS, ankylosing 
spondylitis; HLA-B27, human leukocyte antigen-B27; ns, no significant difference; SD, standard deviation; TNF-α, tumor 
necrosis factor-α. 
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may be the promotion of IL-1β expression in chondrocytes, and TNF-α 
and IL-1β eventually result in the synergistic disruption of cartilage 
homeostasis because of the faster decomposition than synthesis of  
cartilage.47

Currently, anti-TNF-α-blocking therapy is increasingly used for patients 
with AS with active disease when other treatment options have proven in-
effective. In fact, TNF-α inhibitors are effective in reducing pain and stiff-
ness and improving the function of patients with AS.22,23 It is remain un-
clear why some patients achieve significant improvement after anti-TNF-α 
treatment whereas others do not respond to the same treatment.

The results of this study showed that the serum levels of TNF-α 
of patients with AS were significantly higher than those of HCs. 
These results positively correlated with the BASDAI and disease du-
ration. Therefore, our findings suggest that serum TNF-α levels re-
flect the degree of AS disease to a certain extent. Unlike serum levels 
of IL-6, we did not find any significant differences in the serum levels of  
TNF-α and CRP or the ESR. Taken together, these results indicate that 
TNF-α and IL-6 participate in pathogenesis likely by 2 different mechanisms, 
and IL-6 better reflects the degree of damage in sacroiliac arthritis.

Involvement of the sacroiliac joints is the first symptom of AS, 
which is the basis of diagnosis of this disease. Hip involvement is a 
common extraspinal arthritic manifestation in AS, which is associ-
ated with a worse functional outcome and may seriously worsen the 
prognosis of the disease.48 Herein, the serum levels of TNF-α were 
markedly enhanced in patients with AS with hip joint involvement, 
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may be the promotion of IL-1β expression in chondrocytes, and TNF-α 
and IL-1β eventually result in the synergistic disruption of cartilage 
homeostasis because of the faster decomposition than synthesis of  
cartilage.47

Currently, anti-TNF-α-blocking therapy is increasingly used for patients 
with AS with active disease when other treatment options have proven in-
effective. In fact, TNF-α inhibitors are effective in reducing pain and stiff-
ness and improving the function of patients with AS.22,23 It is remain un-
clear why some patients achieve significant improvement after anti-TNF-α 
treatment whereas others do not respond to the same treatment.

The results of this study showed that the serum levels of TNF-α 
of patients with AS were significantly higher than those of HCs. 
These results positively correlated with the BASDAI and disease du-
ration. Therefore, our findings suggest that serum TNF-α levels re-
flect the degree of AS disease to a certain extent. Unlike serum levels 
of IL-6, we did not find any significant differences in the serum levels of  
TNF-α and CRP or the ESR. Taken together, these results indicate that 
TNF-α and IL-6 participate in pathogenesis likely by 2 different mechanisms, 
and IL-6 better reflects the degree of damage in sacroiliac arthritis.

Involvement of the sacroiliac joints is the first symptom of AS, 
which is the basis of diagnosis of this disease. Hip involvement is a 
common extraspinal arthritic manifestation in AS, which is associ-
ated with a worse functional outcome and may seriously worsen the 
prognosis of the disease.48 Herein, the serum levels of TNF-α were 
markedly enhanced in patients with AS with hip joint involvement, 

which suggests that increased levels of TNF-α are associated with 
hip injury. Taken together, the inconsistent expression pattern of 
TNF-α and IL-6 showed the complex network of cytokine signaling 
pathways in AS that participate together in regulating the develop-
ment of AS.

However, some limitations remain in this study. For example, it is 
unclear why serum levels of TNF-α did not correlate with the imag-
ing classification of the sacroiliac joint; why serum levels of IL-6 were 
increased in patients with AS with other joint involvement, whereas se-
rum levels of TNF-α were found only in patients with AS with hip joint 
involvement; and why serum levels of TNF-α were associated with the 
BASDAI and disease duration but did not correlate with the imaging 
classification of sacroiliac arthritis, CH50, CRP, or ESR levels. It will be 
necessary to conduct further studies to clarify these questions and fur-
ther elucidate the mechanism of AS.

Conclusion
Taken together, our findings showed that the increased serum levels of 
IL-6 and TNF-α were closely related to the damage of the sacroiliac joint, 
hip joint, and other joints and were positively correlated with measures 
of disease activity, such as the BASDAI and disease duration, respec-
tively. Therefore, these data suggest that IL-6 and TNF-α function as 
important indicators for the auxiliary diagnosis and evaluation of the 
disease activity of AS.

FIGURE 3. Correlations between the serum IL-6 and TNF-α levels and imaging classification of the sacroiliac joint. Comparison 
of IL-6 (A) and TNF-α (C) protein expression and Spearman nonparametric correlation analysis of the serum levels of IL-6 
(B) and TNF-α (D) in patients with AS grouped by sacroiliac joint imaging. Data are shown as mean ± SD. *P <.05; ** P <.01; 
Student’s t-test; Spearman nonparametric test. AS, ankylosing spondylitis; IL-6, interleukin-6; ns, no significant difference; r, 
Spearman correlation coefficient; SD, standard deviation; TNF-α, tumor necrosis factor-α. 
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ABSTRACT

Objective: To reveal the relationship between anti-Golgi antibody 

(AGA) and clinical diseases through retrospective analysis.

Methods: The clinical data of 584 cases testing positive for 

AGA in the past 11  years were collected and retrospectively  

analyzed.

Results: AGA pattern accounted for .2% of positive ANA 

results. In total, 35.0% of diagnosed patients had autoim-

mune diseases (AID), mainly rheumatoid arthritis (RA). High-titer 

AGA (≧1:1000) was common in AID. In nondiagnosed patients 

with clinical symptoms, joint pain/muscle pain was the most  

common.

Conclusions: Positive AGA with high titer was closely related to RA. 

Joint pain/muscle pain was the most common symptom in patients 

who tested AGA positive. Therefore, AGA may be a key indicator of RA 

in the Chinese population.

Autoantibodies can be found in most autoimmune diseases (AID),1 and 
their detection is greatly value for diagnosis, classification, and disease-
activity monitoring.2,3 Some specific autoantibodies have become sero-
logical markers of AID.4 Indirect immunofluorescence (IIF) is the most 
common method to detect antinuclear antibodies (ANAs).5,6 In 1982, it 
was first reported that anti-Golgi antibody (AGA) was found in a patient 
with Sjögren syndrome (SS) and lymphoma.7 Since then, AGA has been 
described in patients with diverse conditions, such as viral infectious 
diseases and neurological diseases.1,8 AGA recognizes autoantigens in-
cluding giantin/macrogolgin/GCP372, golgin-245/p230, golgin-160/
GCP170, golgin-95/gm130, golgin-97, and golgin-67. Moreover, the 
immunoreactivity was related to the molecular mass of the Golgi.9,10 It 
has been suggested that even if there are no clinical symptoms, the per-
sistent high titer of AGA can constitute an early sign of systemic autoim-
mune disorder1; however, some researchers think it is not very specific 
for autoimmune diseases.11 Until now, the relationship between AGA 
and clinical diseases has been obscure. Therefore, we collected and retro-
spectively analyzed the information of patients at West China Hospital 
who had tested positive for AGA in the past 11 years, to determine the 
correlation between AGA and specific diseases, and to assist and guide 
clinical decision and treatment.

Material and Methods

Case Individuals and Specimens
From 2007 to 2018, a total of 283,845 patients who tested ANA posi-
tive and had various diseases were recruited from West China Hospital, 
Chengdu, China. Among them, 584 case individuals had tested AGA pos-
itive; these cases do not include the same patients. The male-to-female 
ratio was 1:1.97. These patients were aged 12  years to 91  years when 
tested for AGA, with an average age of 52.0 ± 16.2 years. According to 
whether they had received a clear diagnosis, the patients were divided 
into 2 groups: the diagnosis group (277/584) and the nondiagnosis 
group (307/584). The diagnosis group included patients with AID 

(97/277) and patients without AID (180/277). In the nondiagnosis 
group, 240 patients lacked clinical information, and the other 67 had 
certain clinical symptoms. To further study the effect of AGA in RA, 
we compared 2 groups of RA patients: 30 patients with a positive AGA 
result and the other 45 with a negative AGA result. We tried to keep 
the other variables consistent. The authors had access to information 
that could identify individual participants during or after data collec-
tion. Our research gained ethical approval from Ethics Committee of 
West China Hospital of Sichuan University, and all experiments were 
conducted in accordance with Declaration of Helsinki.

Test Methods
ANA testing was performed on HEp-2 cell substrate by IIF, and 
antikeratin antibody (AKA) testing was performed on primate esoph-
agus using the same method. In this study, we used 5 levels, namely, 
1:100, 1:320, 1:1000, 1:3200, and 1:10000 to evaluate the titer of ANA. 
Anti–cyclic citrullinated peptide (anti-CCP) antibody was tested via the 
electrochemiluminescence method. The rate-scattering turbidimetric 
method was used to assess rheumatoid factor (RF). Line immunoblot 
assay (LIA) method was used for antibodies against extractable nuclear 
antigens (ENA), including anti-Sm, anti-SSA, anti-SSB anti-RNP, anti-
Scl-70, anti–Jo-1, and anti–Rib-P antibodies.  Serum CRP was deter-
mined using nephelometry. RBC was analyzed using  automatic blood 
analyzer. Blood biochemical detected by  spectrophotometry such as 
ALT, AST, ALP, and serum urea.

Statistical Analysis
Mean, median, and mean (SD) values were used for data description. 
χ 2 testing was used for comparison of the composition ratio between 
groups. Because the antibody titer and the results of indicators were 
not normally distributed, and the variances were not uniform, we used 
rank-sum testing to analyze the differences. P values less than .05 were 
considered statistically significant. All analyses were performed using 
SPSS software, version 24.0 (IBM Corporation).

Results
The fluorescence pattern of AGA was shown in FIGURE 1; this caplike 
coarse granular staining on one side of the cytoplasm is characteristic 
of AGAs. In our study, the positive proportion of AGA in patients with 
a positive test result for ANA was .21% (584/283,845). Among these 
patients, 412 cases had the anti-Golgi pattern only, and the remaining 
172 cases had a mixed ANA pattern. The most common mixed pattern 
was speckled (n = 90 cases), followed by homogeneous (n = 18 cases). 
A total of 35.02% patients had AID, mainly in the form of RA (30.9%), 
connective-tissue diseases (CTDs; 16.5%), and systemic lupus erythe-
matosus (SLE; 15.5%). The ratio of RA was significantly different from 
other diseases (P <.05). 

Comparing the proportion of AID and non-AID with different titers, 
we discovered that high-titer results (≥1:1000) appeared more often in 
AID, and with the increase of AGA titer, the proportion of patients with 
AID gradually increased (FIGURE 2). The disease distribution and titer 
values for the patients are listed in TABLE 1.

There were 67 patients without a clear diagnosis but with definite 
clinical symptoms. Among these patients the most common clinical 
symptom was joint pain/muscle pain (38.8%), followed by headache 
(14.9%). The results are shown in TABLE 2. The median AGA titer for 
each kind of symptom was 1:100.
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ABSTRACT

Objective: To reveal the relationship between anti-Golgi antibody 

(AGA) and clinical diseases through retrospective analysis.

Methods: The clinical data of 584 cases testing positive for 

AGA in the past 11  years were collected and retrospectively  

analyzed.

Results: AGA pattern accounted for .2% of positive ANA 

results. In total, 35.0% of diagnosed patients had autoim-

mune diseases (AID), mainly rheumatoid arthritis (RA). High-titer 

AGA (≧1:1000) was common in AID. In nondiagnosed patients 

with clinical symptoms, joint pain/muscle pain was the most  

common.

Conclusions: Positive AGA with high titer was closely related to RA. 

Joint pain/muscle pain was the most common symptom in patients 

who tested AGA positive. Therefore, AGA may be a key indicator of RA 

in the Chinese population.

Autoantibodies can be found in most autoimmune diseases (AID),1 and 
their detection is greatly value for diagnosis, classification, and disease-
activity monitoring.2,3 Some specific autoantibodies have become sero-
logical markers of AID.4 Indirect immunofluorescence (IIF) is the most 
common method to detect antinuclear antibodies (ANAs).5,6 In 1982, it 
was first reported that anti-Golgi antibody (AGA) was found in a patient 
with Sjögren syndrome (SS) and lymphoma.7 Since then, AGA has been 
described in patients with diverse conditions, such as viral infectious 
diseases and neurological diseases.1,8 AGA recognizes autoantigens in-
cluding giantin/macrogolgin/GCP372, golgin-245/p230, golgin-160/
GCP170, golgin-95/gm130, golgin-97, and golgin-67. Moreover, the 
immunoreactivity was related to the molecular mass of the Golgi.9,10 It 
has been suggested that even if there are no clinical symptoms, the per-
sistent high titer of AGA can constitute an early sign of systemic autoim-
mune disorder1; however, some researchers think it is not very specific 
for autoimmune diseases.11 Until now, the relationship between AGA 
and clinical diseases has been obscure. Therefore, we collected and retro-
spectively analyzed the information of patients at West China Hospital 
who had tested positive for AGA in the past 11 years, to determine the 
correlation between AGA and specific diseases, and to assist and guide 
clinical decision and treatment.

Material and Methods

Case Individuals and Specimens
From 2007 to 2018, a total of 283,845 patients who tested ANA posi-
tive and had various diseases were recruited from West China Hospital, 
Chengdu, China. Among them, 584 case individuals had tested AGA pos-
itive; these cases do not include the same patients. The male-to-female 
ratio was 1:1.97. These patients were aged 12  years to 91  years when 
tested for AGA, with an average age of 52.0 ± 16.2 years. According to 
whether they had received a clear diagnosis, the patients were divided 
into 2 groups: the diagnosis group (277/584) and the nondiagnosis 
group (307/584). The diagnosis group included patients with AID 

(97/277) and patients without AID (180/277). In the nondiagnosis 
group, 240 patients lacked clinical information, and the other 67 had 
certain clinical symptoms. To further study the effect of AGA in RA, 
we compared 2 groups of RA patients: 30 patients with a positive AGA 
result and the other 45 with a negative AGA result. We tried to keep 
the other variables consistent. The authors had access to information 
that could identify individual participants during or after data collec-
tion. Our research gained ethical approval from Ethics Committee of 
West China Hospital of Sichuan University, and all experiments were 
conducted in accordance with Declaration of Helsinki.

Test Methods
ANA testing was performed on HEp-2 cell substrate by IIF, and 
antikeratin antibody (AKA) testing was performed on primate esoph-
agus using the same method. In this study, we used 5 levels, namely, 
1:100, 1:320, 1:1000, 1:3200, and 1:10000 to evaluate the titer of ANA. 
Anti–cyclic citrullinated peptide (anti-CCP) antibody was tested via the 
electrochemiluminescence method. The rate-scattering turbidimetric 
method was used to assess rheumatoid factor (RF). Line immunoblot 
assay (LIA) method was used for antibodies against extractable nuclear 
antigens (ENA), including anti-Sm, anti-SSA, anti-SSB anti-RNP, anti-
Scl-70, anti–Jo-1, and anti–Rib-P antibodies.  Serum CRP was deter-
mined using nephelometry. RBC was analyzed using  automatic blood 
analyzer. Blood biochemical detected by  spectrophotometry such as 
ALT, AST, ALP, and serum urea.

Statistical Analysis
Mean, median, and mean (SD) values were used for data description. 
χ 2 testing was used for comparison of the composition ratio between 
groups. Because the antibody titer and the results of indicators were 
not normally distributed, and the variances were not uniform, we used 
rank-sum testing to analyze the differences. P values less than .05 were 
considered statistically significant. All analyses were performed using 
SPSS software, version 24.0 (IBM Corporation).

Results
The fluorescence pattern of AGA was shown in FIGURE 1; this caplike 
coarse granular staining on one side of the cytoplasm is characteristic 
of AGAs. In our study, the positive proportion of AGA in patients with 
a positive test result for ANA was .21% (584/283,845). Among these 
patients, 412 cases had the anti-Golgi pattern only, and the remaining 
172 cases had a mixed ANA pattern. The most common mixed pattern 
was speckled (n = 90 cases), followed by homogeneous (n = 18 cases). 
A total of 35.02% patients had AID, mainly in the form of RA (30.9%), 
connective-tissue diseases (CTDs; 16.5%), and systemic lupus erythe-
matosus (SLE; 15.5%). The ratio of RA was significantly different from 
other diseases (P <.05). 

Comparing the proportion of AID and non-AID with different titers, 
we discovered that high-titer results (≥1:1000) appeared more often in 
AID, and with the increase of AGA titer, the proportion of patients with 
AID gradually increased (FIGURE 2). The disease distribution and titer 
values for the patients are listed in TABLE 1.

There were 67 patients without a clear diagnosis but with definite 
clinical symptoms. Among these patients the most common clinical 
symptom was joint pain/muscle pain (38.8%), followed by headache 
(14.9%). The results are shown in TABLE 2. The median AGA titer for 
each kind of symptom was 1:100.

Compared with other items, the positive rates of anti-CCP, RF, 
and AKA antibodies in patients who had tested AGA positive were 
higher—31.1%, 21.2%, and 20.3%, respectively. The relationship be-
tween AGA and other items is listed in TABLE 3.

RA was the disease most closely related to AGA. Some indicators 
were analyzed to compare the differences caused by AGA in patients 
with RA, including 30 patients with RA who tested AGA positiveand 45 
patients with RA testing AGA negative. There were no statistically signif-
icant differences in age (P = .08) or sex (P = .80) between the 2 groups of 
patients. We compared CRP representing the disease activity; ALT, AST, 
and ALP, showing the hepatic function; serum urea, displaying the re-
nal function, and RBCs to investigate the condition of the blood system. 
Also, the differences in RF, anti-CCP, and AKA between the 2 groups of 
patients were analyzed. Among these indicators, CRP was obviously dif-
ferent between the groups (TABLE 4).

Discussion
AGA is a kind of anticytoplasmic antibody with a unique staining pat-
tern.12,13 Its pathogenic effect, clinical utility, and diagnostic value were 
obscure until now. We retrospectively analyzed the clinical information 
and laboratory tests data of 584 patients with an AGA-positive test re-
sult who had been treated in West China Hospital in the past 11 years, 
aiming to explore the clinical significance of AGA in the Chinese popu-
lation.

AGA has a low positivity rate in ANA testing.14 In this study that rate 
was .21%, which was almost consistent with the known results. Hence, 
it can easily be overlooked, and clinicians may be misled by the nega-
tive results of ANA tests. In the diagnosis group, patients with AID had 
a median titer of 1:320, and patients without AID had a median titer 
of 1:100. Also, high-titer AGA (≥1:1000) was mainly found in patients 
with AID, and the cut-off point was approximately 1:1000 (FIGURE 2). 
In other words, low-titer, transient AGA was more related to non-AID 
diseases. AGA was associated with rheumatic diseases, the most com-
mon of which was RA (30.9%; TABLE 1). Therefore, AGA may have 
strong correlation with RA.15

FIGURE 1. Specific anti-Golgi antibody (AGA) pattern.
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In the non-AID group, multiple systems can be involved—mostly, the 
pulmonary, renal, cardiovascular, and cerebrovascular systems. Among 
the 97 patients with AID, some people also have lung disease (13.4%) and 
renal disease (11.3%). However, most of the lung diseases were pneumo-
nia, which may be related to immunosuppressive therapy, and the renal 
diseases were caused by autoimmune disease, such as lupus nephritis and 
ANCA-associated glomerulonephritis. Also, a total of 23 cases (12.8%) of 
patients without AID who have a positive AGA result contracted cancer, 
such as lung, liver, and gastric cancer. The findings of relevant studies16–18 
exposed that certain autoantibodies have been found in patients with can-
cer, suggesting that the proteins related to cancer-cell division or prolifer-
ation may be the corresponding targets of these autoantibodies.

Besides, multiple clinical symptoms were displayed in patients test-
ing AGA positive who had no clear diagnosis (TABLE 2), such as joint 
pain/muscle pain, headache, thrombocytopenia, and anemia. The most 
common symptom was joint pain/muscle pain (38.8%); the patients in 
this category could check the immune system–related items regularly 
to exclude AID. Patients who have tested AGA positive and have these 
symptoms may further progress to AID, and the titer may increase. This 
possibility can be researched through follow-up studies.

Apart from AGA, some other autoantibodies also can be detected 
in these patients (TABLE 3). After analyzing other indicators of all 
patients testing AGA positive, we found that anti-CCP, RF, and AKA 
antibodies had higher positivity rates, which are all characteristic and 
diagnostic antibodies of RA. However, there was no difference in these 
indicators between patients testing AGA positive and those testing AGA 
negative, among patients with RA. Our findings confirmed that AGA 
may be closely related to RA in the Chinese population. In the 317 cases 
of ENA detection, there were 31 anti-SSA, 6 anti-SSB, 6 anti-RNP, 3 
anti–Scl-70, 1 anti–Jo-1, anti-Sm, and anti–Rib-P, respectively. Whether 
the aforementioned autoantibodies were related to AID itself or AGA 
requires further analysis.

To further study the influence of AGA in RA, we analyzed the 
indicators of 2 groups of patients with RA—those who had tested 
positive for AGA and those who had tested negative for it. Among the 
indicators, CRP was significantly different between the groups (TABLE 
4). The CRP of patients testing positive for AGA was 3.77 times that of 
patients testing negative for AGA. This finding suggested that AGA may 
affect the activity and severity of RA.

Despite these findings, according to the reports, we noticed that 
some Golgi antigens were found to be related to specific diseases. For 
instance, Golgi antigen with molecular masses of 64  kDa, 95  kDa, 
and 160 kDa is related to SLE and 79 kDa to RA; further, some Golgi 

FIGURE 2. The trend of anti-Golgi antibody (AGA) titer in 
patients with or without autoimmune disease (AID).
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TABLE 1.  Disease Distribution and Titer of 277 Diagnosed Patients with an AGA-Positive Test Result

Diagnosis No. Frequency, % Titer Range Geometric Mean of Titer

AIDa 97 35.0% 1:100–1:10000 1:320b

RA 30 30.9% 1:100–1:1000 1:320

CTDs 16 16.5% 1:100–1:10000 1:1000

SLE 15 15.5% 1:100–1:3200 1:320

SS 11 11.3% 1:100–1:3200 1:320

PSS 5 5.2% 1:100–1:1000 1:320

PM/DM 5 5.2% 1:100–1:3200 1:320

Othersc 17 17.5% 1:100–1:3200 1:100

Non-AIDa 180 65.0% 1:100–1:10000 1:100b

Pulmonary diseases 43 23.9% 1:100–1:3200 1:100

Renal diseases 37 20.6% 1:100–1:3200 1:100

Cancer 22 12.2% 1:100–1:3200 1:100

Cardiovascular- and cerebrovascular-system diseases 20 11.1% 1:100–1:1000 1:100

Hepatic diseases 15 8.3% 1:100–1:1000 1:100

Othersd 52 28.9% 1:100–1:10000 1:100

AID, autoimmune disease; RA, rheumatoid arthritis; CTDs, connective-tissue diseases; SLE, systemic lupus erythematosus; SS, Sjögren syndrom; PSS, 
progressive systemic sclerosis; PM/DM, polymyositis/dermatomyositis.
aThe AID group had 2 patients with mixed diagnoses—one had SS with RA; the other had CTDs with PM/DM; the non-AID group had 9 patients with 
mixed diagnoses—5 had pulmonary diseases with renal diseases, 3 had renal diseases with cancer, and 1 had pulmonary disease with cancer.
bT = 11,719; P <.001.
cIncluding myasthenia gravis, autoimmune hemolytic anemia, rheumatic heart diseases, etc.
dIncluding infection, thrombocytopenic purpura, gastritis, etc.
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Besides, multiple clinical symptoms were displayed in patients test-
ing AGA positive who had no clear diagnosis (TABLE 2), such as joint 
pain/muscle pain, headache, thrombocytopenia, and anemia. The most 
common symptom was joint pain/muscle pain (38.8%); the patients in 
this category could check the immune system–related items regularly 
to exclude AID. Patients who have tested AGA positive and have these 
symptoms may further progress to AID, and the titer may increase. This 
possibility can be researched through follow-up studies.

Apart from AGA, some other autoantibodies also can be detected 
in these patients (TABLE 3). After analyzing other indicators of all 
patients testing AGA positive, we found that anti-CCP, RF, and AKA 
antibodies had higher positivity rates, which are all characteristic and 
diagnostic antibodies of RA. However, there was no difference in these 
indicators between patients testing AGA positive and those testing AGA 
negative, among patients with RA. Our findings confirmed that AGA 
may be closely related to RA in the Chinese population. In the 317 cases 
of ENA detection, there were 31 anti-SSA, 6 anti-SSB, 6 anti-RNP, 3 
anti–Scl-70, 1 anti–Jo-1, anti-Sm, and anti–Rib-P, respectively. Whether 
the aforementioned autoantibodies were related to AID itself or AGA 
requires further analysis.

To further study the influence of AGA in RA, we analyzed the 
indicators of 2 groups of patients with RA—those who had tested 
positive for AGA and those who had tested negative for it. Among the 
indicators, CRP was significantly different between the groups (TABLE 
4). The CRP of patients testing positive for AGA was 3.77 times that of 
patients testing negative for AGA. This finding suggested that AGA may 
affect the activity and severity of RA.

Despite these findings, according to the reports, we noticed that 
some Golgi antigens were found to be related to specific diseases. For 
instance, Golgi antigen with molecular masses of 64  kDa, 95  kDa, 
and 160 kDa is related to SLE and 79 kDa to RA; further, some Golgi 

autoantigens with the same molecular masses can present in dif-
ferent diseases.19 These findings can explain why AGA manifests it-
self in many diseases. Nevertheless, only when AGA that recognizes 
specific Golgi autoantigens appears and accumulates can we  
discover high-titer AGA and its specificity for diseases. There are study 
findings noting that during apoptosis, the Golgi were localized to a 
unique indentation of the nucleus, and antigenic fragments with dis-

tinctive characteristics were produced.20 These results suggested that 
Golgi may play a role in sustaining autoantibody production in AID.

We emphasize that the relationship between AGA and disease has 
not reached general consensus. A  few researchers believe that these 
entities are not related to AID.11 However, according to our results, we 
considered that our findings may be related to the titer of AGA. Low-
titer AGA might be transient and can present in non-AID, but high-titer 
AGA was related to AID, particularly RA.

Conclusions
Most patients with high-titer AGA (≥1:1000) had AID, particularly RA. 
Most patients with an AGA-positive test result were characterized as 
having high rates of joint pain/muscle pain and anti-CCP, RF, and AKA 
antibodies. So, in conclusion, the presence of high-titer AGA might be 
the key serological marker for RA in the Chinese population.
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TABLE 3.  Relationship Between AGA and Other Test Items

Items Test Cases, no. Positive Results, no. Positivity Rate, % Main Corresponding Diseases Main Diseases, no.

Anti-CCP 90 28 31.1% RA 21

RF 292 62 21.2% RA 17

AKA 69 14 20.3% RA 11

Anti-SSA 317 31 9.8% RA, SS 5 of each

Anti-SSB 317 6 1.9% SS, PSS 2 of each

Anti-RNP 317 6 1.9% CTD 5

Anti–Scl-70 317 3 1.0% PSS 2

Anti–Jo-1 317 1 .3% PM/DM 1

Anti-Sm 317 1 .3% CTD 1

Anti–Rib-P 317 1 .3% Pulmonary diseases 1

anti-CCP, anticyclic citrullinated peptide; RF, rheumatoid factor; AKA, antikeratin antibodies; anti-SSA, anti–Sjögren syndrome antigen A; anti-SSB, anti–
Sjögren syndrome antigen B; anti-RNP, antiribonucleoprotein; anti–Scl-70, antiscleroderma 70/antitopoisomerase I antibodies; anti–Jo-1, anti–histidyl-
tRNA synthetase antibody; anti-Sm, anti–Chistosoma mansoni antibody; anti–Rib-P, anti–ribosomal P protein antibody

TABLE 4.  Comparison of Indicators Between Patients with RA Having AGA-Negative and AGA-Positive Test Results

Indicator Reference Range
Median Value (Quartile Range)

P Value
AGA-Positive Group (n = 30) AGA-Negative Group (n = 45)

CRP (mg/L) 0–5 23.4 (5.5–33.0) 6.2 (2.51–16.05) .01

ALT (IU/L) <50 18.0 (11.0–28.0) 17.0 (13.0–22.0) .95

AST (IU/L) <40 21.0 (16.0–28.0) 23.0 (19.0–29.0) .27

ALP (IU/L) 51–160 84.0 (63.0–104.0) 80.5 (56.0–03.3) .61

Serum urea (mmol/L) 3.2–7.79 5.2 (3.9–5.9) 4.7 (3.8–6.2) .97

RBC (1012/L) 4.3–5.8 4.3 (3.7–4.6) 4.2 (4.0–4.5) .68

RF (IU/mL) <20 78.1 (20.0–470.0) 45.5 (20.0–153.0) .37

Anti-CCP (U/mL) <7 111.9 (63.6–414.7) 385.4 (36.1–500) .19

AKA negative 50.0% 47.8% .89

RF, rheumatoid factor; anti-CCP, anti–cyclic citrullinated peptide; AKA, antikeratin antibodies.

TABLE 2. Symptoms Distribution and Titer of 67 Patients 
Testing AGA Positivea

Clinical Symptoms No. Frequency (%) Titer Range

Joint pain/muscle pain 26 38.8% 1:100–1:1000

Headache 10 14.9% 1:100

Effusion 7 10.5% 1:100–1:1000

Thrombocytopenia 6 9.0% 1:100

Limb weakness 4 6.0% 1:100

Anemia 4 6.0% 1:100–1:320

Othersb 16 26.9% 1:100–1:320

aMedian titer for each = 1:100.
bIncluding swelling or deformity of the joints, cough and expectoration, 
proteinuria, etc.
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ABSTRACT

Objective: Low-density lipoprotein cholesterol (LDL-C) can be 

estimated using the Friedewald and Martin-Hopkins formulas. We 

developed LDL-C prediction models using multiple machine learning 

methods and investigated the validity of the new models along with 

the former formulas.

Methods: Laboratory data (n = 59,415) on measured LDL-C, high-den-

sity lipoprotein cholesterol, triglycerides (TG), and total cholesterol were 

partitioned into training and test data sets. Linear regression, gradient-

boosted trees, and artificial neural network (ANN) models were formed 

based on the training data. Paired-group comparisons were performed 

using a t-test and the Wilcoxon signed-rank test. We considered P val-

ues <.001 with an effect size >.2 to be statistically significant.

Results: For TG ≥177 mg/dL, the Friedewald formula underestimated 

and the Martin-Hopkins formula overestimated the LDL-C (P <.001), 

which was more significant for LDL-C <70 mg/dL. The linear regres-

sion, gradient-boosted trees, and ANN models outperformed the 

aforementioned formulas for TG ≥177  mg/dL and LDL-C <70  mg/

dL based on a comparison with a homogeneous assay (P >.001 vs. 

P <.001) and classification accuracy.

Conclusion: Linear regression, gradient-boosted trees, and ANN 

models offer more accurate alternatives to the aforementioned 

formulas, especially for TG 177 to 399 mg/dL and LDL-C <70 mg/dL.

Atherosclerotic cardiovascular disease (ASCVD) is one of the most com-
mon causes of mortality and morbidity globally. Low-density lipopro-
tein (LDL) is not only a risk factor for ASCVD but also a causal factor 
in its development. Further, the risk of cardiovascular events decreases 
with LDL cholesterol (LDL-C) reduction.1

Total cholesterol (TC), triglycerides (TG), HDL cholesterol (HDL-C), 
LDL-C, non-HDL-C, and calculated remnant particles (if LDL-C is meas-
ured directly) constitute a standard lipid profile. However, measuring 
TC, TG, and HDL-C along with LDL-C and non-HDL-C is considered 
to be a cost-efficient approach to obtaining a profile. Among the lipid 
profile components, LDL-C remains the factor providing the strong-
est evidence for cardiovascular risk management.2 It can also aid in 
dyslipidemia characterization, the determination of treatment targets, 
and clinical decision-making.2,3

Beta-quantification, the standard reference method for LDL-C meas-
urement, requires labor-intensive manual steps, such as precipitation 
and ultracentrifugation.4 Direct homogeneous assays have thus come to 
the forefront for enabling the direct measurement of LDL-C with auto-
analyzers.5 Nevertheless, the Friedewald formula is also widely used for 
LDL-C estimation in clinical medicine.3 However, the formula uses a 
fixed factor of 5 as a denominator of TG to calculate very-low-density 
lipoprotein cholesterol (VLDL-C) and was first developed based upon 
only 448 patient results.6 Further, underestimated LDL-C results have 
been obtained when using the Friedewald formula, especially with a TG 
concentration >200 mg/dL.4 The other most well-known LDL-C calcu-
lation method is the Martin-Hopkins formula, which is based on 180 
adjustable factors for the TG/VLDL ratio based on TG and non-HDL-C 
concentrations (LDLC = TC HDLC TG/adjustable factor)7.

The European Atherosclerosis Society (EAS) and the European 
Federation of Clinical Chemistry and Laboratory Medicine (EFLM) 
Joint Consensus Initiative found the Martin-Hopkins formula to be 
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preferable when LDL-C levels are <1.8  mmol/L (70  mg/dL) and/or 
when TG-C levels are between 2 and 4.5 mmol/L (177–399 mg/dL). For 
TG concentrations >4.5 mmol/L (399 mg/dL,) direct LDL-C measure-
ment is recommended.2 Further, direct homogeneous assays classify 
LDL-C better than the Friedewald formula in terms of the National 
Cholesterol Education Program (NCEP) Adult Treatment Panel (ATP) 
III cutoff points.4

Machine learning (ML) methods, including K-nearest neighbors,8 
artificial neural networks (ANNs),9 linear regression, support vector 
machines, extreme gradient boosting,10 and random forest11 algorithms, 
have been investigated for LDL-C estimation. However, some of these 
studies lack information about the direction of misestimation10 and 
classification performances9 for clinically important LDL-C and TG 
concentrations concurrently. Moreover, no study has investigated the 
validity of ML models and the Friedewald and Martin-Hopkins formulas 
when used on the Turkish population.

The purpose of the present study is to develop alternative LDL-C 
estimation models using multiple ML techniques, including linear re-
gression, gradient-boosted trees, and ANN models, and to investigate 
the validity of the Friedewald and Martin-Hopkins formulas and the 
new ML models by comparison with direct LDL-C measurement for 
clinically important LDL-C and TG concentrations in the Turkish pop-
ulation.

Materials and Methods

Study Population
This study was approved by the Başkent University Institutional Review 
Board (project number KA20/365). Data sets containing patients’ age, 
sex, and directly measured laboratory test results on LDL-C, HDL-C, 
TG, and TC were retrospectively retrieved from laboratory information 
and management software. The data sets comprised 59,415 directly 
measured concomitant LDL-C, HDL-C, TG, and TC test results obtained 
from January 2011 to June 2020. The general features of the data are 
summarized in TABLE 1.

LDL-C Measurement with Homogeneous Assay
The LDL-C, HDL-C, TC, and TG analyses were performed on Ab-
bott Architect c and Abbott Alinity c series analyzers (Abbott 
Diagnostics). Internal quality control materials were run every 12 
hours at 2 levels on the all clinical chemistry analyzers in our lab-
oratory. Our laboratory also enrolled in an external quality control 
program (monthly) for all analytes. The total error values of LDL-C 
measurement were 9.3 and 10.7 for the Alinity c and Architect c 
analyzers, respectively, which met the specification limit defined 
by the 2019 Clinical Laboratory Improvement Amendments (CLIA; 
20%) for both devices. The 2019 CLIA specification limits apply 
to model 3 of the proposed models from the 2015 EFLM strategic 
conference.12

Measurements of LDL-C, TC, and TG were performed using 
Sekisui-based reagents made by Abbott Diagnostics. The HDL-C was 
measured using reagents from Archem and Abbott Diagnostics. Direct 
LDL-C measurement was conducted using the homogeneous method 
with a liquid selective detergent. The LDL-C analysis took place in 2 
phases. In the first phase, non-LDL particles were solubilized and then 
consumed by cholesterol esterase and cholesterol oxidase in a non-
color-forming reaction. In the second phase, the remaining LDL was 
solubilized. The enzymatic reaction of LDL with a chromogenic cou-
pler produced colored dye proportional to the LDL-C concentration. 
The HDL-C measurements were performed using the accelerator se-
lective detergent methodology. We analyzed the TC levels using the 
enzymatic endpoint method and measured TG using the glycerol phos-
phate oxidase method.

For the Architect c analyzer, the analytical coefficients of variation 
(CVs) for the last 6-month period were as follows: LDL-C: 3.06% at 
54 mg/dL and 3.4% at 76 mg/dL; TC: 1.31% at 102 mg/dL and 0.96% 
at 143 mg/dL; HDL-C: 3.9% at 31 mg/dL and 3.37% at 40 mg/dL; TG: 
5.3% at 54 mg/dL and 3.8% at 153 mg/dL. For the Alinity c analyzer, the 
CVs for the 6-month period were as follows: LDL-C: 3.25% at 62 mg/dL 
and 3.9% at 95 mg/dL; TC: 1.42% at 106 mg/dL and 1.37% at 164 mg/
dL; HDL-C: 2.16% at 39 mg/dL and 2.20% at 53 mg/dL; TG: 1.61% at 
132 mg/dL and 1.32% at 215 mg/dL.

LDL-C Concentration Estimation by Formulas and 
ML Models
The LDL cholesterol calculation with the Friedewald formula was carried 
out as follows6:

LDLC = 0.659× TC+ 0.182× HDLC – 0.117× TG+ 18.03

The Martin-Hopkins formula used for LDL cholesterol calculation was 
applied using adjustable factors corresponding to 180 strata-specific 
medians for TG/VLDL ratios, as follows7:

LDLC (mg/dL) = TC(mg/dL) – HDLC (mg/dL)

– TG (mg/dL)/Factor

Multivariate linear regression, gradient-boosted trees, and ANN models 
were used as ML models for more accurate LDL-C determination. First, 
the data sets were divided into 2 groups based on TG levels, depending 
on whether these were <400  mg/dL (n  =  58,030) or ≥400  mg/dL 
(n = 1,385). Each group’s data were partitioned into training and test 
data sets using 80% and 20% of the overall data, respectively, with 

TABLE 1.  Demographic Features and Biochemical 
Measurements of Patient Data

Characteristics Unit Measurement

N (train %–test %) … 59.415 (80–20)

Sex, % (female–male) … 49–51

Age,a y (female/male) … 53.2 (20.6)/52.0 (19.6)

Outpatient %–inpatient % … 77–23

Total cholesterola mmol/L 5.00 (1.29)

mg/dL 193.50 (49.98)

LDL cholesterola mmol/L 3.05 (1.04)

mg/dL 117.98 (4.03)

HDL cholesterola mmol/L 1.19 (0.35)

mg/dL 45.99 (13.46)

Triglyceridesa mmol/L 1.68 (1.09)

mg/dL 148.51 (96.52)

HDL, high-density lipoprotein; LDL, low-density lipoprotein. 
aMean (standard deviation).
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stratified sampling based on 6 essential LDL-C concentration ranges 
(<70  mg/dL, 70–99  mg/dL, 100–129  mg/dL, 130–159  mg/dL, 160–
189 mg/dL, and ≥190 mg/dL13). The ML models were trained independ-
ently from 2 different training data sets based on the abovementioned 
division regarding TG values, as summarized in FIGURE 1. The HDL-C, 
TG, and TC concentrations were used as input variables for all models. 
The LDL-C results from direct measurement with homogeneous assay 
were utilized for training and performance evaluation of the models.

A multivariate linear regression model was used to determine a new 
formula that would apply better given the study population character-
istics where HDL-C, TG, and TC results were regarded as independent 
variables and LDL-C as a dependent variable, as follows:

LDLC = β1× TC+ β2× HDLC+ β3× TG+ β0

The gradient-boosted trees model, used to construct an ensemble of 
trees, was applied using a previously reported algorithm.14 The algo-
rithm uses simple regression trees to learn and boosting to construct an 
ensemble of them. One hundred decision trees with a 4-tree depth and 
a learning rate of 0.1 were used for the model build. The model’s alpha 
value was set to 0.95, meaning that 95% of the data are not considered 
as outliers.

The ANN model was constructed with 2 hidden layers constructed 
of 10 and 5 nodes, respectively, with the rectified linear unit as an acti-
vation function, the root mean square propagation as an optimizer, the 
mean squared error as a loss function, and an output node with a lin-
ear activation function, as illustrated in Supplemental Figure 1. Before 
ANN model training, data sets were standardized using z score trans-
formation with the scikit-learn 0.24.1 package. The ANN code can be 
downloaded from https://github.com/hikmetc/LDL_study.

The multivariate linear regression and gradient-boosted trees models 
were built using the KNIME Analytics Platform version 4.3.3 (Zurich, 
Switzerland), and the ANN model was built using Keras version 2.4.0.15 
Hyperparameter optimization was not performed for any model. There 
was no missing value, thus the data imputation was not performed.

Statistical Evaluation
Statistical evaluation was conducted using the test data set 
comprising 11,883 directly measured concomitant LDL-C, HDL-C, 

TG, and TC test results. The LDL-C results from the direct measure-
ment with homogeneous assay were used as a comparator for the sta-
tistical evaluation. The P values <.001 with an effect size >.2 were 
considered statistically significant. Paired group comparison, corre-
lation, and regression analysis of the LDL-C prediction models were 
carried out for 3 TG concentration ranges: <177 mg/dL, 177–399 mg/
dL, and ≥400 mg/dL. Parametric assumptions were evaluated using 
the Kolmogorov-Smirnov test. Paired group comparisons were 
performed using a paired t-test and the Wilcoxon signed-rank test, 
depending on the parametric assumptions. The correlation between 
the LDL-C results of the prediction models and those of the homo-
geneous assay was evaluated using the Pearson and Spearman tests. 
A Passing-Bablok regression was carried out to determine the agree-
ment between the prediction models and the homogeneous assay. 
Bland-Altman plots were used to assess systematic bias for different 
LDL-C concentrations. In the Bland-Altman plots, differences among 
the methods were plotted against direct LDL-C measurements, as 
previously suggested.16

Clinically significant differences between the prediction model 
results and the homogeneous assay results were evaluated based upon 
the 2019 CLIA acceptable limit (20%) for LDL-C, as was the percentage 
of estimated LDL-C results (the code can be downloaded from https://
github.com/hikmetc/LDL_study).

The LDL-C classification performances of the formulas and 
ML models were evaluated independently using the test set with 
accuracy, sensitivity, specificity, positive predictive value (PPV), 
F-score values, and kappa statistics17 for the 3 TG concentration 
ranges (<177  mg/dL, 177–399  mg/dL, and ≥400  mg/dL) and 6 es-
sential LDL-C concentration ranges (<70  mg/dL, 70–99  mg/dL, 
100–129  mg/dL, 130–159  mg/dL, 160–189  mg/dL, and ≥190  mg/
dL) according to the NCEP/ATP III guidelines.13 The F-score is 
the harmonized mean of the PPV and sensitivity (2/(PPV-1 + sen-
sitivity-1)), which gives equal weight to PPV and sensitivity when 
representing classification performance.

Data processing, the implementation of ML models, and statis-
tical analyses were performed using the KNIME Analytics Platform 
(Zurich, Switzerland),18 R statistical software 3.6.0,19 and Python 
3.7.6.20

FIGURE 1. Study design. TG, triglycerides.
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LDL-C Measurement with Homogeneous Assay
The LDL-C, HDL-C, TC, and TG analyses were performed on Ab-
bott Architect c and Abbott Alinity c series analyzers (Abbott 
Diagnostics). Internal quality control materials were run every 12 
hours at 2 levels on the all clinical chemistry analyzers in our lab-
oratory. Our laboratory also enrolled in an external quality control 
program (monthly) for all analytes. The total error values of LDL-C 
measurement were 9.3 and 10.7 for the Alinity c and Architect c 
analyzers, respectively, which met the specification limit defined 
by the 2019 Clinical Laboratory Improvement Amendments (CLIA; 
20%) for both devices. The 2019 CLIA specification limits apply 
to model 3 of the proposed models from the 2015 EFLM strategic 
conference.12

Measurements of LDL-C, TC, and TG were performed using 
Sekisui-based reagents made by Abbott Diagnostics. The HDL-C was 
measured using reagents from Archem and Abbott Diagnostics. Direct 
LDL-C measurement was conducted using the homogeneous method 
with a liquid selective detergent. The LDL-C analysis took place in 2 
phases. In the first phase, non-LDL particles were solubilized and then 
consumed by cholesterol esterase and cholesterol oxidase in a non-
color-forming reaction. In the second phase, the remaining LDL was 
solubilized. The enzymatic reaction of LDL with a chromogenic cou-
pler produced colored dye proportional to the LDL-C concentration. 
The HDL-C measurements were performed using the accelerator se-
lective detergent methodology. We analyzed the TC levels using the 
enzymatic endpoint method and measured TG using the glycerol phos-
phate oxidase method.

For the Architect c analyzer, the analytical coefficients of variation 
(CVs) for the last 6-month period were as follows: LDL-C: 3.06% at 
54 mg/dL and 3.4% at 76 mg/dL; TC: 1.31% at 102 mg/dL and 0.96% 
at 143 mg/dL; HDL-C: 3.9% at 31 mg/dL and 3.37% at 40 mg/dL; TG: 
5.3% at 54 mg/dL and 3.8% at 153 mg/dL. For the Alinity c analyzer, the 
CVs for the 6-month period were as follows: LDL-C: 3.25% at 62 mg/dL 
and 3.9% at 95 mg/dL; TC: 1.42% at 106 mg/dL and 1.37% at 164 mg/
dL; HDL-C: 2.16% at 39 mg/dL and 2.20% at 53 mg/dL; TG: 1.61% at 
132 mg/dL and 1.32% at 215 mg/dL.

LDL-C Concentration Estimation by Formulas and 
ML Models
The LDL cholesterol calculation with the Friedewald formula was carried 
out as follows6:

LDLC = 0.659× TC+ 0.182× HDLC – 0.117× TG+ 18.03

The Martin-Hopkins formula used for LDL cholesterol calculation was 
applied using adjustable factors corresponding to 180 strata-specific 
medians for TG/VLDL ratios, as follows7:

LDLC (mg/dL) = TC(mg/dL) – HDLC (mg/dL)

– TG (mg/dL)/Factor

Multivariate linear regression, gradient-boosted trees, and ANN models 
were used as ML models for more accurate LDL-C determination. First, 
the data sets were divided into 2 groups based on TG levels, depending 
on whether these were <400  mg/dL (n  =  58,030) or ≥400  mg/dL 
(n = 1,385). Each group’s data were partitioned into training and test 
data sets using 80% and 20% of the overall data, respectively, with 
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Results
The demographic features and biochemical parameters of the study 
population are summarized in TABLE 1. Paired group comparisons, 
correlations, and regression analyses of the LDL prediction models and 
formulas in reference to the homogeneous assay are provided in TABLE 
2. The Passing-Bablok regression analysis and Bland-Altman plots are 
illustrated in FIGURE 2 and 3, respectively.

Our multivariate linear regression model revealed 2 simple formulas 
for LDL-C concentration estimation for TG values <400 and ≥400 mg/
dL, respectively:

LDLC = 0.927× TC− 0.942× HDLC− 0.126× TG+ 0.735

LDLC = 0.659× TC+ 0.182× HDLC− 0.117× TG+ 18.03

Although a paired-group comparison revealed statistically significant 
differences among the Friedewald formula and the Martin-Hopkins for-
mula when TG levels were <177 mg/dL, at least 95% of the results were 
in agreement with the 2019 CLIA limit for LDL-C.

For TG levels between 177 and 399 mg/dL, the Friedewald formula 
results were significantly lower than those of the homogeneous as-

FIGURE 2. Passing-Bablok regression plots between measured LDL-C and predicted LDL-C. A–E, TG levels <170 mg/dL. 
F–J, TG levels 170–399 mg/dL, K–O, TG levels >399 mg/dL. Identity lines are solid blue, regression lines are dashed blue, 
and confidence intervals are solid gray. LDL-C regression equations are given in the plots. The plots illustrate LDL-C levels 
<250 mg/dL. Plots including all data points are provided in the supplementary material (Supplemental Figure 2). LDL-C, low-
density lipoprotein cholesterol; TG, triglycerides.
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say (125.98 vs 130.87  mg/dL; P <.001). Similarly, the intercept value 
for the Passing-Bablok regression analysis was found to be –15.4. At 
the same time, the Martin-Hopkins formula results were significantly 
higher than those of the homogeneous assay (135.87 vs 130.87  mg/
dL; P <.001).

For TG concentrations >399  mg/dL, the Friedewald and Martin-
Hopkins formula results were found to be significantly lower and higher, 
respectively, than the homogeneous assay results. The formulas and 
ML models were not able to achieve 60% agreement with the 2019 
CLIA limit.

The lowest correlations were found to be between the Friedewald 
formula and the homogeneous assay results for all TG groups. Multi-
variate linear regression, gradient-boosted trees, and ANN models had 
higher correlation coefficient values and were in better agreement with 
the 2019 CLIA limit than the Friedewald and Martin-Hopkins formulas.

TABLE 3 shows the LDL-C classification performance of the 
formulas and prediction models, taking the homogeneous assay as a 
reference. Substantial agreement (Cohen’s kappa >0.6) was observed 
among all models when TG was <177  mg/dL. For TG concentrations 
ranging from 177 to 399  mg/dL, there was moderate and substantial 

FIGURE 3. Bland-Altman plots between measured LDL-C and predicted LDL-C. A–E, TG levels <170 mg/dL. F–J, TG levels 
170–399 mg/dL. K–O, TG levels >399 mg/dL. Line of equality are solid blue, mean differences are dashed cyan, mean 
differences ± 2 standard deviations are solid purple, and confidence intervals are solid gray. Mean differences between the 2 
methods are given in the plots. The plots illustrate LDL-C levels <250 mg/dL. Plots including all data points are provided in the 
supplementary material (Supplemental Figure 3). LDL-C, low-density lipoprotein cholesterol; TG, triglycerides.
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FIGURE 2. Passing-Bablok regression plots between measured LDL-C and predicted LDL-C. A–E, TG levels <170 mg/dL. 
F–J, TG levels 170–399 mg/dL, K–O, TG levels >399 mg/dL. Identity lines are solid blue, regression lines are dashed blue, 
and confidence intervals are solid gray. LDL-C regression equations are given in the plots. The plots illustrate LDL-C levels 
<250 mg/dL. Plots including all data points are provided in the supplementary material (Supplemental Figure 2). LDL-C, low-
density lipoprotein cholesterol; TG, triglycerides.
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agreement among the Friedewald formula (Cohen’s kappa = 0.575) 
and the other prediction models (Cohen’s kappa >0.6), respectively. Al-
though there was fair agreement between the Friedewald and Martin-
Hopkins formulas (kappa  =  0.239 and 0.341, respectively), the other 
prediction models showed moderate agreement (kappa >0.4) with di-
rectly measured LDL-C results for TG levels >399 mg/dL.

The LDL-C classification performance of the prediction models and 
formulas for LDL-C levels <70  mg/dL and TG concentrations ranging 
from 177 to 399 mg/dL are shown in TABLE 4. The F-scores were higher 
for the linear regression, gradient-boosted trees, and ANN models than 
for the Friedewald and Martin-Hopkins formulas, as a consequence of 
higher sensitivity and PPV.

Discussion
We investigated the validity of the Friedewald and Martin-Hopkins 
formulas for the Turkish population along with the performance of 
linear regression, gradient-boosted trees, and ANN models. For TG 
levels <177  mg/dL, the Friedewald and Martin-Hopkins formulas 
and the other models were in agreement with the homogeneous as-
say. However, the agreement was lower when the TG concentration 
was >177 mg/dL. Although the Friedewald formula seemed to be the 
worst LDL prediction model for TG levels >177 mg/dL, the linear re-
gression, gradient-boosted trees, and ANN models outperformed 
both formulas.

We evaluated LDL prediction performances for 3 discrete TG concen-
tration ranges regarding the EAS and EFLM Joint Consensus Initiative 
recommendations.2 For TG concentrations <177 mg/dL, the Friedewald 
and Martin-Hopkins formulas and the ANN model revealed P values 
<.001. However, the effect sizes of these comparisons were quite small 
(0.206, 0.262, and 0.06, respectively). Thus, the P values that were <.001 
may be attributed to the large sample size. Further, 95% of the results 
were within the 2019 CLIA limit (20%), so 95% of the estimated results 
were without a predetermined clinically significant difference, as shown 
in TABLE 2. Similarly, the clinical classification performances of the 
formulas and prediction models were in substantial agreement (Cohen’s 
kappa >0.6) with the homogeneous assay, as shown in TABLE 3.

For TG levels between 177 and 399 mg/dL, the Friedewald formula 
results were significantly lower than those of the homogeneous assay 
(125.98 vs 130.87; P <.001; effect size = 0.358). In addition, the inter-
cept value of the Passing-Bablok regression analysis was found to be 
–15.4, whereas the mean difference for the Friedewald formula in the 
Bland-Altman plot was –4.89  mg/dL (FIGURE 3F). There was also 
moderate agreement (Cohen’s kappa = 0.575) between the Friedewald 
formula and the homogeneous assay results. The Friedewald formula 
underestimated the LDL-C levels, especially for concentrations close to 
70 mg/dL, as illustrated in FIGURE 2F. The PPV of the Friedewald for-
mula for the LDL-C results <70 mg/dL and between 70 and 99 mg/dL 
were found to be 48.84% and 59.30%, respectively, as shown in TABLE 
3. In contrast, the Martin-Hopkins formula results were significantly 
higher than those of the homogeneous assay (135.87 vs 130.87; P <.001; 
effect size = 0.396). Further, the sensitivity of the Martin-Hopkins for-
mula (50.68%) was lower than those of the other models for LDL-C 
levels <70 mg/dL because of overestimation compared with that of the 
homogeneous assay, as shown in FIGURE 2G. 

At the same time, the LDL-C classification accuracy of the Martin-
Hopkins formula was superior to that of the Friedewald formula 

(71.74% vs 66.05%) for this TG concentration range. Similarly, Lee, 
Jang, et  al21 showed that the Martin-Hopkins formula exhibited 
greater concordance with the homogeneous assay than the Friedewald 
formula. Meeusen et  al22 also noticed that the Friedewald formula 
underestimated and the Martin-Hopkins formula overestimated LDL-C 
concentrations compared with the beta-quantification method for TG 
levels <400 mg/dL. The discrepancies were found to be substantial for 
LDL-C concentrations <70 mg/dL. Likewise, Palmer et al23 reported that 
the Martin-Hopkins formula calculated higher LDL-C levels than the 
Friedewald formula, especially for LDL-C levels <70 mg/dL, and the dif-
ference increased in those patients with greater TG concentrations. Sim-
ilarly, in our study, the results of the Friedewald and Martin-Hopkins 
formulas were found to be lower and higher, respectively, than the ho-
mogeneous assay results for TG levels ranging from 177 to 399 mg/dL. 
However, for TG levels <177 mg/dL, the Friedewald and Martin-Hopkins 
formulas predicted LDL-C levels well with regard to classification perfor-
mance and 2019 CLIA limit. It is therefore likely that the accuracy of the 
formulas decreases at the higher TG and lower LDL-C levels.

The accuracy values of the ML models and the formulas were between 
76% and 78% for TG levels <177 mg/dL and showed a similar perfor-
mance. Hence, all of the ML models and conventional formulas can be 
used at TG levels that are <177 mg/dL. The overall accuracy values of the 
linear regression (71.74%), gradient-boosted trees (72.84%), and ANN 
models (71.94%) were found to be similar and substantially in agree-
ment with those of the homogeneous assay (Cohen’s kappa >0.6) when 
TG was 177 to 399 mg/dL. However, the accuracy of the Friedewald for-
mula was only 66.05% for TG that was 177 to 399 mg/dL. There was also 
no statistically significant difference detected between directly meas-
ured LDL-C results and ML models, as shown in TABLE 2. Further, 94% 
of the results of the ML models mentioned above were in agreement 
with the 2019 CLIA limit. Thus, the linear regression, gradient-boosted 
trees, and ANN models seem to be good alternatives to the Friedewald 
and Martin-Hopkins formulas for TG levels between 177 and 399 mg/
dL. Furthermore, our linear regression model revealed the straightfor-
ward formula for TG levels <400  mg/dL. Our formula’s performance 
was comparable to that of the gradient-boosted trees and ANN models 
and showed similar accuracy. Although the EAS and EFLM Joint Con-
sensus Initiative recommends the Martin-Hopkins formula for TG 
concentrations ranging from 2.0 to 4.5 mmol/L (177–399 mg/dL),2 our 
formulas’ performance was found to be superior to the Friedewald and 
Martin-Hopkins formulas, considering the comparison with directly 
measured LDL-C levels (P >.001). Although the Martin-Hopkins for-
mula uses 180 strata-specific medians for TG/VLDL ratios for LDL-C cal-
culation, our formula is as simple as the Friedewald formula and there-
fore more applicable than the Martin-Hopkins formula.

The EAS and EFLM Joint Consensus Initiative recommends the 
Martin-Hopkins formula instead of the Friedewald formula for LDL-C 
levels <1.8 mmol/L (70 mg/dL).2 At the same time, direct LDL-C meas-
urement or modified LDL-C estimation was recommended in 2018 by 
the American Heart Association (AHA) and the American College of Car-
diology (ACC) guideline on the management of blood cholesterol.24 As 
shown in TABLE 4, the F-scores, which represent the harmonic mean 
of the PPV and sensitivity, were found to be 62.38, 62.71, 69.23, 69.60, 
and 70.46 for the Friedewald formula, the Martin-Hopkins formula, the 
linear regression model, the gradient-boosted trees model, and the ANN 
model, respectively, for LDL-C concentrations <70 mg/dL and TG levels 
in the range of 177 to 399 mg/dL.
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In the 2019 ESC/EAS Guidelines for the Management of 
Dyslipidaemias3 and the AHA/ACC guideline on the management of 
blood cholesterol,24 an LDL-C threshold of 70 mg/dL was recommended 
for use in patients with both a high risk and a very high risk of ASCVD. 
Further, when LDL-C persists at levels >70 mg/dL during statin therapy, 
non-statins, such as ezetimibe and proprotein convertase subtilisin/
kexin type 9, are recommended for use by the AHA/ACC guideline.24 
Although the underestimation of LDL-C concentration may lead to 
undertreatment, overestimation may result in the overtreatment of 
patients with ASCVD risk. Therefore, accurate LDL-C estimation, par-
ticularly for concentrations near 70 mg/dL, is crucial. The ML models 
represented in our study may serve as more accurate surrogates for 
widely used formulas regarding F-scores represented in TABLE 3.

One of the Friedewald formula’s well-known limitations is its use of a 
fixed factor of 5 as a denominator of TG to calculate VLDL-C. When the 
TG level is >400 mg/dL, the ratio of TG to cholesterol in VLDL is greater 
than 5 because of the presence of chylomicrons, chylomicron remnants, 
or VLDL remnants. The resulting overestimation of VLDL-C will result 
in an underestimation of LDL-C.25 Consistent with the literature, the 
Friedewald formula exhibited significantly lower results in our study 
than the homogeneous assay (102.194 vs 123.224 mg/dL; P <.001; effect 
size = 0.771) for TG levels >399 mg/dL, as illustrated in FIGURE 3K. 
Moreover, only 50.18% of the Friedewald formula results were found 
to be within the 2019 CLIA limit, and the classification accuracy of the 
Friedewald formula was 37.91%. In contrast, the Martin-Hopkins for-
mula overestimated the LDL-C concentration compared with the homo-
geneous assay (137.781 vs 123.224 mg/dL; P < .001; effect size = 0.626) 
for TG levels >399  mg/dL. Further, the mean difference between the 
Martin-Hopkins formula results and the homogeneous assay results 
was 14.56 mg/dL, as shown in FIGURE 3L. The LDL-C classification 
accuracy of the Martin-Hopkins formula was found to be 47.65%, mak-
ing it better than that of the Friedewald formula (37.91%). Similarly, 
the concordance between direct measurement and the Martin-Hopkins 
formula has previously been reported to be better than that with the 
Friedewald formula for TG levels >399 mg/dL.7 However, Palmer et al23 
found the agreement between the Martin-Hopkins formula and beta-
quantification to be poor for TG levels >400  mg/dL. Likewise, only 
64.98% of the Martin-Hopkins formula results were within the 2019 
CLIA limit, and the agreement between the homogeneous assay and the 
Martin-Hopkins formula was found to be fair (Cohen’s kappa = 0.341) 
in the present study.

Although the Friedewald and Martin-Hopkins formulas exhibited 
fair agreement with the homogeneous assay for TG levels >399  mg/
dL (kappa = 0.239 and 0.341, respectively), the ML prediction models 
showed moderate agreement (Cohen’s kappa  =  0.474, 0.451, 0.463, 
respectively). Further, there was no significant difference detected be-
tween directly measured LDL-C results and the ML models (P >.001). 
However, the aforementioned models’ results had an approximately 75% 
agreement with the 2019 CLIA limit and their LDL-C classification accu-
racy values were <60%, as shown in TABLE 2 and 3. Further, as shown 
in FIGURE 3, the ML algorithms systematically underestimated LDL-C 
with increasing LDL-C concentrations for TG >399 mg/dL. The EAS and 
EFLM Joint Consensus Initiative recommends direct measurement of 
LDL-C for TG levels ≥4.5 mmol/L (≥399 mg/dL).2 This recommendation 
is in accord with the present study, which indicates that the homogene-
ous assay is a more reliable method for TG concentrations >399 mg/dL.

Recently, ML methods have been shown to be candidate alternative 
LDL-C estimation models, especially for higher TG levels. Barakett-
Hamade et  al8 compared the K-nearest neighbors (KNN) model with 
conventional formulas against the homogeneous assay method to  
elaborate the agreement of estimated LDL-C with direct LDL-C meas-
urement. The KNN model had a higher intraclass correlation coeffi-
cient than the Friedewald formula and was more resistant to higher 
triglyceride levels, according to Bland-Altman analysis.8 In the present 
study, Bland-Altman analysis revealed that mean differences (MD) of 
linear regression, gradient-boosted trees, and ANN models were only 
0.32, 0.68, and 0.37 mg/dL for TG levels of 177 to 399 mg/dL; how-
ever, the Friedewald and Martin-Hopkins formulas had higher MD 
values (–4.89  mg/dL and 5  mg/dL, respectively; FIGURE 3F–G). 
Tsigalou et al10 used ML methods including linear regression, support 
vector machines, extreme gradient boosting, and ANN algorithms to 
estimate LDL-C and found that classification accuracies were <85% 
for all models regarding NCEP/ATP III LDL-C ranges. However, the 
authors did not report each model’s actual accuracies, and their study 
relied on a relatively small sample size (n = 4244).10 On the other hand, 
we showed our models’ accuracy for 6 discrete LDL-C concentration 
ranges and 3 different intervals (TABLE 3). None of the models’ and 
conventional formulas’ performance could exceed 79% classification 
accuracy  (TABLE 3) even if the ML models’ performances were supe-
rior to those of the Friedewald and Martin-Hopkins formulas. Moreo-
ver, the accuracies decreased in higher TG concentration ranges. Lee, 
Kim, et al9 showed that their ANN model outperformed the Friedewald 
and Martin-Hopkins formulas based on squared error. However, they 
did not show the direction of the misestimation and classification 
performances for different LDL-C and TG concentration ranges.9 In 
the present study, although the accuracy of our ANN model was higher 
than that of the Friedewald and Martin-Hopkins formulas for all LDL-C 
and TG ranges, the ANN model underestimated LDL-C at increasing 
LDL-C concentrations (FIGURE 3O), particularly when TG >399 mg/
dL, in which direct measurement is recommended.

The ML models’ success and generalizability are higher when they 
are developed from a larger data set.26 Therefore, the present study was 
conducted using a suitably large dataset (n = 59,415) to show the valid-
ity of the Friedewald and Martin-Hopkins formulas in the Turkish pop-
ulation and develop novel ML models. The extensive performance evalu-
ation carried out in the present study provides the most comprehensive 
assessment to date of the ML models and conventional formulas in the 
Turkish population used for LDL-C estimation. Furthermore, we found 
the new simple formula using multivariate linear regression and show 
its performance along with that of other ML models and conventional 
formulas. This is the first LDL-C estimation formula developed using 
Turkish population data that can be easily used after external validation 
studies.

One of the present study’s limitations is that beta-quantification was 
not used as a reference method because of the labor-intensive manual 
steps it requires. Overall, more accurate results could be achieved with 
this method. However, LDL-C measurement was conducted by homoge-
neous assay using the Sekisui reagent, which has been shown to meet 
the NCEP’s total error goals.27 Another limitation of this study is that 
it used results from both fasting and nonfasting specimens. Research 
has shown that TG-enriched chylomicron concentrations are higher in 
nonfasting specimens than in fasting specimens, which may increase 

(71.74% vs 66.05%) for this TG concentration range. Similarly, Lee, 
Jang, et  al21 showed that the Martin-Hopkins formula exhibited 
greater concordance with the homogeneous assay than the Friedewald 
formula. Meeusen et  al22 also noticed that the Friedewald formula 
underestimated and the Martin-Hopkins formula overestimated LDL-C 
concentrations compared with the beta-quantification method for TG 
levels <400 mg/dL. The discrepancies were found to be substantial for 
LDL-C concentrations <70 mg/dL. Likewise, Palmer et al23 reported that 
the Martin-Hopkins formula calculated higher LDL-C levels than the 
Friedewald formula, especially for LDL-C levels <70 mg/dL, and the dif-
ference increased in those patients with greater TG concentrations. Sim-
ilarly, in our study, the results of the Friedewald and Martin-Hopkins 
formulas were found to be lower and higher, respectively, than the ho-
mogeneous assay results for TG levels ranging from 177 to 399 mg/dL. 
However, for TG levels <177 mg/dL, the Friedewald and Martin-Hopkins 
formulas predicted LDL-C levels well with regard to classification perfor-
mance and 2019 CLIA limit. It is therefore likely that the accuracy of the 
formulas decreases at the higher TG and lower LDL-C levels.

The accuracy values of the ML models and the formulas were between 
76% and 78% for TG levels <177 mg/dL and showed a similar perfor-
mance. Hence, all of the ML models and conventional formulas can be 
used at TG levels that are <177 mg/dL. The overall accuracy values of the 
linear regression (71.74%), gradient-boosted trees (72.84%), and ANN 
models (71.94%) were found to be similar and substantially in agree-
ment with those of the homogeneous assay (Cohen’s kappa >0.6) when 
TG was 177 to 399 mg/dL. However, the accuracy of the Friedewald for-
mula was only 66.05% for TG that was 177 to 399 mg/dL. There was also 
no statistically significant difference detected between directly meas-
ured LDL-C results and ML models, as shown in TABLE 2. Further, 94% 
of the results of the ML models mentioned above were in agreement 
with the 2019 CLIA limit. Thus, the linear regression, gradient-boosted 
trees, and ANN models seem to be good alternatives to the Friedewald 
and Martin-Hopkins formulas for TG levels between 177 and 399 mg/
dL. Furthermore, our linear regression model revealed the straightfor-
ward formula for TG levels <400  mg/dL. Our formula’s performance 
was comparable to that of the gradient-boosted trees and ANN models 
and showed similar accuracy. Although the EAS and EFLM Joint Con-
sensus Initiative recommends the Martin-Hopkins formula for TG 
concentrations ranging from 2.0 to 4.5 mmol/L (177–399 mg/dL),2 our 
formulas’ performance was found to be superior to the Friedewald and 
Martin-Hopkins formulas, considering the comparison with directly 
measured LDL-C levels (P >.001). Although the Martin-Hopkins for-
mula uses 180 strata-specific medians for TG/VLDL ratios for LDL-C cal-
culation, our formula is as simple as the Friedewald formula and there-
fore more applicable than the Martin-Hopkins formula.

The EAS and EFLM Joint Consensus Initiative recommends the 
Martin-Hopkins formula instead of the Friedewald formula for LDL-C 
levels <1.8 mmol/L (70 mg/dL).2 At the same time, direct LDL-C meas-
urement or modified LDL-C estimation was recommended in 2018 by 
the American Heart Association (AHA) and the American College of Car-
diology (ACC) guideline on the management of blood cholesterol.24 As 
shown in TABLE 4, the F-scores, which represent the harmonic mean 
of the PPV and sensitivity, were found to be 62.38, 62.71, 69.23, 69.60, 
and 70.46 for the Friedewald formula, the Martin-Hopkins formula, the 
linear regression model, the gradient-boosted trees model, and the ANN 
model, respectively, for LDL-C concentrations <70 mg/dL and TG levels 
in the range of 177 to 399 mg/dL.
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the ratio of TG to cholesterol in VLDL.28 Thus, the underestimation 
of LDL-C concentration when using the Friedewald formula may have 
been exaggerated because of the inclusion of nonfasting specimens. 
The Martin-Hopkins formula was shown to be more accurate than the 
Friedewald formula with nonfasting specimens.29 At the same time, the-
oretically, homogeneous assays are only slightly (if at all) affected by the 
nonfasting state because one can detect LDL-C after eliminating non-
LDL particles.25 Furthermore, fasting specimens are no longer required 
for routine lipid profiles by the EAS and EFLM Joint Consensus Initia-
tive.2 Hence, the present study reflected current research. 

Another limitation was that the study represented the validity of 
the formulas and models only on the Abbott platform. Thus, further 
multicentered research should be undertaken on different analyzer 
platforms to prove the present models’ and formulas’ external valid-
ity. Moreover, we developed the ML models by training them on our 
laboratory’s data set. Therefore, the ML models given in the present 
study rely on our laboratory-specific data sets. Although the Friedewald 
and Martin-Hopkins formulas can have more general use in the data sets 
other than the ones they were derived from, it is not certain that our ML 
models could be used with confidence to estimate LDL-C levels from di-
verse populations without further validation.

Conclusion
In summary, the present study has shown that the Friedewald and 
Martin-Hopkins formulas are valid for TG levels <177 mg/dL. In addi-
tion, it has been shown that linear regression, gradient-boosted trees, 
and ANN models offer more accurate alternatives to the Friedewald and 
Martin-Hopkins formulas, especially for TG levels between 177 and 
399 mg/dL and LDL-C levels <70 mg/dL.

Supplementary Data
Supplemental figures and tables can be found in the online version of 
this article at www.labmedicine.com.
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ABSTRACT

Objective: The aim of this study was to evaluate the influence of he-

molysis, icterus, and lipemia (HIL) interferences on 8 therapeutic drug 

monitoring (TDM) assays.

Methods: Amikacin, carbamazepine, digoxin, lidocaine, lithium, 

methotrexate, phenobarbital, and theophylline were spiked in speci-

men pools at the clinical decision cutoff values. The interferents were 

spiked in vitro in specimen pools. All analytes were tested on Beckman 

Coulter AU analyzers.

Results: Hemolysis interference was detected in quantitative micro-

sphere system (QMS) amikacin at 55.59 μg/mL at a concentration of 

500 mg/dL hemoglobin. Icterus interference was detected in enzyme 

multiplied immunoassay technique amikacin at 43.62  μg/mL and in 

QMS amikacin at 55.59 μg/mL, at a concentration of 20 mg/dL bilirubin.

Conclusion: Although the reference range value is recommended for clin-

ical significance bias assessment for HIL interferences on most chemistry 

assays, an important investigation of the HIL interferences on TDM assays 

is to establish interferent thresholds at the clinical critical cutoff values.

Most therapeutic drug monitoring (TDM) assays are performed on au-
tomated systems in clinical laboratories. Immunoassays are most com-
monly used to evaluate TDMs in clinical laboratories. Most TDMs em-
ploy an immunoassay method in which the target analytes compete with 
a specific antibody. Signals generated from the reaction are converted 
into the analyte concentration. The TDM immunoassays can be homo-
geneous or heterogeneous. In the homogeneous format, the method is 
simpler and no separation is needed. In heterogeneous immunoassays, 
the bound labeled molecules are physically separated from the unbound 
labeled molecules and then the signal is measured. If plasma drug con-
centration measurements are to be of any value, then attention must be 
paid to preanalytical issues, such as the timing of blood sampling, the 
type of blood specimen, and interferences, such as hemolysis, icterus, 
and lipemia (HIL). Most of the interference from hemoglobin, bilirubin, 
or lipids occurs in the fluorimetric or photometric methods because of 
the properties of the interferents. Therefore, such interference happens 
more often in homogeneous than in heterogeneous assays. In compet-
itive immunoassays, when the interference enhances the signal, such 
interference will generate false-negative results, because the signal is in-
versely proportional to the reported analyte concentration.

Lipids mostly cause interference by their turbidity; therefore, 
assays using turbidimetry are the most affected by lipid interference.1 
IntraLipid is a synthetically produced emulsion for intravenous ad-
ministration as nutritional support. It mainly contains soybean oil 
and egg phospholipids, and some of the IntraLipid contains a small 
amount of triglycerides. Most manufacturers evaluate the lipids’ in-
terference by spiking IntraLipid into the specimens to simulate lipemic 
specimens. However, specimens spiked with IntraLipid do not neces-
sarily represent lipemic specimens, because the various sizes, charges, 
and shapes of the particles affect their light-scattering capabilities.2 In 
addition, in routine clinical practice, nonfasting is the major cause for 
lipemic specimens, which contain mostly triglycerides in chylomicron 
particles. High levels of triglycerides may interfere not only with tur-
bidity but also with antigen binding, even when antibodies are linked 
to a solid support, resulting in erroneous results. The Beckman Coulter 
AU analyzers can measure the degree of hemolysis, icterus, and turbid-
ity in the specimens. The degree of interference is noted as an index; 
however, the index for lipids is generated by spiking with IntraLipid 
and the lipid indices often do not correlate with the actual triglyceride 
levels,3 as described earlier. Therefore, we used specimens spiked with 

triglycerides to evaluate the lipids’ interferences and the lipids’ index as 
a guide for routine clinical practice in our institution.

One important aspect of this interference study is that many man-
ufactured reagent package inserts often do not list information on 
what concentrations of analytes were tested, which thus offers limited 
information on interferences. In this study, the clinically significant 
interference was assessed by comparing the mean difference between 
specimens with and without interferents at the clinical decision cutoff 
values of each TDM assay.

Methods
This study was considered a quality assessment project and was there-
fore waived by the institutional review board. The study was conducted 
at the Critical Care Laboratory, Rapid Response Laboratory, and Toxi-
cology Laboratory at The Ohio State University Wexner Medical Center. 
Based on the recommendation of the Clinical and Laboratory Standards 
Institute guideline C56, the screening (paired-difference) interference 
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ABSTRACT

Objective: The aim of this study was to evaluate the influence of he-

molysis, icterus, and lipemia (HIL) interferences on 8 therapeutic drug 

monitoring (TDM) assays.

Methods: Amikacin, carbamazepine, digoxin, lidocaine, lithium, 

methotrexate, phenobarbital, and theophylline were spiked in speci-

men pools at the clinical decision cutoff values. The interferents were 

spiked in vitro in specimen pools. All analytes were tested on Beckman 

Coulter AU analyzers.

Results: Hemolysis interference was detected in quantitative micro-

sphere system (QMS) amikacin at 55.59 μg/mL at a concentration of 

500 mg/dL hemoglobin. Icterus interference was detected in enzyme 

multiplied immunoassay technique amikacin at 43.62  μg/mL and in 

QMS amikacin at 55.59 μg/mL, at a concentration of 20 mg/dL bilirubin.

Conclusion: Although the reference range value is recommended for clin-

ical significance bias assessment for HIL interferences on most chemistry 

assays, an important investigation of the HIL interferences on TDM assays 

is to establish interferent thresholds at the clinical critical cutoff values.

Most therapeutic drug monitoring (TDM) assays are performed on au-
tomated systems in clinical laboratories. Immunoassays are most com-
monly used to evaluate TDMs in clinical laboratories. Most TDMs em-
ploy an immunoassay method in which the target analytes compete with 
a specific antibody. Signals generated from the reaction are converted 
into the analyte concentration. The TDM immunoassays can be homo-
geneous or heterogeneous. In the homogeneous format, the method is 
simpler and no separation is needed. In heterogeneous immunoassays, 
the bound labeled molecules are physically separated from the unbound 
labeled molecules and then the signal is measured. If plasma drug con-
centration measurements are to be of any value, then attention must be 
paid to preanalytical issues, such as the timing of blood sampling, the 
type of blood specimen, and interferences, such as hemolysis, icterus, 
and lipemia (HIL). Most of the interference from hemoglobin, bilirubin, 
or lipids occurs in the fluorimetric or photometric methods because of 
the properties of the interferents. Therefore, such interference happens 
more often in homogeneous than in heterogeneous assays. In compet-
itive immunoassays, when the interference enhances the signal, such 
interference will generate false-negative results, because the signal is in-
versely proportional to the reported analyte concentration.

Lipids mostly cause interference by their turbidity; therefore, 
assays using turbidimetry are the most affected by lipid interference.1 
IntraLipid is a synthetically produced emulsion for intravenous ad-
ministration as nutritional support. It mainly contains soybean oil 
and egg phospholipids, and some of the IntraLipid contains a small 
amount of triglycerides. Most manufacturers evaluate the lipids’ in-
terference by spiking IntraLipid into the specimens to simulate lipemic 
specimens. However, specimens spiked with IntraLipid do not neces-
sarily represent lipemic specimens, because the various sizes, charges, 
and shapes of the particles affect their light-scattering capabilities.2 In 
addition, in routine clinical practice, nonfasting is the major cause for 
lipemic specimens, which contain mostly triglycerides in chylomicron 
particles. High levels of triglycerides may interfere not only with tur-
bidity but also with antigen binding, even when antibodies are linked 
to a solid support, resulting in erroneous results. The Beckman Coulter 
AU analyzers can measure the degree of hemolysis, icterus, and turbid-
ity in the specimens. The degree of interference is noted as an index; 
however, the index for lipids is generated by spiking with IntraLipid 
and the lipid indices often do not correlate with the actual triglyceride 
levels,3 as described earlier. Therefore, we used specimens spiked with 

triglycerides to evaluate the lipids’ interferences and the lipids’ index as 
a guide for routine clinical practice in our institution.

One important aspect of this interference study is that many man-
ufactured reagent package inserts often do not list information on 
what concentrations of analytes were tested, which thus offers limited 
information on interferences. In this study, the clinically significant 
interference was assessed by comparing the mean difference between 
specimens with and without interferents at the clinical decision cutoff 
values of each TDM assay.

Methods
This study was considered a quality assessment project and was there-
fore waived by the institutional review board. The study was conducted 
at the Critical Care Laboratory, Rapid Response Laboratory, and Toxi-
cology Laboratory at The Ohio State University Wexner Medical Center. 
Based on the recommendation of the Clinical and Laboratory Standards 
Institute guideline C56, the screening (paired-difference) interference 

study was performed to guide routine clinical practice in our depart-
ment. 

Plasma/serum specimen pools containing a clinically important 
concentration of the analytes were spiked with the concentrations of 
the interferents (close to the threshold of system flags), and the as-
say results were compared with a control specimen (without a spiked 
interferent). To avoid drug-to-drug interaction or interference from 
other drugs, estimated concentrations of amikacin (AMIK), carbamaze-
pine, digoxin, lidocaine, methotrexate, phenobarbital, and theophylline, 
of a maximum 1% volume, were individually spiked into each tube of pa-
tient specimen pools, which contained lithium (Li) heparin plasma. The 
Li was spiked in the serum specimen pools for the study. The estimated 
concentrations are from the clinical decision points practiced in our hos-
pital and defined by pharmacists (listed in TABLE 1). 

All the drugs were purchased from Sigma-Aldrich (St. Louis, MO); cat-
alog numbers are listed in TABLE 2. The interferents of hemoglobin, con-
jugated bilirubin, and triglycerides were purchased from Sun Diagnostics, 
LLC (New Gloucester, ME) with known concentrations of each interferent 
(INT-01 ASSURANCE Interference Test Kit for Routine Interferents). The 
interferents of 10% volume were spiked to the patient specimen pools. 
Aliquots of these plasma/serum pools that were spiked with each drug but 
without the addition of interferents were used as the control group. 

All the TDM assays were performed on Beckman Coulter AU 5800 
or DxC700 analyzers (Beckman Coulter, Brea, CA) according to the 
manufacturer’s specifications. The reagents, methodologies, and models 
are listed in TABLE 2. Each assay was performed twice on each analyzer. 
Indices were measured as recommended by the manufacturer. All statis-
tical analyses and graphs were conducted using Microsoft Office Excel 
2013. The acceptability criteria were defined according to the latest Col-
lege of American Pathologists survey in 2020. Interference was judged 
as significant when the results of a spiked specimen were statistically 
different from those of the control specimen or the difference between 
the 2 means was beyond the defined acceptability criteria.

Difference = Group spikedwith interferents (mean)

− 0.9 ∗ control group (mean)

Difference % =

Group spikedwith interferents (mean)− 0.9 ∗ control group (mean)

0.9 ∗ control group (mean)
× 100

TABLE 1.  List of Clinical Decision Points of Each Drug and 
Actual Concentration Measured After Spiking

Analyte Unit #1 #2 Clinical Decision Points

AMIKE μg/mL 7.37 43.62 6.0 (trough), 60 (peak)

AMIKQ μg/mL 8.15 55.59 6.0 (trough), 60 (peak)

CARB μg/mL 2.98 8.03 4.0–12.0

DIG ng/mL 1.18 2.60 1.0 and 2.0 (critical)

LIDO μg/mL 1.30 5.35 1.5–5.0

Li mmol/L 1.00 1.81 1.0, 2.0 (critical)

MTXA μmol/L 0.62 NA Various because of different 
protocols

MTXE μmol/L 0.55 NA Various because of different 
protocols

PBARB μg/mL 13.00 38.90 15.0–40.0

THEO μg/mL 17.35 31.95 10.0–20.0 (critical)

AMIKE, emit amikacin; AMIKQ, QMS amikacin; CARB, carbamazepine; 
DIG, digoxin; emit, enzyme multiplied immunoassay technique; Li, lithium; 
LIDO, lidocaine; MTXA, ARK methotrexate; MTXE, emit methotrexate; 
PBARB, phenobarbital; THEO, theophylline; TOB, tobramycin.

TABLE 2.  Reagents and Methodology of Beckman Coulter AU Series and Catalog Number of Sigma-Aldrich Drugs

Analyte Reagent Methodology Beckman Coulter AU Sigma-Aldrich

AMIKE Emit Homogeneous enzyme immunoassay DxC700 A1774

AMIKQ QMS Homogeneous particle-enhanced turbidimetric immunoassay DxC700 A1774

CARB Emit Homogeneous enzyme immunoassay 5800 C-053

DIG Emit Homogeneous enzyme immunoassay 5800 D-029

LIDO Emit Homogeneous enzyme immunoassay DxC700 L-018

Li Infinity Spectrophotometric method 5800 L7026

MTXE Emit Homogeneous enzyme immunoassay DxC700 M-136

MTXA ARK Homogeneous enzyme immunoassay DxC700 M-136

PBARB Emit Homogeneous enzyme immunoassay 5800 P-008

THEO Emit Homogeneous enzyme immunoassay 5800 IMPC-051-01

AMIKE, emit amikacin; AMIKQ, QMS amikacin; CARB, carbamazepine; DIG, digoxin; emit, enzyme multiplied immunoassay technique; Li, lithium; LIDO, 
lidocaine; MTXA, ARK methotrexate; MTXE, emit methotrexate; PBARB, phenobarbital; QMS, quantitative microsphere system; THEO, theophylline.
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Results
The system flags measured on the analyzers are listed in TABLE 3. By 
using stored plasma/serum pools spiked with high or low critical levels 
of the TDM assays, we determined the results for hemolysis interfer-
ence, presented in TABLE 4. Overall, the addition of hemoglobin within 
the threshold of flags from the analyzer did not significantly interfere 
with the results, except for QMS amikacin (AMIKQ) at 55.59  μg/mL 
with a concentration of 500 mg/dL hemoglobin. The difference caused 
by added hemoglobin in AMIKQ at 55.59 μg/mL was above the criterion 
of ±2.28 μg/mL, or 10%. The absolute or percentage of mean differences 
between the AMIKQ specimens at 55.59 μg/mL with or without hemo-
globin 500 mg/dL did not support the data from the Beckman Coulter 
technical documents (threshold hemoglobin at 10,000 mg/dL, accepta-
bility criteria 10%). 

The conjugated bilirubin interference results are shown in  
TABLE 5. Increased bilirubin concentrations did cause significant 
interference in the results of enzyme multiplied immunoassay tech-
nique AMIK (AMIKE) at 43.62 μg/mL or those of AMIKQ at 55.59 μg/
mL with a concentration of 20  mg/dL bilirubin, which had a differ-
ence of 7.15  μg/mL/18.06% or 5.19  μg/mL/10.37% compared with 
the control groups, respectively. The absolute or percentage of mean 
differences between the AMIKE specimens at 43.62  μg/mL with or 
without bilirubin 20 mg/dL did not support data from the Beckman 
Coulter technical documents (threshold bilirubin at 30 mg/dL, accept-
ability criteria 10%). 

The interference caused by triglycerides is presented in TABLE 6. 
The addition of triglycerides within the threshold of flags from the ana-
lyzer did not cause significant interferences. Therefore, the results with 
respect to analyte levels showed that hemolysis interference in AMIKQ 
and icterus interference in AMIKE in this study were not in accordance 
with the manufacturer’s claims. Furthermore, increasing icterus sever-
ity seemed to be correlated with increasing hemolysis and lipemia se-
verity (FIGURE 1A). Increasing lipemia severity was correlated with 
increasing hemolysis and icterus severity (FIGURE 1B).

Discussion
The main findings of our study were the detection of hemolysis inter-
ference in the AMIKQ assay and the detection of icterus interferences 
in the AMIQ and AMIKE assays at clinically significant values. The 
hemoglobin, bilirubin, and turbidity in the specimens were spec-
trophotometrically assessed using HIL indices. The relationship 
between concentrations of hemoglobin, bilirubin, and triglycerides 
and the HIL indices were evaluated in this study. When the HIL in-
dices were ≥5, the Beckman Coulter AU analyzers indicated “abnor-
mal (ABN).” Therefore, according to our results, with a hemolysis in-

TABLE 3.  System Flags Measured for Hemoglobin, Bilirubin, 
and Triglycerides on Beckman Coulter AU Series

Interferent
System Flag 

Index
Interferent Concentration 

(mg/dL)

Hemoglobin +++ 100–150

 ++++ 200–400

 ABN >500

Conjugated bilirubin 0 15

 + 30–40

 ++ 45–60

Triglycerides ++ 250–400

 +++ 500–1200

 ++++ 1500

ABN, abnormal.

TABLE 4.  Influence of Hemolysis on 8 Clinical TDM Tests According to Analyte Levels 

Analyte Hemoglobin (mg/dL) Mean Difference Mean Difference, % Acceptability Criteria Acceptable?

AMIKE-7.37 500 0.30 μg/mL 4.67 ±5.79 μg/mL or 10% Yes

AMIKE-43.62 500 3.16 μg/mL 8.07 ±5.79 μg/mL or 10% Yes

AMIKQ-8.15 500 0.71 μg/mL 9.84 ±2.28 μg/mL or 10% Yes

AMIKQ-55.59 500 5.28 μg/mL 10.56 ±2.28 μg/mL or 10% No

CARB-2.98 400 0.14 μg/mL 6.79 ±25% Yes

CARB-8.03 400 0.92 μg/mL 13.04 ±25% Yes

DIG-1.18 400 0.09 ng/mL 9.25 ±0.2 ng/mL or 20% Yes

DIG-2.60 400 0.07 ng/mL 3.44 ±0.2 ng/mL or 20% Yes

LIDO-1.30 400 0.08 μg/mL 7.14 ±1.2 μg/mL or 10% Yes

LIDO-5.35 400 0.54 μg/mL 11.17 ±1.2 μg/mL or 10% Yes

Li-1.00 300 0.01 mmol/L 0.78 ±0.3 mmol/L or 20% Yes

Li-1.81 300 0.01 mmol/L 0.62 ±0.3 mmol/L or 20% Yes

MTXE-0.55 500 0.05 μmol/L 10.10 ±1.28 μmol/L or 10% Yes

MTXA-0.62 500 –0.01 μmol/L –2.34 ±2.54 μmol/L or 10% Yes

PBARB-13.00 400 –0.10 μg/mL –0.86 ±20% Yes

PBARB-38.90 400 –0.38 μg/mL –0.94 ±20% Yes

THEO-17.35 400 0.26 μg/mL 2.45 ±25% Yes

THEO-31.95 400 0.84 μg/mL 3.33 ±25% Yes

AMIKE, emit amikacin; AMIKQ, QMS amikacin; CARB, carbamazepine; DIG, digoxin; emit, enzyme multiplied immunoassay technique; Li, lithium; LIDO, 
lidocaine; MTXA, ARK methotrexate; MTXE, emit methotrexate; PBARB, phenobarbital; TDM, therapeutic drug monitoring; THEO, theophylline.

dex of ABN, results should be suppressed and communication with 
providers may be needed for specimen recollection for AMIKQ meas-
urement. With an icterus index of “+,” results should be suppressed 
for AMIKQ and AMIKE measurement. This study will help clinicians 
evaluate HIL interferences on TDM analytes performed on Beckman 
Coulter AU analyzers.
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dex of ABN, results should be suppressed and communication with 
providers may be needed for specimen recollection for AMIKQ meas-
urement. With an icterus index of “+,” results should be suppressed 
for AMIKQ and AMIKE measurement. This study will help clinicians 
evaluate HIL interferences on TDM analytes performed on Beckman 
Coulter AU analyzers.

The absorbance of hemoglobin is at 540 to 580  nm wavelengths. 
However, hemoglobin begins to absorb at approximately 340  nm, 
increasing in absorbance at 400 to 430 nm. Thus, methods of measur-
ing nicotinamide adenine dinucleotide (NAD) or NAD plus hydrogen 
(NADH; 340 nm) may be affected by hemolysis. The AMIKQ assay is a 
homogeneous particle-enhanced turbidimetric immunoassay based on 

TABLE 5.  Influence of Icterus on 8 Clinical TDM Tests According to Analyte Levels 

Analyte Bilirubin (mg/dL) Mean Difference Mean Difference, % Acceptability Criteria Acceptable?

AMIKE-7.37 20 0.46 μg/mL 6.96 ±5.79 μg/mL or 10% Yes

AMIKE-43.62 20 7.15 μg/mL 18.06 ±5.79 μg/mL or 10% No

AMIKQ-8.15 20 0.47 μg/mL 6.47 ±2.28 μg/mL or 10% Yes

AMIKQ-55.59 20 5.19 μg/mL 10.37 ±2.28 μg/mL or 10% No

CARB-2.98 45 -0.06 μg/mL -2.13 ±25% Yes

CARB-8.03 45 0.40 μg/mL 5.48 ±25% Yes

DIG-1.18 45 0.07 ng/mL 7.97 ±0.2 ng/mL or 20% Yes

DIG-2.60 45 0.08 ng/mL 3.90 ±0.2 ng/mL or 20% Yes

LIDO-1.30 45 0.03 μg/mL 2.51 ±1.2 μg/mL or 10% Yes

LIDO-5.35 45 0.04 μg/mL 0.72 ±1.2 μg/mL or 10% Yes

Li-1.00 60 0.01 mmol/L 1.28 ±0.3 mmol/L or 20% Yes

Li-1.81 60 0.02 mmol/L 0.98 ±0.3 mmol/L or 20% Yes

MTXE-0.55 60 0.03 μmol/L 5.05 ±1.28 μmol/L or 10% Yes

MTXA-0.62 60 –0.06 μmol/L –10.49 ±2.54 μmol/L or 10% Yes

PBARB-13.00 45 –0.08 μg/mL –0.62 ±20% Yes

PBARB-38.90 45 –0.63 μg/mL –1.71 ±20% Yes

THEO-17.35 45 –0.34 μg/mL –1.34 ±25% Yes

THEO-31.95 45 0.22 μg/mL 1.39 ±25% Yes

AMIKE, emit amikacin; AMIKQ, QMS amikacin; CARB, carbamazepine; DIG, digoxin; emit, enzyme multiplied immunoassay technique; Li, lithium; LIDO, 
lidocaine; MTXA, ARK methotrexate; MTXE, emit methotrexate; PBARB, phenobarbital; TDM, therapeutic drug monitoring; THEO, theophylline.

TABLE 6.  Influence of Lipemia on 8 Clinical TDM Tests According to Analyte Levels 

Analytes Triglycerides (mg/dL) Mean Difference Mean Difference, % Acceptability Criteria Acceptable?

AMIKE-7.37 1500 –0.03 μg/mL –0.35 ±5.79 μg/mL or 10% Yes

AMIKE-43.62 1500 3.00 μg/mL 7.33 ±5.79 μg/mL or 10% Yes

AMIKQ-8.15 1500 0.02 μg/mL 0.47 ±2.28 μg/mL or 10% Yes

AMIKQ-55.59 1500 3.53 μg/mL 7.07 ±2.28 μg/mL or 10% Yes

CARB-2.98 1200 0.18 μg/mL 4.90 ±25% Yes

CARB-8.03 1200 0.74 μg/mL 8.82 ±25% Yes

DIG-1.18 1000 –0.18 ng/mL –16.02 ±0.2 ng/mL or 20% Yes

DIG-2.60 1000 –0.31 ng/mL –12.49 ±0.2 ng/mL or 20% Yes

LIDO-1.30 1500 –0.17 μg/mL –14.02 ±1.2 μg/mL or 10% Yes

LIDO-5.35 1500 –0.22 μg/mL –4.51 ±1.2 μg/mL or 10% Yes

Li-1.00 1500 0.03 mmol/L 2.60 ±0.3 mmol/L or 20% Yes

Li-1.81 1500 0.05 mmol/L 2.73 ±0.3 mmol/L or 20% Yes

MTXE-0.55 1200 0.02 μmol/L 3.03 ±1.28 μmol/L or 10% Yes

MTXA-0.62 1200 –0.01 μmol/L –1.50 ±2.54 μmol/L or 10% Yes

PBARB-13.00 1200 0.47 μg/mL 2.92 ±20% Yes

PBARB-38.90 1200 2.22 μg/mL 4.20 ±20% Yes

THEO-17.35 1200 1.15 μg/mL 2.99 ±25% Yes

THEO-31.95 1200 1.88 μg/mL 4.83 ±25% Yes

AMIKE, emit amikacin; AMIKQ, QMS amikacin; CARB, carbamazepine; DIG, digoxin; emit, enzyme multiplied immunoassay technique; Li, lithium; LIDO, 
lidocaine; MTXA, ARK methotrexate; MTXE, emit methotrexate; PBARB, phenobarbital; TDM, therapeutic drug monitoring; THEO, theophylline.
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competition between the drug in the specimen and the drug coating a 
microparticle for antibody binding sites of the AMIK antibody reagent. 
The rate of absorbance change is measured photometrically, at a wave-
length of 700 nm. From the results in our study, AMIKQ at 55.59 μg/mL 
spiked with 500 mg/dL of hemoglobin had a positive interference. If the 
interference was caused by the absorbance of hemoglobin, then theoreti-
cally a negative interference was expected. In addition, the wavelength of 
700 nm for AMIKQ made the interference less likely to be caused by the 
absorbance of hemoglobin. However, hemoglobin interference occurred 
not only using the spectrophotometric methods but also from the chemi-
cal reaction with reagents.4 Therefore, in this study, the chemical reaction 
with reagents was hypothesized as the possible reason for the positive 
interference caused by 500 mg/dL of hemoglobin.

The wavelength at which bilirubin absorbs is 450 to 460 nm. The 
AMIKE assay is a homogeneous enzyme immunoassay based on com-
petition between the drug in the specimen and the drug labeled with 
the enzyme glucose-6-phosphate dehydrogenase for antibody binding 
sites. Enzyme activity decreases upon binding to the antibody, so the 
drug concentration in the specimen can be measured in terms of en-
zyme activity. The active enzyme converts oxidized NAD to NADH, 
resulting in an absorbance change that is measured spectrophotomet-
rically at a wavelength of 340 nm. Bilirubin is less likely to interfere 
with the absorbance of NADH at 340  nm; however, the positive in-
terference in the AMIKE may be interpreted as interference by biliru-
bin with the binding of NADH.5 An alternative explanation could be 
the chemical reaction between bilirubin and the reagents,6 which also 
helps explain the positive interference of bilirubin in AMIKQ.

Previous studies have reported that severely lipemic specimens are 
associated with increased hemolysis in serum/plasma specimens. Some 
highly lipemic body fluid specimens have also indicated more severe 
hemolysis, but this pattern was significantly more evident in serum/
plasma specimens.7,8 Our study observed similar scenarios in vitro by 
spiking high concentrations of triglycerides. In addition, we observed 
the lipid and hemolysis indices in specimens with high concentrations 
of bilirubin. These findings may help laboratories understand more 
about other interferents’ indices in lipemic or icterus specimens.

Conclusion
It has been recommended that clinically significant bias should be 
expressed as a reference change value (RCV).9,10 The RCV is considered 

to be the best tool for assessing clinical significance, incorporating both 
biological and analytical variations, for most clinical chemistry assays 
except TDM assays. The biological variations of TDM assays cannot 
be assessed from healthy patients who do not receive drug treatment. 
Therefore, evaluating the interferences at the clinical decision cutoffs of 
each TDM assay may be the best way to assess clinically significant bias. 
Because of the importance of knowing the degree of interferences at 
clinical decision-making values, it is crucial for a laboratory to define its 
own cutoff of the interferents for clinically significant bias for each TDM 
assay. Proper management such as suppressing results or recollecting 
blood needs to be defined based on the laboratory’s own data.
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FIGURE 1. The relationship between (A) icterus and lipemia/hemolysis and (B) lipemia and icterus/hemolysis. All axes are 
plotted on HIL indices on Beckman Coulter AU analyzers. HIL, hemolysis, icterus, lipemia.
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ABSTRACT

Background: Anxiety disorder (AD) is closely related to changes in 

the composition of the gut microbiota, and changes in gut microbiota 

abundance affect the synthesis of trimethylamine N-oxide (TMAO).

Objective: To explore whether TMAO is related to and serves as a po-

tential biomarker for the diagnosis of AD.

Methods: The concentrations of TMAO, choline, and betaine were 

analyzed in 60 patients with AD and 60 control individuals using a liq-

uid chromatography–tandem mass spectrometry (LC-MS/MS) method.

Results: Compared with controls, TMAO was significantly reduced 

in patients with AD. Logistic regression analysis demonstrated that 

decreased TMAO concentrations were associated with an increased 

risk of AD. The multiplication of TMAO and its precursors (choline and 

betaine) produced the best AUC for the diagnosis of AD (AUC = 0.847; 

95% CI, 0.780–0.914; P <.001).

Conclusion: The decrease of TMAO concentration is related to the 

increase of anxiety disorder. TMAO and precursors could be identified 

as novel potential biomarkers for the diagnosis of AD.

Anxiety disorder (AD), a chronic and disabling condition, is the most 
common mental disorder, with a worldwide prevalence rate of 7.3%.1 

AD was characterized by fear and distress, impaired quality of life, and 
impaired ability to function in society, all of which impose a considerable 
global burden on families and societies.2 Therefore, earlier diagnosis and 
intervention may be particularly important before symptoms appear 
and damage occurs. However, the current diagnosis mainly depends on 
patient symptoms and is not yet based on objective biomarkers.3 There-
fore, there is an urgent need to identify biomarkers to accurately predict 
the occurrence of AD and to promptly implement effective strategies.

The human intestines host 100 trillion bacteria; maintaining the 
normal composition of the intestinal microbiota is vital to the physi-
ological functions of the central nervous system. The concept of the 
brain-gut-bacteria axis is proposed on the basis of the brain-gut axis, 
which refers to the complex network between the gut, microbiota, and 
the brain.4 In recent years, the role of intestinal flora in central-nervous-
system diseases has attracted more and more attention, including de-
pression,5 schizophrenia,6 and anxiety.7,8 Evidence demonstrated that 
due to changes in colonic mobility, anxiety is often accompanied by 
alterations in the composition and stability of the gut microbiota, in-
cluding changes in some bacterial populations, such as Fusobacterium7 
and Clostridium.9 

This finding suggests that specific gut microbes could serve as a bi-
omarker for AD.10 However, microbial analysis is often conducted by 
pyrosequencing 16S rRNA genes, which is complicated, time-consum-
ing, and expensive. Therefore, biomarkers that can be easily and quickly 
detected are necessary. Trimethylamine N-oxide (TMAO) is a naturally 
compound produced by the metabolism of choline and betaine through 
the gut microbiota,11 some of which include Fusobacterium and Clostrid-
ium.12 Therefore, changes in the proportions of Fusobacterium to Clos-
tridium in patients with AD may affect the synthesis of TMAO, which 
may result in the changed concentration of TMAO in vivo. 

Although it has been known that AD is closely related to changes in 
gut microbiota composition, and that changes in gut-microbiota abun-
dance affect the synthesis of TMAO, little is known about TMAO levels 
in patients with AD. Therefore, this study aims to detect the level of 
TMAO in patients with AD and to evaluate whether TMAO can be used 
as a novel biomarker for AD.

Methods

Study Participants
We conducted a case-control study with 72 patients with AD recruited 
and 60 healthy controls at the Renmin Hospital of Wuhan University, 
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by applying a fitted multiple logistic regression model. Binary logis-
tic regression analysis was applied to estimate the OR and 95% CI 
of AD across TMAO quartiles. We calculated the P value for trend by 
modeling the median value of each quartile as a continuous varia-
ble. A 2-sided value of P <.05 was considered statistically significant. 
All statistical analyses were performed using SPSS software, version 
20.0 (IBM Corporation) and GraphPad Prism software, version 8 
(GraphPad Software Inc.).

Results

Characteristics of the Participants
Baseline characteristics of the participants were summarized in 
TABLE 1. There were no significantly statistical differences in 
age, sex, ALT, AST, creatinine, triglyceride, UA, and HDL-C be-
tween the 2 groups. Compared with controls, patients with AD had 
lower levels of urea, cholesterol, LDL-C, and sdLDL-C. We note 
that the concentrations of TMAO (101.51 [75.50–140.67] ng/
mL vs 213.69 [116.93–333.3] ng/mL, P <.001], choline (1402.72 
[1154.66–1826.25] ng/mL vs 2355.87 [1446.37–3152.13] ng/mL, 

China. The flow diagram of this study is displayed in FIGURE 1. We 
obtained basic clinical information from all participants through con-
sulting the clinical data file. The diagnosis of AD was based on the  
criteria in the Diagnostic and Statistical Manual, Fourth Edition (DSM-
IV). The following criteria were used to exclude certain patients: having 
cardiovascular disease, diabetes, kidney disease, gastrointestinal 
cancers, and mental diseases other than AD; having a history of drug or 
alcohol abuse during the past 3 months; currently using antibiotics and 
probiotics. This study was ethically approved by the Ethics Committee 
of Renmin Hospital of Wuhan University. All participants provided 
written informed consent.

Blood Specimen Collection and Routine Laboratory 
Analyses
Blood specimens were collected from antecubital veins of the 
participants. After centrifuging at 7500g for 5 minutes, the serum 
specimens were separated and stored at −80°C until further analy-
sis. We tested the levels of ALT, AST, creatinine, urea, uric acid (UA), 
triglycerides, cholesterol, HDL-C, LDL-C, and small-density lipoprotein 
cholesterol (sdLD-C) by routine laboratory procedures using the Sie-
mens ADVIA 2400 automatic biochemistry analyzer (Siemens AG).

Measurement of TMAO and Its Precursor-Metabolites 
Concentrations
The concentrations of TMAO and its precursor metabolites, choline and 
betaine, were measured using a liquid chromatography–tandem mass 
spectrometry (LC-MS/MS) method. The LC-MS/MS platform consisted 
of a LC-20AD (Shimadzu) and an AB SCIEX 4500 QTRAP mass spec-
trometer (Thermo Fisher Scientific Inc), equipped with an electrospray 
ionization (ESI) source operating in positive mode. The ESI inlet 
parameters were curtain gas (25.0), collision gas (medium), ionspray 
voltage (5500.0), temperature (500.0), ion source gas 1 (30.0) and ion 
source gas 2 (30.0). The chromatographic separations of analytes were 
performed on a Polar-Imidazole column (2.2 μm, 2.1 × 100 mm, Sepax 
Technologies) with a flow rate of 0.50 mL/min at 45°C. Data acquisition 
and processing were performed using AB SCIEX Analyst 1.6.2 Software 

(DH Tech. Dev. Pte. Ltd.). The injection volume was 10 μL. Acetonitrile 
with 0.2% formic acid (v/v, Solution-A) and water with 0.2% formic acid 
(v/v, Solution-B) were wielded as mobile phases. The following isocratic 
elution condition was used: 0–4.5 min 80% solvent A. The LC-MS/MS 
chromatograms of 3 analytes in serum are presented in Supplemental 
Figure 1.

Multiple reaction monitoring (MRM) was used to monitor the 
optimized mass transitions of TMAO, choline, and betaine (m/z 76.0 → 
58.0 for TMAO and m/z 84.9 → 66.1 for TMAO-d9; m/z 104.1 → 60.1 
for choline and m/z 113.1 → 69.2 for choline-d9; m/z 118.2 → 58.0 for 
betaine and m/z 120.9 → 61.2 for betaine-d3). The MRM parameters are 
listed in Supplemental Table 1. For specimen preparation, 10 μL serum 
was precipitated with 200 μL acetonitrile containing internal standard 
TMAO-d9 (20 ng/mL), choline-d9 (100 ng/mL), and betaine-d3 (500 ng/
mL), followed by vortexing (5 minutes) and centrifugation (12,000g for 
3 minutes). Then, the supernatant was separated and injected into the 
LC-MS/MS platform. To achieve the quantification of 3 analytes, we 
conducted the standard curves using 6 known levels of TMAO (10, 20, 
50, 100, 250, and 500 ng/mL), choline (50, 100, 250, 500, 1250, and 
2500 ng/mL), and betaine (250, 500, 1250, 2500, 6250, and 12500 ng/
mL). The intra-assay and interassay coefficient of variation were each 
<13%, and the absolute recoveries were between 89.6% and 112.5%. The 
lower limit of quantifications (LLOQs) of TMAO, choline, and betaine 
were 0.5 ng/mL, 10 ng/mL, and 50 ng/mL, respectively.

Statistical Analysis
Continuous variables were expressed as mean (SD) if normally dis-
tributed, and median (interquartile range [IQR]) if not normally dis-
tributed. Categorical data were expressed as the number (percent-
age). Continuous variables were compared by applying the t test or 
the nonparametric Mann-Whitney U test, as appropriate. The cor-
relation between TMAO and precursors was evaluated using non-
parametric Spearman rank correlation analysis and the correlation 
coefficients (r) was calculated. To evaluate the diagnostic values of 
TMAO in AD, ROC curves were generated, and the AUCs were calcu-
lated. The combined diagnosis of multiple variables was performed 

FIGURE 1. Flow diagram for this study.

Detecting TMAO and other
biochemical indicators,

collecting clinical characteristics

Statistical analysis

Drawing conclusions

Healthy controls
(n = 62)

Eligible patients
(n = 62)

Potentially eligible patients
(n = 72)

Excluded (n = 12):
• Cardiovascular disease (n = 5)
• Diabetes (n = 2)
• Kidney disease (n = 2)
• Using antibiotics and probiotics (n = 3)
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by applying a fitted multiple logistic regression model. Binary logis-
tic regression analysis was applied to estimate the OR and 95% CI 
of AD across TMAO quartiles. We calculated the P value for trend by 
modeling the median value of each quartile as a continuous varia-
ble. A 2-sided value of P <.05 was considered statistically significant. 
All statistical analyses were performed using SPSS software, version 
20.0 (IBM Corporation) and GraphPad Prism software, version 8 
(GraphPad Software Inc.).

Results

Characteristics of the Participants
Baseline characteristics of the participants were summarized in 
TABLE 1. There were no significantly statistical differences in 
age, sex, ALT, AST, creatinine, triglyceride, UA, and HDL-C be-
tween the 2 groups. Compared with controls, patients with AD had 
lower levels of urea, cholesterol, LDL-C, and sdLDL-C. We note 
that the concentrations of TMAO (101.51 [75.50–140.67] ng/
mL vs 213.69 [116.93–333.3] ng/mL, P <.001], choline (1402.72 
[1154.66–1826.25] ng/mL vs 2355.87 [1446.37–3152.13] ng/mL, 

P <.001) and betaine (3437.63 [851.69–4281.93] ng/mL vs 4793.17 
[3760.34–5408.63] ng/mL, P <.001) were significantly lower in 
patients with AD than in controls, respectively (FIGURE 2A, 2B, 
and 2C). Heatmapping visually represents the concentrations of 
the 3 compounds, indicating the presence of low concentrations in 
patients with AD (FIGURE 2D).

Correlation Among TMAO, Choline, and Betaine
According to Spearman rank correlation analysis, the concentrations 
of TMAO were positively and significantly correlated with choline 
(r = 0.319; P <.001) and betaine (r = 0.3978; P = .002). After adjusting 
for age, sex, ALT, AST, creatinine, urea, UA, triglyceride, cholesterol, 
HDL-C, LDL-C, and sdLDL-C, the correlation between TMAO and cho-
line was still evident (P <.001), whereas significant correlation between 
TMAO and betaine disappeared (P = .22).

Logistic Regression Analysis of TMAO Predicting Anxiety 
Disorder
To evaluated the ORs of variables for AD, we conducted univariate and 
multivariate logistic regression analysis. First, the results of univari-
ate logistic regression analysis showed TMAO was associated with AD 
(OR = 0.991; 95% CI, 0.987–0.995; P <.001). Multivariate analysis in-
dicated that TMAO remained independently associated with the risk of 
AD (OR = 0.993; 95% CI, 0.988–0.998; P = .01) after adjusting for sex, 
age, ALT, AST, creatinine, urea, UA, triglyceride, cholesterol, HDL-C, 
LDL-C, and sdLDL-C.

Association between TMAO and Risk of AD
To further explore the association of TMAO with AD, we calculated the 
ORs and 95% CI values of AD across quartiles of TMAO and tested the 
liner trend via binary logistic regression analysis. TMAO concentrations 
were categorized in 4 quartiles: quartile 1, <93.89  ng/mL; quartile 2, 
93.89–129.75  ng/mL; quartile 3, 129.76–275.53  ng/mL; and quartile 
4, >275.53  ng/mL. Quartile 1 was used as the reference category. As 
shown in TABLE 2 and FIGURE 3, quartile 4 and quartile 3 of TMAO 
showed significant association with decreased risk of AD without ad-
justment (crude model) (OR = 0.076, 95% CI: 0.022–0.261, P <.001; and 
OR = 0.152, 95% CI: 0.049–0.474, P = .001, respectively); the P

trend
 for 

the crude model was less than .001. 
After adjusting for sex, age, ALT, AST, creatinine, urea, UA, triglyc-

eride, cholesterol, HDL-C, LDL-C, and sdLDL-C (model 1), we found 
decreased ORs of the quartile 4 and quartile 3 for AD compared with 
quartile 1 (OR = 0.117, 95% CI: 0.022–0.620, P = .01; and OR = 0.201, 
95% CI: 0.042–0.963, P = .05, respectively), and the P

trend
 for model 1 

was 0.004. These results showed that decreased TMAO concentrations 
were associated with an increased risk of AD.

ROC Curve of TMAO for Diagnosing AD
We performed ROC analysis to evaluated the diagnostic performance of 
TMAO on AD. As shown in FIGURE 4 and TABLE 3, with the optimal 
cutoff value of 146.75 ng/mL, TMAO can achieve a diagnostic sensitiv-
ity of 70% and a specificity of 80%. The sensitivity at the optimal  cutoff 
point of choline and betaine were 65% and 72%, and the specificity was 
85% and 70%, respectively. Compared with individual variables, the 
multiplication of TMAO, choline, and betaine resulted in the highest 

TABLE 1.  Demographic Characteristics and Laboratory 
Indicators of Participants

Variable
Patients with Anxiety 

Disorders (n = 60)
Control 

Individuals (n = 60)
P 

Value

Age, y, median (IQR) 56 (43–66) 56 (52–62) .74

Male, no. (%) 18 (30.0%) 20 (33.3%) .70

ALT, U/L, median 
(IQR)

15 (12–18) 15 (12–20) .61

AST, U/L, median 
(IQR)

21.0 (16.0–22.0) 21.5 (18.0–25.0) .12

Creatinine, μmol/L, 
median (IQR)

59.50 (52.25–72.00) 56.0 (52.0–69.0) .53

Triglyceride, 
mmol/L, median 
(IQR)

1.23 (0.77–1.37) 1.15 (0.93–1.39) .72

Urea, mmol/L,  
median (IQR)

3.66 (3.06–4.33) 4.71 (4.07–5.46) <.001

UA, μmol/L, mean 
(SD)

305.15 (69.66) 310.80 (80.06) .68

Cholesterol, 
mmol/L, median 
(IQR)

4.32 (3.83–4.62) 4.88 (4.52–5.17) <.001

HDL-C, mmol/L 
,mean (SD)

1.36 (0.33) 1.32 (0.30) .49

LDL-C, mmol/L, 
median (IQR)

2.21 (2.02–2.60) 2.78 (2.29–3.03) <.001

sdLDL-C, mmol/L, 
median (IQR)

0.60 (0.49–0.72) 0.77 (0.64–0.95) <.001

TMAO, ng/mL, 
median (IQR)

101.51 (75.50–140.67) 213.69 (116.93–333.3) <.001

Choline, ng/mL, 
median (IQR)

1402.72 (1154.66–
1826.25)

2355.87 (1446.37–
3152.13)

<.001

Betaine, ng/mL, 
median (IQR)

3437.63 (2851.69–4281.93) 4793.17 (3760.34–
5408.63)

<.001

IQR, interquartile range; UA, uric acid; sdLDL-C, small dense low-density-
lipoprotein cholesterol; TMAO, trimethylamine-N-oxide.

(DH Tech. Dev. Pte. Ltd.). The injection volume was 10 μL. Acetonitrile 
with 0.2% formic acid (v/v, Solution-A) and water with 0.2% formic acid 
(v/v, Solution-B) were wielded as mobile phases. The following isocratic 
elution condition was used: 0–4.5 min 80% solvent A. The LC-MS/MS 
chromatograms of 3 analytes in serum are presented in Supplemental 
Figure 1.

Multiple reaction monitoring (MRM) was used to monitor the 
optimized mass transitions of TMAO, choline, and betaine (m/z 76.0 → 
58.0 for TMAO and m/z 84.9 → 66.1 for TMAO-d9; m/z 104.1 → 60.1 
for choline and m/z 113.1 → 69.2 for choline-d9; m/z 118.2 → 58.0 for 
betaine and m/z 120.9 → 61.2 for betaine-d3). The MRM parameters are 
listed in Supplemental Table 1. For specimen preparation, 10 μL serum 
was precipitated with 200 μL acetonitrile containing internal standard 
TMAO-d9 (20 ng/mL), choline-d9 (100 ng/mL), and betaine-d3 (500 ng/
mL), followed by vortexing (5 minutes) and centrifugation (12,000g for 
3 minutes). Then, the supernatant was separated and injected into the 
LC-MS/MS platform. To achieve the quantification of 3 analytes, we 
conducted the standard curves using 6 known levels of TMAO (10, 20, 
50, 100, 250, and 500 ng/mL), choline (50, 100, 250, 500, 1250, and 
2500 ng/mL), and betaine (250, 500, 1250, 2500, 6250, and 12500 ng/
mL). The intra-assay and interassay coefficient of variation were each 
<13%, and the absolute recoveries were between 89.6% and 112.5%. The 
lower limit of quantifications (LLOQs) of TMAO, choline, and betaine 
were 0.5 ng/mL, 10 ng/mL, and 50 ng/mL, respectively.

Statistical Analysis
Continuous variables were expressed as mean (SD) if normally dis-
tributed, and median (interquartile range [IQR]) if not normally dis-
tributed. Categorical data were expressed as the number (percent-
age). Continuous variables were compared by applying the t test or 
the nonparametric Mann-Whitney U test, as appropriate. The cor-
relation between TMAO and precursors was evaluated using non-
parametric Spearman rank correlation analysis and the correlation 
coefficients (r) was calculated. To evaluate the diagnostic values of 
TMAO in AD, ROC curves were generated, and the AUCs were calcu-
lated. The combined diagnosis of multiple variables was performed 
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diagnostic value (AUC = 0.847) and simultaneously higher sensitivity 
(85%) and specificity (70%). These results demonstrated that TMAO, es-
pecially in combination with choline and betaine, could be a potential 
laboratory diagnostic marker for AD.

Discussion
In this study, we discovered, for the first time, that concentrations of 
TMAO, as well as choline and betaine, were significantly decreased 
in patients with AD compared with controls, and reduced TMAO 

FIGURE 2. Comparisons in trimethylamine N-oxide (TMAO) (A), choline (B), and betaine (C) between patients with anxiety 
disorder (AD) and control individuals, and a heatmap (D) of the concentrations of 3 compounds in 2 groups. Red indicates high 
concentration, whereas blue represents low concentrations, showing that red grids were more common in controls than in 
patients with AD.
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TABLE 2.  The Quartiles of Plasma TMAO and ORs with 95% CI of Anxiety Disorder, Compared with Quartile 1

Variable

Quartile of TMAO Concentration (ng/mL)

P Value for TrendQuartile 1  

(<93.89)

Quartile 2  

 (93.89–129.75), Median 
(IQR)

P Value

Quartile 3  

 (129.76–275.53), 
Median (IQR)

P 
Value

Quartile 4  

 (>275.53), Median (IQR)
P Value

Crude 1 [reference] 0.710 (0.225–2.246) .56 0.152 (0.049–0.474) .001 0.076 (0.022–0.261) <.001 <.001

Model 1a 1 [reference] 0.874 (0.190–4.023) .86 0.201 (0.042–0.963) .05 0.117 (0.022–0.620) .01 .004

TMAO, trimethylamine-N-oxide; IQR, interquartile range; UA, uric acid; sdLDL-Ch, small dense low-density-lipoprotein cholesterol.
aAdjusted for age, sex, ALT, AST, creatinine, urea, UA, triglycerides, cholesterol, HDL-C, LDL-C, and sdLDL-C.

FIGURE 3. ORs (95 % CI) of anxiety disorder across quartiles of trimethylamine N-oxide (TMAO) in a crude model (A) and model 
1 (B). Model 1: adjusted for age, sex, ALT, AST, creatinine, urea, uric acid (UA), triglyceride, cholesterol, HDL-C, LDL-C, and 
small dense low-density-lipoprotein cholesterol (sdLDL-C).
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concentrations were associated with an increased risk of AD. The asso-
ciation remained consistent after adjusting for the cofounding factors. 
Also, the results of ROC analysis demonstrated that TMAO could serve 
as a potential biomarker for the diagnosis of AD.

Previous studies have suggested many potential biomarkers 
pertaining to neurochemistry or neurophysiology for diagnosing AD, 
such as plasma oxytocin,13 error-related negativity (ERN),14 amygdala 

functional connectivity,15 and goal-conflict-specific electroencephalog-
raphy rhythmicity.3 At present, despite that accumulating research fo-
cusing on biomarkers of AD has improved awareness regarding the neu-
robiological causes of AD, these biomarkers have failed to specifically 
and sensitively diagnose AD.16

TMAO, a small-molecular-weight metabolite, was synthesized 
depending on the metabolism of its precursors by gut microbiota. Briefly, 
trimethylamine (TMA)–containing species including choline and betaine 
were enzymatically converted to gas TMA by intestinal microbes. Then 
TMA was efficiently absorbed and rapidly metabolized by the hepatic 
flavin monooxygenase 3 (FMO3) to form TMAO.11 At present, several 
research groups have reported that TMAO could serve as a novel bio-
marker for plaque rupture in patients with ST-segment–elevation my-
ocardial infarction,17 metabolic syndrome,18 and ischemic brain lesions 
after carotid-artery stenting.19 However, the concentrations of TMAO 
were elevated in these diseases, and different cutoff values of TMAO has 
been established to ensure the diagnostic specificity (1.95 μM for plaque 
rupture, 8.74  μM for metabolic syndrome, and 4.29  μM for ischemic 
brain lesions). 

In contrast, in our study, the concentration of TMAO was signifi-
cantly decreased rather than increased. The reason for this occurrence 
may be that the composition of the gut microbiota of patients with AD 
was different from the aforementioned diseases. 

A metabonomic study in an animal model showed serum TMAO 
significantly decreased in rats undergoing a chronic unpredictable 
mild stress (CUMS) procedure, which was often used to create the 
model of AD or depression.20,21 This can corroborate the decline in 
TMAO levels we have observed in patients with AD in this study. Also, 
reduced appetite and dietary intervention22,23 (including healthy die-
tary pattern of fruits, vegetables, fish, olive oil, nuts, and low con-
sumption of red meat) may lead to a reduction of red-meat intake 
in the diets of patients with AD, thereby causing a decrease in their 
TMAO level.24

This research applied accurate and reliable measurement for the 
determination of serum TMAO and its precursors, and conducted 
professional statistical analyses. To our knowledge, our study is the 
first to confirm the decline of serum TMAO in patients with AD, 
and further identified TMAO as a novel biomarker for the diagno-
sis of AD. 

However, some limitations should be acknowledged. First, we 
could not collect data regarding participant food intake, which may 
affect the distribution of their gut microbiota. Second, we noticed 
that the DSM-V (the most recent edition) has been published. Be-
cause there was little difference in the diagnostic criteria for AD be-
tween the DSM-IV and the DSM-V, the use of the DSM-IV diagnos-
tic criteria has little effect on the research and conclusions of this 
study. Third, the sample size of participants was limited. Therefore, 
our finding in this study should be confirmed in future research 
containing larger sample sizes and including data regarding the die-
tary intake of participants.

Conclusion
This study provides the first experimental evidence that the concentra-
tion of TMAO was significantly decreased in patients with AD compared 
with controls. Therefore, TMAO could serve as a novel biomarker for the 
diagnosis of AD.

FIGURE 4. ROC curves of trimethylamine-n-oxide (TMAO), 
choline, betaine, and other combination models for the 
diagnosis of anxiety disorder.
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TABLE 3.  The Diagnostic Performance of TMAO and its 
Precursors for Anxiety Disordera

Variable AUC 95% CI
Cutoff 

Value (ng/
mL)

Sensitivity Specificity

TMAO 0.773 0.688–0.859 146.75 70% 80%

Choline 0.761 0.674–0.849 1960.78 65% 85%

Betaine 0.747 0.658–0.836 3955.4 72% 70%

Combinationb 0.839 0.771–0.908 … 80% 74%

TMAO + cho-
line + betainec

0.802 0.725–0.879 … 90% 60%

TMAO * choline 
* betained

0.847 0.780–0.914 … 85% 70%

… , nonapplicable; TMAO, trimethylamine-N-oxide.
aP<.001 for each.
bUsing depression or healthy mental state as the dependent variable 
and 3 indicators (TMAO + betaine + choline) as covariates, the predic-
tion probability of the 3 indicators combined was derived and calculated 
through binary logistic regression analysis. Doing so predicted probability 
as a new indicator to obtain the ROC curve. The cutoff values for TMAO, 
betaine, and choline were 111.17 ng/mL, 2205.7 ng/mL, and 3139.64 ng/
mL, respectively.
cAdded the detected values of the 3 indicators to obtain a new indicator, 
and performed ROC curve analysis on this new indicator. The cutoff value 
for TMAO, betaine, and choline were 126.68 ng/mL, 1856.98 ng/mL, and 
3386.27 ng/mL, respectively.
dMultiply the detected values of the 3 indicators to obtain a new indicator, 
and perform ROC curve analysis on this new indicator. The cutoff value 
for TMAO, betaine, and choline were 82.89 ng/mL, 2194.78 ng/mL, and 
3953.28 ng/mL, respectively.
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ABSTRACT

Objective: The purpose of the study was to compare results and eval-

uate the agreement between the endpoint fluorescence (EPF) method 

and quantitative real-time polymerase chain reaction (QPCR) during 

molecular monitoring of patients with chronic myeloid leukemia (CML) 

receiving treatment.

Materials and Methods: The study was conducted at Molecular Lab 

of Riphah International University, Islamabad, Pakistan, from Janu-

ary  2017 to December 2018. A total of 150 blood specimens from 30 

patients with CML were analyzed at regular intervals during therapy. 

The detection/quantification of transcript mRNA was done simultane-

ously using QPCR and the EPF method.

Results: Out of a total of 150 RNA specimens analyzed, 117 (78%) 

specimens were positive, whereas 33 (22%) were negative for the tran-

script using both methods at various stages of treatment. Strong linear 

negative correlations between the cycle threshold and relative fluo-

rescence unit values were observed with P <.0001 at 0, 3, 6, 9, and 

12 months of treatment. No significant difference (P >.05) between the 

means of the BCR-ABL percentage was observed in either method 

at all stages of treatment. The bias between the 2 methods was cal-

culated as 0.069 ± 3.50, and 95% limits of agreement were 6.92% to 

–6.79%.

Conclusion: We found that EPF is s simple method to detect/quantify 

BCR-ABL mRNA expression during treatment with comparable results 

to QPCR.

Remission in patients with chronic myeloid leukemia (CML) during treat-
ment with tyrosine kinase inhibitors (TKI) is usually assessed by blood 
counts and by cytogenetic techniques. In patients with complete cyto-
genetic response (CCyR), there can be as many as 107 leukemic cells still 
present.1 After a patient achieves CCyR, it is only possible to follow the 
minimal residual disease (MRD) using molecular methods.2 Molecular  
analysis of BCR-ABL transcripts shows a detectable level for many years, 
and gradual decline is seen in most patients.3 Regular scrutiny of MRD 
helps identify the effectiveness of therapy and make decisions about al-
ternative interventions in patients without optimum response.3,4

Because TKI therapy for CML reduces the disease burden below 
the threshold of hematologic and cytogenetic detection, molecular 
monitoring with quantitative real-time polymerase chain reaction (QPCR) 
is the best method to study therapy response.3 It quantifies the disease 
with an increased sensitivity of up to 10–8 and has become the gold stand-
ard approach in the management of these patients.4,5 However, QPCR 
presents some complexity because of its evolving and nonstandardized 
methodologies.6 Efforts are being made for a better harmonization of the 
quantitative molecular monitoring of patients with CML.7

Currently, QPCR for drug monitoring is routinely not available in 
our region of the world. Major barriers to implementing routine QPCR 
in patients with CML in underresourced regions are its high cost and 
lack of technical expertise. The initial setup, including the instrumenta-
tion of QPCR, is quite expensive compared to the setup for conventional 
PCR.8 The negative aspect of the QPCR machine is the expense of the 
instrument, which combines a thermocycler with an online fluorescence 
(FL) detector. Unavailability of this diagnostic facility provides a poten-
tial to investigate a method of post-PCR endpoint detection.

With the endpoint fluorescence (EPF) method, target fluorescence 
can be measured after performing PCR in an ordinary thermocycler 
with a fluorescent labeled probe. Fluorometry is often selected because 
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of its sensitivity and high specificity.9 It was first used for qualitative 
testing, but its quantitative results correlate very well with QPCR 
results.10 Other advantages of this analytical technique are its low 
cost and simplicity of handling. It is used in medical diagnostics, DNA 
sequencing, forensics, genetic analysis, and biotechnology applications 
and has proved to be a helpful tool for both quantitative and qualitative 
analysis.11

The implementation of a cost-effective and simple strategy for 
monitoring therapeutic response in patients with CML is indispensa-
ble in underresourced populations. This study evaluated patients’ test 
results obtained using QPCR and EPF to determine the specificity, 
sensitivity, and mean difference between transcript percentages. The 
results of QPCR and EPF were correlated, and agreement between the 2 
methods was also established using blood specimens from patients with 
CML at different stages of treatment.

Materials and Methods
A total of 150 peripheral blood specimens from newly diagnosed patients 
with CML in the chronic phase were studied. Thirty patients were con-
secutively enrolled from tertiary care hospitals in Rawalpindi, Pakistan 
from January 2017 to December 2017 and were followed until Decem-
ber 2018. Molecular analysis was carried out in the laboratory of Riphah 
International  University. Informed consent was taken from every pa-
tient, and the study was approved by the ethical review committee of Is-
lamic International  Medical  College, Riphah  International University, 
(reference number Riphah/IIMC/ERC/16/0115).

The diagnosis of CML was made according to clinical presentation 
and morphologic criteria of peripheral blood film and bone marrow as-
pirate. Only those patients who started treatment with TKI after their 
diagnosis were included in the study regardless of age and sex. Patients 
with atypical fusion transcript (other than e13a2 and e14a2) were not 
included in the study.

Peripheral blood specimens were obtained before starting ther-
apy for baseline record and then after every 3 months during the first 
12  months of treatment. Peripheral blood specimens were rapidly 
transported at 2° to 8°C to the laboratory for extraction of total RNA 
using the TRIzol reagent (TRI Reagent L.S.).

The concentration of RNA specimens obtained was determined using 
the Nanondrop spectrophotometer (Thermo Fisher Scientific) by meas-
uring the absorbance at 260 nm. The presence of protein and contam-
ination in RNA specimens was measured at A260/280 and A260/230. 
If these ratios were <2, then RNA extraction was repeated. The RNA 
specimens were normalized to a concentration of approximately 500 ng 
for cDNA synthesis for real-time amplification and EPF detection (EPF) 
using a fluorometer.

The reverse transcription and amplification for the fusion tran-
script at baseline and 3, 6, and 12 months was performed using Taqman 
probe based on real-time PCR using an already described method  in 
previous studies with little modification12,13 on the Sa Cycler 96 (Sacace 
Biotechnologies). The cDNA synthesis and DNA amplification were 
conducted in a 15  μL reaction mixture containing 8 μL of PCR Mix 
(Invitrogen PCR Super Mix, with buffer, Mg++, dNTPs, and recombinant 
TaqDNA polymerase), 1 μL of  Primer mix (forward, reverse primer and 
probe) (Primer mix ABL gene for internal control or Primer mix BCR-
ABL fusion gene for each specimen), 0.25 μL of enzyme RT (SuperScript 
III Reverse Transcriptase) (Invitrogen), and 6 μL of RNA template.

Various primer combinations of ABL-2 with M-BCR and BCR-ABL and 
ABL probes were used.14,15 Primer and probe sequences for QPCR are 
given in the next paragraph. All primers and probes were obtained from 
Integrated DNA Technologies in lyophilized form and stored at –20ºC. 
The primer sequences were verified using the National Center for Bio-
technology Information nucleotide Basic Local Alignment Search Tool 
(https://blast.ncbi.nlm.nih.gov/). Two forward primers, e-13 and e-14, 
were used with a common reverse primer, ABL-2. A common BCR-ABL 
TaqMan probe complementary to the ABL gene was used. A fragment of 
the ABL gene was amplified as an internal control and for normalization 
using a separate pair of ABL primers and probe.

The primer sequences for the BCR-ABL fusion gene were as follows:
BCR e13-F GCA TTC CGC TGA CCA TCA ATA A
BCR e14- F CAG CCA CTG GAT TTA AGC AGA GT
ABL-2–R  TCC AAC GAG CGG ATT CAC T
BCR-ABL probe:
6-FAM/AAG CCC TTC /ZEN/AGC GGC CAG TAG CAT CT/3 IABkFQ
Primer sequences for ABL gene:
ABL-2F GCT GGG TCC CAA GCA ACT AC
ABL-2–R ACA CAG GCC CAT GGT ACC A
ABL probe:
5HEX/TCA CGC CAG/ZEN/TCA ACA GTC TGG AGA AAC A/3IABkFQ
Cycling conditions for QPCR:
Reverse transcription × 1 cycle at 42ºC for 15 minutes
Initial denaturation × 1 cycle at 95ºC for 10 minutes
PCR cycling × 40 cycles at 95ºC for 15 seconds
60ºC for 60 seconds
The results were expressed in a cycle threshold (Ct) value in each 

specimen. The percentage of the BCR-ABL transcript was extrapolated 
from the standard curve made from the dilution of the known positive 
control (the value of the positive specimen was ascertained using the 
GeneXpert BCR-ABL; Cepheid) and was expressed as a normalized ratio 
of the BCR-ABL transcript to the control ABL gene transcript. In each 
QPCR batch, the known positive and negative RNA for BCR-ABL was in-
cluded.

At the end of each QPCR, every PCR product in the same 0.2  mL 
PCR tube was transferred to a fluorometer (GTI PCR Reader, Genetic 
Technology Instrumentation). Reaction vials of all positive and negative 
specimens were read in the fluorometer. The amount of green fluores-
cence (FAM dye) was recorded in the computer software, and the results 
were expressed in relative fluorescence units (RFU) after subtracting 
the background fluorescence of a known negative specimen. The same 
PCR template, primers, probe, and thermocycling conditions were used 
as described earlier. The estimated expenditures for RNA extraction, re-
verse transcription PCR (RT-PCR) on conventional thermocycler, and 
technician time were also calculated as per the local market price and 
converted into US$ to observe the cost-effectiveness of the method.

Molecular detection and quantification of the BCR-ABL fusion gene 
were performed using QPCR and the EPF method on all specimens. The 
amount of target DNA was determined by the FL emitted by the FAM 
green dye. In QPCR, FL measurements were carried out at the end of 
each thermal cycle, and in EPF, offline FL measurements were carried 
out using a PCR reader after completion of the PCR.

To approximately calculate the target DNA in unknown specimens 
using the EPF method, a calibration graph was constructed. The RFU of 
serial dilutions of known BCR-ABL positive RNA were plotted with the 
value of each dilution.
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Various primer combinations of ABL-2 with M-BCR and BCR-ABL and 
ABL probes were used.14,15 Primer and probe sequences for QPCR are 
given in the next paragraph. All primers and probes were obtained from 
Integrated DNA Technologies in lyophilized form and stored at –20ºC. 
The primer sequences were verified using the National Center for Bio-
technology Information nucleotide Basic Local Alignment Search Tool 
(https://blast.ncbi.nlm.nih.gov/). Two forward primers, e-13 and e-14, 
were used with a common reverse primer, ABL-2. A common BCR-ABL 
TaqMan probe complementary to the ABL gene was used. A fragment of 
the ABL gene was amplified as an internal control and for normalization 
using a separate pair of ABL primers and probe.

The primer sequences for the BCR-ABL fusion gene were as follows:
BCR e13-F GCA TTC CGC TGA CCA TCA ATA A
BCR e14- F CAG CCA CTG GAT TTA AGC AGA GT
ABL-2–R  TCC AAC GAG CGG ATT CAC T
BCR-ABL probe:
6-FAM/AAG CCC TTC /ZEN/AGC GGC CAG TAG CAT CT/3 IABkFQ
Primer sequences for ABL gene:
ABL-2F GCT GGG TCC CAA GCA ACT AC
ABL-2–R ACA CAG GCC CAT GGT ACC A
ABL probe:
5HEX/TCA CGC CAG/ZEN/TCA ACA GTC TGG AGA AAC A/3IABkFQ
Cycling conditions for QPCR:
Reverse transcription × 1 cycle at 42ºC for 15 minutes
Initial denaturation × 1 cycle at 95ºC for 10 minutes
PCR cycling × 40 cycles at 95ºC for 15 seconds
60ºC for 60 seconds
The results were expressed in a cycle threshold (Ct) value in each 

specimen. The percentage of the BCR-ABL transcript was extrapolated 
from the standard curve made from the dilution of the known positive 
control (the value of the positive specimen was ascertained using the 
GeneXpert BCR-ABL; Cepheid) and was expressed as a normalized ratio 
of the BCR-ABL transcript to the control ABL gene transcript. In each 
QPCR batch, the known positive and negative RNA for BCR-ABL was in-
cluded.

At the end of each QPCR, every PCR product in the same 0.2  mL 
PCR tube was transferred to a fluorometer (GTI PCR Reader, Genetic 
Technology Instrumentation). Reaction vials of all positive and negative 
specimens were read in the fluorometer. The amount of green fluores-
cence (FAM dye) was recorded in the computer software, and the results 
were expressed in relative fluorescence units (RFU) after subtracting 
the background fluorescence of a known negative specimen. The same 
PCR template, primers, probe, and thermocycling conditions were used 
as described earlier. The estimated expenditures for RNA extraction, re-
verse transcription PCR (RT-PCR) on conventional thermocycler, and 
technician time were also calculated as per the local market price and 
converted into US$ to observe the cost-effectiveness of the method.

Molecular detection and quantification of the BCR-ABL fusion gene 
were performed using QPCR and the EPF method on all specimens. The 
amount of target DNA was determined by the FL emitted by the FAM 
green dye. In QPCR, FL measurements were carried out at the end of 
each thermal cycle, and in EPF, offline FL measurements were carried 
out using a PCR reader after completion of the PCR.

To approximately calculate the target DNA in unknown specimens 
using the EPF method, a calibration graph was constructed. The RFU of 
serial dilutions of known BCR-ABL positive RNA were plotted with the 
value of each dilution.

The sensitivity of the 2 assays for the detection of the fusion tran-
script were compared by generating a 10-fold serial dilution of known 
RNA concentration (1/10, 1/100, 1/1000, 1/10,000, 1/100,000). These 
5 dilutions and 1 known negative specimen were run using the RT-PCR 
protocol on both instruments in identical conditions in 5 separate reac-
tion tubes. Repeated measures of specimen dilutions were performed 
and compared with known negative specimens. Each specimen of a cor-
responding dilution point was tested in duplicate (n = 10), and the assay 
response (detected or not detected) was noted.

All statistical calculations were done using SPSS 22 software for de-
scriptive and inferential statistics. Frequency and percentages were cal-
culated for the presence or absence of the transcript. Sensitivity and 
specificity were calculated using PCR as the gold standard. Results of EPF 
and QPCR were compared using the Fisher’s exact test. Descriptive data 
were expressed as mean ± standard deviation. Pearson correlations be-
tween Ct and RFU values were calculated. The paired t-test was used to 
observe the difference between the mean percentages of the transcript in 
both methods. A P value <.05 was taken as a level of significance. Using 
the method comparison procedure of Bland and Altman, the bias and 95% 
limits of agreement between the 2 methods were determined.

Results
One hundred fifty specimens from 30 newly diagnosed patients with 
CML (18 male and 12 female) in the chronic phase were studied at dif-
ferent stages of treatment (0, 3, 6, 9, and 12 months). The mean age of 
the patients was 41.2 ± 8.61 years, with an age range of 11 to 70 years.

The qualitative results of QPCR and EPF (transcript status: posi-
tive or undetectable) in patients with CML analyzed 5 times at regu-
lar treatment intervals are summarized in TABLE 1. Analysis of all the 
specimens taken at the time of diagnosis and after 3 months of treat-
ment showed 100% positivity for the BCR-ABL transcript. However, af-
ter 6  months of therapy, transcripts disappeared in 3 patients (10%). 
The BCR-ABL transcripts could not be detected in 10 (33%) and 20 (66%) 
patients after 9 and 12 months of treatment, respectively (TABLE 1).

Every specimen with a detectable Ct value using QPCR was 
considered as positive. For the EPF method, specimens with >20 RFU 
were considered positive.

TABLE 2 indicates that of the 150 RNA specimens that were 
analyzed from 30 patients at different treatment intervals, 117 (78%) 
specimens were found positive, whereas 33 (22%) were found negative 
for the transcript using both the methods at various stages of treatment.

A contingency table for the calculation of the sensitivity and specific-
ity of the EPF method, considering QPCR as the gold standard is shown 
in TABLE 2. The sensitivity and specificity for EPF were both 100%. The 
Fisher’s exact test was applied to determine the statistical significance, 
which was found to be high (P value of .000).

In determining the analytical sensitivity, we found that the dilutions 
that were tested showed that as few as 1 cell in a background of 104 
normal cells could be detected using both methods repeatedly. The 
1/100,000 dilution was consistently negative for the fusion transcript 
using EPF and QPCR. A dilution of 1/10,000 was consistently positive 
using both the methods, indicating a limit of detection of 10–4 (95% con-
fidence interval).

The quantitative results of QPCR and the EPF method in patients 
with CML are summarized in TABLE 3. The mean Ct value of QPCR 
varied with the duration of treatment in patients with CML, ranging 
from 24.56 to 37.2 cycles (see TABLE 3). As the duration of treatment 
increased, the mean Ct increased. The mean Ct was 24.5 at the time of 
diagnosis and gradually increased to 30.27, 34.25, 36.11, and 37.2 at 3, 
6, 9, and 12 months of treatment, respectively (a Ct value is inversely 
proportional to the amount of target DNA present in a specimen). The 
QPCR results showed a strong positive correlation between the duration 
of treatment and the mean Ct values (r = 0.956).

The mean RFU value of EPF also altered with the duration of treat-
ment, ranging from 199.06 at the beginning of treatment to 26.50 at 
the end of 1 year (TABLE 3; the RFU value is directly proportional to 
the amount of target DNA present in a specimen). The EPF results indi-
cated a strong negative correlation with the duration of treatment and 
the mean RFU values (r = –0.889).

Using the EPF method, fluorescence was detected by the PCR reader 
in every specimen. Keeping in mind the mean EPF results in all the neg-
ative specimens (mean, 6 RFU; range, 1–16) and in the highest dilution 
of the positive DNA specimens (weakest positive specimens; mean, 31 
RFU; range, 21–37), the cutoff limit for positive specimens was arbi-
trarily identified at 20 RFU. This finding was also validated in another 
study using the same instrument.10 In all QPCR negative specimens, 
the EPF method had a clear negative result (<20 RFU).The EPF  
results in the QPCR positive specimens ranged from 21 to 332 RFU 
(TABLE 3).

The mean BCR-ABL percentages at regular treatment intervals in 
patients with CML were also calculated using both methods (TABLE 3). 
A paired t-test was applied on the mean percentages of BCR-ABL, and no 
significant difference was observed between 2 readings using QPCR and 
the EPF method in all stages of treatment (TABLE 3).

TABLE 1.  QPCR and EPF Results for Detection of BCR-ABL 
Transcript at Different Stages of Treatment

Duration of 
Treatment

Qualitative

QPCR EPF

Positive Negative Positive Negative

Baseline 30 (100%) 0 30 (100%) 0

3 mo 30 (100%) 0 30 (100%) 0

6 mo 27 (90%) 3 (10%) 27 (90%) 3 (10%)

9 mo 20 (67%) 10 (33%) 20 (67%) 10 (33%)

12 mo 10 (33%) 20 (67%) 10 (33%) 20 (67%)

EPF, endpoint fluorescence; QPCR, quantitative real-time polymerase 
chain reaction. 

TABLE 2.  QPCR vs EPF in Detecting BCR-ABL Transcripts in 
Patients with CML Undergoing Treatment

EPF
Q PCR

Total
BCR-ABL (Positive) BCR-ABL (Negative)

Positive 117 (TP) a 0 (FP) b 117

Negative 0 (FN) c 33 (TN) d 33

Total 117 33 150

CML, chronic myeloid leukemia; EPF, endpoint fluorescence; FN, false 
negative; FP, false positive; QPCR, quantitative real-time polymerase chain 
reaction; TN, true negative; TP, true positive.
Sensitivity = a/a + c × 100% = 117/117 + 0 × 100 = 100%.
Specificity = d/b + d = 33/0 + 33 × 100 = 100%.
P value = .000. D
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The Ct values of specimens that were detected as BCR-ABL positive 
using QPCR were correlated with their corresponding RFU values. The 
correlation curve revealed a strong linear negative association with a 
correlation coefficient (r) of –0.96, –0.97, –0.96, –0.98, and –0.97, re-
spectively, at different stages of treatment (FIGURE 1). FIGURE 2 
represents the correlation between Ct values and their corresponding 
RFU in aggregate.

The values of RFU using EPF were compared directly to the Ct values 
using RT-PCR. The Ct value was less when the quantity of target DNA was 
more, and vice versa. The direct comparison of the fluorescence units of 
the PCR reader with the Ct values of RT-PCR showed an inverse association 
of signal intensities (the lower the Ct values, the higher the fluorescence; 
FIGURE 3). FIGURE 3 presents the CT value for a similar amount of tar-
get DNA in a specimen and its corresponding RFU value using EPF, which 
provides a clearer idea about the relations of both displayed units.

A scatterplot was obtained by plotting the difference between the 
test results of the EPF method and QPCR on the y axis and the mean of 
the percentage transcript using both methods on the x axis. Graphing 
test laboratory values on a Bland-Altman plot showed good agreement 

TABLE 3.  QPCR and EPF Results for Quantification of Detectable BCR-ABL Transcripts at Regular Treatment Intervals

Treatment 
Duration

Mean Ct (QPCR) Mean RFU (EPF)
Correlation  

Coefficient (r Value)

Mean % of BCR-ABL
P Value

QPCR EPF

Baseline 24.56 ± 2.36 (20–29.16) 199.063 ± 55.38 (87–332) –0.96 (P < .0001) 81.93 ± 15.7 (45%–100%) 81.19 ± 15.25 (40%–100%) .366

3 months 30.27 ± 2.01 (26.4–34.1) 79.76 ± 28.87 (35–149) –0.97 (P < .0001) 30.53 ± 15.87 (8%–65%) 30.13 ± 15.16 (5%–60%) .571

6 months 34.25 ± 2.29 (29.5–38.2) 45.5 ± 19.9 (21–97) –0.96 (P < .0001) 9.73 ± 9.4 (1%–35%) 10.19 ± 10.7 (1%–40%) .356

9 months 36.11 ± 1.73 (32.4–38.2) 32.8 ± 11.55 (21–59) –0.98 (P < .0001) 4.1 ± 3.7 (1%–15%) 4.89 ± 5.2 (1%–20%) .09

12 months 37.22 ± 0.92 (35.8–38.2) 26.50 ± 5.31 (21–34) –0.97 (P < .0001) 1.9 ± 0.99 (1%–3%) 1.6 ± 1.49 (0%–5%) .188

 Ct, cycle threshold, EPF, endpoint fluorescence; QPCR, quantitative real-time polymerase chain reaction; RFU, relative fluorescence unit.

FIGURE 1. Correlation of Ct and RFU values of QPCR with EPF in patients with CML at different stages of treatment. CML, 
chronic myeloid leukemia; Ct, cycle threshold; EPF, endpoint fluorescence; QPCR, quantitative real-time polymerase chain 
reaction; RFU, relative fluorescence units.

FIGURE 2. Correlation of Ct and RFU values of QPCR with 
EPF in patients with CML in aggregate. CML, chronic myeloid 
leukemia; Ct, cycle threshold; EPF, endpoint fluorescence; 
QPCR, quantitative real-time polymerase chain reaction; 
RFU, relative fluorescence units.
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The Ct values of specimens that were detected as BCR-ABL positive 
using QPCR were correlated with their corresponding RFU values. The 
correlation curve revealed a strong linear negative association with a 
correlation coefficient (r) of –0.96, –0.97, –0.96, –0.98, and –0.97, re-
spectively, at different stages of treatment (FIGURE 1). FIGURE 2 
represents the correlation between Ct values and their corresponding 
RFU in aggregate.

The values of RFU using EPF were compared directly to the Ct values 
using RT-PCR. The Ct value was less when the quantity of target DNA was 
more, and vice versa. The direct comparison of the fluorescence units of 
the PCR reader with the Ct values of RT-PCR showed an inverse association 
of signal intensities (the lower the Ct values, the higher the fluorescence; 
FIGURE 3). FIGURE 3 presents the CT value for a similar amount of tar-
get DNA in a specimen and its corresponding RFU value using EPF, which 
provides a clearer idea about the relations of both displayed units.

A scatterplot was obtained by plotting the difference between the 
test results of the EPF method and QPCR on the y axis and the mean of 
the percentage transcript using both methods on the x axis. Graphing 
test laboratory values on a Bland-Altman plot showed good agreement 

between the methods. The constant bias was 0.069%, the standard de-
viation was 3.50, and 95% limits of agreement values were found to be 
from 6.92% to –6.79% (FIGURE 4). The cost estimated for RNA extrac-
tion, the thermocycler, the RT-PCR, and technician time was estimated 
to be approximately $10 to $12 per test.

Discussion
The constitutively active oncogenic feature of the BCR-ABL gene is 
targeted by TKI. It is an effective and standard therapeutic option for 
patients with CML.16 For the best optimization and outcome of the ther-
apy, it is essential to monitor these patients with treatment.17

Therapy progressively decreases the disease burden; therefore, 
the sensitivity of the technique to measure the residual disease must 
be increased accordingly.18 Testing of MRD at the molecular level is 
performed using QPCR, which is very useful for monitoring different 
types of hematological neoplasms; however, this method is not easy 
to use and is confined to specialized laboratories. The PCR technique 
is much easier to use for qualitative analysis but becomes a compli-
cated procedure when quantification is required.19 It is also afflicted 
with interlaboratory variability, resulting in difficulty in the interpre-
tation and comparison of data. To address this problem, international 
standardization has been proposed but is offered in only few specialized 
laboratories.20

The lack of diagnostic capabilities is an enormous challenge in treating 
patients with this targeted therapy. The cost of monitoring by QPCR 
in Pakistan rupee (PKR) is estimated to be Rs 10,000 to Rs 16,000 (ap-
proximately $60–$110), depending upon whether a manual or an au-
tomated system is used. This high cost becomes more relevant when 
frequent testing is required with lifelong therapy.20 The recommended 
protocol for patients with CML during therapy is quantification of the 
BCR-ABL transcript every 3 months.21 This schedule becomes quite dif-
ficult to follow in our geographic region, owing to the affordability issue 
for most of our patients. The prices of RT-PCR instruments range from 
$20,000 to $90,000, depending on the manufacturer, and are therefore 
not easily affordable for the majority of laboratories. The cost of reagents, 
supplies, and trained technical staff is also very high. The approximate 
cost of BCR-ABL detection using QPCR, including the cost of the QPCR 

FIGURE 3. Direct comparison of fluorescence units with Ct values of QPCR (amount of target DNA). Ct, cycle threshold; QPCR, 
quantitative real-time polymerase chain reaction.

FIGURE 4. Bland-Altman scatterplot of the distribution of 
the percentage of the BCR-ABL transcript in patients with 
CML measured using QPCR and EPF. The y axis shows the 
mean differences in the percentage of the transcript and the 
x axis shows the average of the percentage of the transcript. 
The lines represent the mean difference and the upper and 
lower limits of agreement. CML, chronic myeloid leukemia; 
EPF, endpoint fluorescence; QPCR, quantitative real-time 
polymerase chain reaction.
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instrument, RNA extraction, RT-PCR, and technician time, was found to 
be $60 in our center.

For EPF, the cost of the PCR reader is approximately $1000. Studies 
have shown that EPF reading invites no extra expenditure or special-
ized technical expertise. The cost of the entire procedure, along with the 
cost of the PCR reader (fluorometer), thermal cycler, RNA extraction, 
RT-PCR, and technician time, was calculated in US$ as per the local 
market price and was estimated to be $10 to $12 per test in our center. 
Meanwhile, BCR-ABL monitoring with an automated cartridge-based 
detection system (GeneXpert; Cepheid) in our country ranges between 
$100 and $110. The EPF method has a clear edge over QPCR in terms of 
cost and ease of reporting and can well serve the purpose of molecular 
monitoring in underresourced countries.

Keeping in mind the above scenario, this study tried to compare 
the test results of a simple and cost-effective methodology to de-
termine whether it could be a used as an alternative to a QPCR assay 
for monitoring the MRD of patients with CML. This methodology 
is based on an approach of performing RT-PCR on any conventional 
thermocycler (countering the high cost and unavailability issues of real-
time instruments) followed by BCR-ABL transcript detection and quan-
tification using a fluorometer (PCR reader). Although real-time QPCR 
provides a direct measurement of the PCR product during the amplifica-
tion process and also provides an accurate number of targets present,22 
it requires international standardization for the reliable clinical manage-
ment of patients with CML,23 which is a logistical and fiscal challenge 
for many laboratories in our region. The EPF technique uses the same 
primer/probe combination as in QPCR, but fluorescence is measured at 
the end of the PCR reaction. We found that EPF was a sensitive and spe-
cific method for the detection of the BCR-ABL fusion transcript. 

Both methods displayed a strong linear negative correlation 
(r = –0.9) between the Ct and RFU values. The standard curves were 
later generated to calculate the BCR-ABL transcript percentage at differ-
ent treatment intervals and for direct comparison of the means between 
the 2 assays. These results established that EPF can reliably quantify the 
BCR-ABL percentage compared with that obtained by QPCR assay. It can 
quantify BCR-ABL concentrations almost as low as 1 copy in 10,000 ref-
erence copies, a magnitude much more sensitive than the clinical cutoff 
values of 1 in 1000 for MRD in patients with CML.

This system may prove beneficial over currently used QPCR or other 
commercially used BCR-ABL fusion detection methods by providing low-
cost results, requiring fewer technical skills and offering ease of report-
ing. Although this assay may not be as ideal and sophisticated as an au-
tomated cartridge-based detection system (eg, GeneXpert; Cepheid) and 
cannot match sensitivity at extremely low copy numbers, it may prove to 
be accessible and sustainable in the MRD assessment of the majority of 
patients with CML in low-resource countries.

Conclusion
Molecular methods were used to assess the kinetics of the BCR-ABL tran-
script in patients with CML undergoing treatment. We found that EPF is a 
less-complicated and cost-effective method with the same sensitivity and 
specificity as QPCR in patients with CML. The quantification of the mean 
transcript percentages at different stages of treatment exhibited no signif-
icant difference between QPCR and EPF results. Good agreement was also 
evident between the 2 methods with a relatively constant mean differ-

ence. Therefore, the EPF method may be considered in patients with CML 
undergoing treatment for the detection and quantification of transcripts.
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ABSTRACT

Objective: Fluid supplementation and red blood cell (RBC) transfusions 

form first-line management strategies to maintain circulating blood 

volumes in patients with upper gastrointestinal bleeding (UGIB). In this 

study, we aimed to analyze the utility of the AIMS65 score in predicting 

the volume of RBC transfusion required in patients with bleeding pep-

tic ulcers.

Methods: In this single-center, retrospective study, the data of patients 

admitted between January 2019 and December 2019 with suspected 

UGIB were retrospectively reviewed. The RBC volume transfused dur-

ing pre- and postendoscopic hemostasis was measured in relation to 

various patient factors including the AIMS65 scores.

Results: Transfusion rates, the mean number of transfused RBC units, 

and the duration of hospital stay differed significantly between patients 

with low AIMS65 scores and those with high AIMS65 scores. Patients 

with an AIMS65 score of 3 were transfused with more RBC units in 

the postendoscopic hemostasis period, compared with those with an 

AIMS65 score of 0, 1, or 2 (with a mean of 4.33 ± 2.07 and 2.67 ± 4.1 

units transfused during the pre-endoscopic and postendoscopic he-

mostasis periods, respectively).

Conclusion: Patients with UGIB and with an AIMS65 score of 3 were 

more likely to require transfusions of RBCs.

Upper gastrointestinal bleeding (UGIB) is common worldwide and occurs 
in 40 to 150 per 100,000 people.1 It is associated with high morbidity 
and mortality, especially in older adults. Patients with peptic ulcers (du-
odenal and gastric) reportedly account for approximately 28% to 59% 
of all patients with UGIB.1 Fluid supplementation and packed red blood 
cell (RBC) transfusion are indicated in patients presenting with UGIB, 
according to clinical severity, to maintain circulating blood volumes.2,3

Appropriate blood transfusion is necessary not only to improve pa-
tient outcomes and ensure good prognosis but also to cope with unsta-
ble blood supply and demand.4 Current guidelines use the hemoglobin 
(Hb) level as the primary decisive criterion for transfusion.5 In patients 
presenting with acute bleeding, the volume of blood loss is calculated 
and the transfusion volume is determined based on the tissue oxygen-
ation index.5 Transfusions are difficult to carry out in patients whose 
blood loss cannot be accurately estimated or in those requiring urgent 
intervention. An easily calculable index to assist in the prediction of 
RBC volume required for transfusion among affected patients is needed, 
making it easier to manage the donor blood supply in instances when 
blood transfusion is required but availability is limited. The AIMS65 
score is useful for risk stratification in UGIB and is calculated using the 
albumin level, mental status assessment, prothrombin time, age, and 
systolic blood pressure level. The AIMS65 scoring system is simpler to 
assess than either the Glasgow-Blatchford Bleeding Score (GBS) or the 
Rockall score.6

In this study, we aimed to analyze the utility of the AIMS65 score in 
predicting the required volume of RBC transfusion among patients with 
bleeding peptic ulcers.

Methods
All patients admitted to our hospital between January 2019 and Decem-
ber 2019 with suspected UGIB were retrospectively evaluated. Patients 
diagnosed with class Ⅰa, ⅠⅠb, or ⅠⅠa gastric/duodenal ulcers as per the 
Forrest classification (TABLE 1)7 were included in the study. Patients 
with Forrest class Ⅰb ulcers were also included if they required endo-
scopic treatment based on the reclassification of the ulcer after removal 
of the adherent clot. Exclusion criteria were ulcers that did not require 
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ABSTRACT

Objective: Fluid supplementation and red blood cell (RBC) transfusions 

form first-line management strategies to maintain circulating blood 

volumes in patients with upper gastrointestinal bleeding (UGIB). In this 

study, we aimed to analyze the utility of the AIMS65 score in predicting 

the volume of RBC transfusion required in patients with bleeding pep-

tic ulcers.

Methods: In this single-center, retrospective study, the data of patients 

admitted between January 2019 and December 2019 with suspected 

UGIB were retrospectively reviewed. The RBC volume transfused dur-

ing pre- and postendoscopic hemostasis was measured in relation to 

various patient factors including the AIMS65 scores.

Results: Transfusion rates, the mean number of transfused RBC units, 

and the duration of hospital stay differed significantly between patients 

with low AIMS65 scores and those with high AIMS65 scores. Patients 

with an AIMS65 score of 3 were transfused with more RBC units in 

the postendoscopic hemostasis period, compared with those with an 

AIMS65 score of 0, 1, or 2 (with a mean of 4.33 ± 2.07 and 2.67 ± 4.1 

units transfused during the pre-endoscopic and postendoscopic he-

mostasis periods, respectively).

endoscopic treatment, bleeding from causes other than peptic ulcer, age 
<18 years, or pregnancy.

A blood transfusion was performed if the Hb level at the time of bleed-
ing was <7  g/dL. In affected patients with Hb levels ranging between 7 
and 10 g/dL, a blood transfusion was performed based on the clinician’s 
judgment, according to the patient’s underlying medical history, or if ad-
ditional bleeding was anticipated. We measured the volume of RBCs 
transfused before an endoscopic hemostasis procedure (pre-endoscopic 
volume, transfused during the period between hospitalization or upon the 
decision for endoscopic hemostasis until the procedure was performed and 
hemostasis was achieved) and the volume administered after the proce-
dure (postendoscopic, transfused within 7 days from achieving endoscopic 
hemostasis). Data including age, sex, underlying medical history, ulcer pat-
tern, and AIMS65 scores were collected by dividing patients into 2 groups 
of those who did and those who did not receive blood transfusions. Data 
of patients’ hospital stay, complications from the procedure, and 30-day 
in-hospital mortality rates were analyzed.

The AIMS65 score is calculated by assigning scores to criteria in-
cluding albumin level (threshold <3 g/dL), prothrombin time (interna-
tional normalized ratio [INR]) (threshold INR >1.5), presence/absence 
of altered mental status, systolic blood pressure (≤90 mm Hg), and age 
(≥65 years).8 Rebleeding was defined as the recurrence of hematemesis 
or melena, associated with either shock or with a >2 g/dL decrease in the 
patient’s Hb concentration within a 24-hour period after initial stabili-
zation of the pulse rate, blood pressure, and Hb level.

Medical and Endoscopic Treatment
Management of patients was initiated with fluid resuscitation and pro-
ton pump inhibitor infusion (pantoprazole: 80  mg intravenous bolus 
followed by continuous infusion at 8 mg/hour). Endoscopic procedures 
were performed by the gastroenterologists who had performed thera-
peutic endoscopy within 24 hours of admission. Endoscopic hemostasis 
was achieved solely with the application of hemoclips or thermal ther-
apy, or in combination with localized epinephrine injection. We used an 
HQ290 endoscopy system (Olympus Corporation, Shinjuku, Tokyo, Ja-
pan). Endoscopic hemoclip treatment was performed using hemoclips 
with an arm length of 7.5 mm and a jaw angle of 135° (EZClip HX-610-
135, Olympus Corporation, Shinjuku, Tokyo, Japan). The hemoclips 
were applied with a rotatable clip fixing device (HX-110LR, Olympus 
Corporation, Shinjuku, Tokyo, Japan) until the bleeding or visible ves-
sel was effectively grasped to achieve hemostasis. Thermal therapy was 
performed using monopolar hemostatic forceps (FD-410LR Coagrasper, 
Olympus Corporation, Shinjuku, Tokyo, Japan). An electrosurgical unit 
(VIO 300S, Erbe, Tübingen, Germany) was used with the following con-
figuration: 60 W, effect 4, and soft coagulation mode.

Statistical Analysis
Statistical significance of the results was calculated using nonparamet-
ric tests. The Mann-Whitney U test was used for continuous variables, 
and the Fisher’s exact test and paired t-test were applied for categorical 
variables. Statistical tests were conducted using the SPSS version 22.0 
software (SPSS, Chicago, IL). Results were considered statistically sig-
nificant at P <.05.

Results
Of the 61 patients with peptic ulcer bleeding who underwent en-
doscopic hemostasis, 10 (16.3%) were inpatients who were initially 
admitted for other reasons before experiencing UGIB. Baseline char-
acteristics of all patients are presented in TABLE 2. In all, 43/61 

TABLE 1.  Forrest Classification of Peptic Ulcers

Forrest Class Endoscopic Appearance

Ⅰa Active spurting

Ⅰb Active oozing

ⅠⅠa Nonbleeding visible vessel

ⅠⅠb Adherent clot

ⅠⅠc Flat pigmented hematin on ulcer base

ⅠⅠⅠ Clean base

TABLE 2.  Baseline Characteristics of Patients

Nontransfusion  

(n = 18)

Transfusion  

(n = 43)

P 
Value

Age, y, mean ± SD 59.61 ± 17.03 69.95 ± 12.42 .028

Sex, male (%)

Alcohol 6 (33.3%) 11 (25.6%) .538

Smoking 9 (50.0%) 7 (16.3%) .006

Comorbidity

 Hypertension 12 (66.7%) 21 (48.8%) .202

 Diabetes mellitus 5 (27.8%) 20 (46.5%) .175

 Cardiovascular disease 0 (0 %) 5 (11.6%) .131

 Cerebrovascular accident 4 (22.2%) 7 (16.3%) .582

 Chronic renal failure stage 2–4 4 (22.2%) 7 (16.3%) .582

 Hemodialysis 2 (11.1%) 1 (2.3%) .148

 Liver disease 2 (11.1%) 5 (11.6%) .954

Bleeding developed in hospital 4 (22.2%) 6 (14.0%) .611

Ulcer location, gastric/duodenum 12 (66.7%)/ 
6 (33.3%)

28 (65.1%)/ 
15 (64.9%)

.907

Forrest class   .053

 Ⅰa 3 (16.7%) 3 (7.0%)  

 Ⅰb 4 (22.2%) 6 (14.0%)  

 ⅠⅠa 8 (44.4%) 33 (76.7%)  

 ⅠⅠb 3 (16.7%) 1 (2.3%)  

Symptom   .049

 No symptom 5 (27.8%) 5 (11.6%)  

 Melena 5 (27.8%) 23 (53.5%)  

 Hematemesis 0 (0%) 5 (11.6%)  

 Both 8 (44.4%) 10 (23.3%)  

AIMS65*   .008

 0–1 15 (83.3%) 20 (46.5%)  

 2–3 3 (16.7%) 23 (53.5%)  

Hb (g/dL) mean ± SD

 Initial at admission 10.19 ± 1.11 7.26 ± 2.11 .000

  24 hours after endoscopic  
hemostasis

9.41 ± 0.83 9.00 ± 1.16 .134

Hb, hemoglobin; INR, international normalized ratio; SD, standard devia-
tion.
*AIMS65, albumin <3 g/dL, INR >1.5, alteration in mental status, systolic 
blood pressure ≤90 mm Hg, age ≥65 years.
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(70.5%) patients received RBC transfusions. Many patients in the 
nontransfusion group were asymptomatic, whereas many of those in 
the transfusion group exhibited symptoms such as melena and hema-
temesis. The initial Hb level in the transfusion group (7.26 ± 2.11 g/
dL) was lower than that in the nontransfusion group (10.19 ± 1.11 g/
dL; P <.001). The Hb level measured 24 hours after achieving en-
doscopic hemostasis was not significantly different between the 2 
groups (mean 9.00 ± 1.16 g/dL, transfusion group; 9.41 ± 0.83 g/dL, 
nontransfusion group; P = .134).

Analysis as per the Forrest classification showed that patients 
with class 2a ulcers were more likely to require blood transfusions 
than those with ulcers of other classes (P = .014). The transfu-
sion rate was higher in patients with an AIMS65 score of 2 than in 
patients with a score of ≤1 (25/35, 57.1%; P = .008). There was no 
difference in the success rate of hemostasis and in the occurrence 
of rebleeding after hemostasis between the 2 groups. Although the 
average length of hospital stay was higher in the transfusion group 
than in the nontransfusion group, this difference was not statistically 
significant (TABLE 3). Overall, 3/61 (4.9%) patients died because of 
exacerbations of hepatocellular carcinoma with portal vein thrombo-
sis, Klatskin tumor, and a carcinoma with an unknown primary, re-
spectively.

Transfused patients received a median of 3 (interquartile range 
2.0–4.75) RBC units. On average, 2.96 and 1.11 units of RBC were 
transfused during the pre-endoscopic and the postendoscopic he-
mostasis periods, respectively. Patients with low AIMS65 scores 
differed significantly from those with high scores with respect to 

factors including transfusion rates, mean RBC units transfused, 
and duration of hospital stay (TABLE 4). The analysis for the num-
ber of transfused RBC units also included patients who did not 
receive transfusions. The volume of blood transfused differed sig-
nificantly according to the AIMS65 score (FIGURE 1). Patients 
with an AIMS65 score of 3 were transfused with a higher number 
of RBC units during the postendoscopy period as compared with 
that administered to patients in the remaining 3 groups (patients 
with an AIMS65 score of 0, 1, or 2)  with a mean 4.33 ± 2.07 and 
2.67 ± 4.1 units transfused during the pre- and postendoscopic he-
mostasis periods, respectively.

Discussion
Patients with UGIB may experience shock or clinically significant ane-
mia because of decreased circulating blood volume. Although basic treat-
ment of acute blood loss involves addressing the cause of hemorrhage, 
the correlation between the volume of blood loss and Hb levels is not 
clear. To determine the volume of blood required for transfusion, it is 
necessary to consider the estimated volume of blood loss and clinical 
symptoms, along with objective indicators of systemic/main organ ox-
ygen supply adequacy including blood pressure, heart rate, oxygen sat-
uration, electrocardiography findings, echocardiography findings, urine 
volume, local brain oxygen saturation, and arterial blood gas levels.5 In 
a meta-analysis, hemodynamic shock was associated with an odds ra-
tio of 3.3 for rebleeding.9 Therefore, RBC transfusion is one of the most 
common interventions for gastrointestinal hemorrhage, with 43% of 
patients being transfused during acute admission with UGIB.1 Patients 
with UGIB requiring a transfusion should be carefully chosen, and the 
number of RBC units to be administered should be based on specific 
indicators. In our study, the AIMS65 score showed a direct, positive cor-
relation with the volume of RBCs transfused in patients who underwent 
endoscopic hemostasis for UGIB.

The Rockall, AIMS65, and Glasgow-Blatchford scores are known 
useful indicators for assessing the condition of patients presenting 
with UGIB and for predicting prognosis. The Rockall score is a factor 
related to rebleeding and transfusion rates; the higher the score, the 
higher the likelihood of transfusion.1 The score is calculated as a tally of 
points assigned to factors including age, shock, comorbidity, endoscopic 
findings, and stigmata of recent bleeding.3 The Glasgow-Blatchford score 
is calculated using points allocated to blood urea nitrogen level, Hb level, 
systolic blood pressure level, and other markers (such as heart rate, me-
lena, syncope, hepatic disease, and cardiac failure).8 Of these 3 scoring 
methods, the AIMS65 score is a more accurate predictor of  mortality.3,10 

TABLE 3.  Comparison of Treatment Outcomes between 
Transfusion and Nontransfusion Groups

Nontransfusion 
(n = 18)

Transfusion 
(n = 43)

P 
Value

Initial hemostasis success 17 (94.4%) 39 (90.7%) .781

Recurrent bleeding 0 (0%) 4 (9.3%) .181

Additional treatment   .888

 Embolization 1 (5.6%) 4 (9.3%)  

 Endoscopy 3 (16.7%) 7 (16.3%)  

Mortality in 30 days 1 (5.6%) 2 (4.7%) .882

Hospital stay, d, mean ± SD 9.5 ± 10.18 12.74 ± 15.60 .342

Total procedure time, min, 
mean ± SD

7.83 ± 4.96 8.5 ± 7.12 .673

SD, standard deviation.

TABLE 4.  Mortality, Rebleeding, and RBC Transfusion by AIMS65 Score

AIMS65 Score (n = 61)

0 (n = 10) 1 (n = 25) 2 (n = 20) 3 (n = 6) P Value

RBC transfusion n (%) 4 (40.0%) 16 (64.0%) 17 (85.0%) 6 (100.0%) .023

Transfused RBC units, 
mean ± SD

1.8 ± 1.75 2.16 ± 2.06 3.85 ± 4.52 7.00 ± 4.20 .007

Rebleeding, n (%) 1 (10.0%) 3 (12.0%) 4 (10.0%) 2 (33.3%) .553

Mortality, n (%) 0 (0.0%) 1 (4.0%) 2 (10.0%) 0 (0.0%) .577

Hospital stay, d, mean ± SD 6.4 ± 5.02 8.24 ± 7.89 11.65 ± 10.96 28.28 ± 11.55 .000

Melena, n (%) 10 (100.0%) 17 (68.0%) 15 (75.0%) 4 (66.7%) .236

Hematemesis, n (%) 6 (60.0%) 9 (36.0%) 6 (30.0%) 2 (33.3%) .44

RBC, red blood cell; SD, standard deviation.
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According to a study on the correlation between AIMS65 scores and 
blood transfusion volume, the R value of the area under the curve anal-
ysis was 0.6 to 0.7, and it differed according to the analyzed patient 
group.6,11 In 2 other studies, the volume of blood transfusion according 
to the AIMS65 score was not analyzed.6,11 In our study, patients with 
an AIMS65 score of ≥2 had a transfusion rate of 88.5%. Patients with 
an AIMS65 score of 3 were transfused with more units of RBCs in the 
postendoscopic hemostasis period. A simple calculation of the AIMS65 
score may be of great benefit to healthcare professionals when planning 
blood transfusions for patients with UGIB.

It is known that a restrictive transfusion policy governed by a trans-
fusion threshold of <7.0 g/dL is associated with a lower mortality than 
a liberal transfusion policy.5 Further, in patients with peptic ulcer bleed-
ing, the former is more beneficial than the latter.5,8,11,12 In this study, 
each mortality (n = 3, 4.92%) was a result of exacerbation of an under-
lying malignancy. The overall low mortality rate in this study may be 
related to stringent implementation of a restrictive transfusion policy.

Our study has some limitations. It was a single-center study of a lim-
ited population. Because our transfusion policy was restrictive, the vol-
ume of blood transfused did not indicate an association with rebleeding 
and mortality. Therefore, further comprehensive studies involving a 
larger sample size are warranted to confirm our conclusions.

Conclusion
Patients with an AIMS65 score of 3 had a higher RBC transfusion re-
quirement during hospitalization after endoscopic hemostasis was 
achieved. Patients with an AIMS65 score of 3 were transfused with a 

mean 4.33 ± 2.07 and 2.67 ± 4.1 units of RBCs in the pre-endoscopic 
and postendoscopic hemostasis periods, respectively. These findings 
may help treating clinicians predict and accordingly prepare for blood 
transfusions in patients with bleeding peptic ulcers.
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FIGURE 1. Relationship between the AIMS65 score and 
the number of RBC units transfused. Pre-endoscopic RBC 
volume, transfused between admission or upon the decision 
to perform endoscopic hemostasis until the procedure was 
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RBC volume, transfused within 7 days after endoscopic 
hemostasis. RBC, red blood cell.
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ABSTRACT

Objective: The development of antibodies against red blood cell (RBC) 

antigens is one of the most significant adverse effects of chronic blood 

transfusions. This study aimed to estimate the frequency and causes of 

RBC immunization in patients with major thalassemia.

Methods: The findings could help determine the limitation of current 

practices and help future developments in the selection of suitable blood 

units for the transfusion support of patients with thalassemia.

Results: The alloimmunization rate was detected in 52 of 650 patients 

with major thalassemia (8%). The most frequent antibodies were against 

K (50%), D (26%), and E (15.4%). Sex, age, and splenectomy did not 

have any impact on the immunization rate. Immunization was lower in 

patients who had received only leuko-reduced blood units.

Conclusion: It is recommended that antibody screening before the first 

transfusion and extended RBC matching particularly for the most frequent 

antigens (ABO/Rh/Kell) should be performed for patients with thalassemia.

Thalassemia is the most common genetic disorder in Iran, defined as con-
genital hemolytic anemia caused by anomalies in the synthesis of the 

globulin chain.1 More than 2 million thalassemia carriers live in Iran, of 
whom >20,000 patients have major thalassemia.2 Although blood trans-
fusion is a lifesaver for patients with thalassemia, it may be associated 
with some complications such as iron overload and platelet and red blood 
cell (RBC) alloimmunization.3 According to the Iranian transfusion policy 
for patients with thalassemia, it is necessary to maintain a hemoglobin 
level of approximately 9 to 10.5 g/dL. Therefore, patients with major thal-
assemia must receive blood transfusions every 2 to 5 weeks.4 

The development of antibodies (alloantibodies and autoantibodies) 
against (RBC) antigens is one of the most significant adverse effects of 
chronic blood transfusions. The recipient’s immune status, the RBC antigen 
potency, the differences in RBC phenotypes between donors and recipients, 
and the duration and amount of the blood transfusion may influence 
alloimmunization rates.5 The risk of developing RBC alloimmunization af-
ter the transfusion of a single unit of blood has been reported to be <1%, 
although this rate may increase to 60% in patients with regular blood 
transfusions.6 The rate of alloimmunization ranged from 5.2% to 23.5% 
in patients with major thalassemia in previous studies.7 Furthermore, the 
frequency of alloimmunization in patients with thalassemia has been re-
ported to be 2.87% to 18.7% in different parts of Iran.3,8-10

A number of complications are related to alloimmunization and 
autoimmunization, including clinical or laboratory signs of hemolysis, 
lower survival, the need for more transfusion, iron overload, and diffi-
culty and delay in providing compatible blood.11 Preparing fully matched 
blood by identifying the types of antigens before the blood transfusion 
may prevent antibody formation against RBC antigens.1 This study aimed 
to evaluate the frequency, type, and factors that may be associated with 
the development of antibodies in patients with major thalassemia in Shi-
raz, Iran. This finding can help clinicians determine the limitations of cur-
rent practices and plan specific measures to decrease these limitations.

Materials and Methods
This cross-sectional study was conducted from November 2017 to No-
vember 2018 in Dastgheib Hospital in Shiraz, Iran, which is the only 
medical center where blood is transfused to patients with thalassemia. 
Informed consent was obtained from patients or their parents. Six hun-
dred fifty patients with major thalassemia were evaluated during the 
study period. The demographic characteristics (age, sex, and age at the 
start of transfusion; duration of the intervals between transfusion; blood 
type; frequency of acute transfusion reactions; laboratory data; and his-
tory of splenectomy) of the patients were recorded. Next, the background 

information of immunized and nonimmunized patients was compared. 
According to the Iranian transfusion policy, patients with thalassemia 
received blood to maintain a target hemoglobin level of 9 to 11.5 g/dL. 
Patients with thalassemia must also receive fresh blood (<7 days). Every 
patient received only ABO and Rh (D) matched packed RBCs after com-
patibility testing using a serological (RBC cross-match) technique in the 
anti-human globulin phase (type and cross-match policy).

Antibody Screening Test
In the present study, before the transfusion, a specimen was collected for a 
direct antiglobulin test (DAT) and antibody screening tests. A polyspecific 
antiglobulin reagent (IBTO, Homemadekit, Iran) was used to perform 
DAT using a 3% to 5% suspension of the patients’ RBCs and appropriate 
controls. The results were read macroscopically and microscopically, and all 
negative results were confirmed by adding Coombs control cells.

A commercial 3-cell panel (IBTO, Homemadekit, Iran) was used for 
antibody screening by standard serological blood bank methods (Tube 
technique; saline, 37°C with albumin, and Coombs phases). Tubes were 
observed after centrifugation for agglutination and/or hemolysis. Anti-
body screen–positive specimens were subjected to antibody identification. 
Sensitized cells were added to all negative tubes. All positive samples for the 
alloantibody screening were evaluated to identify the antibody specificity 
using a commercial 11-cell identification panel (D, C, E, e, c, K, k, M, N, S, s, 
Fya, Fyb, Jka, Jkb, Lea, Leb, and P; IBTO, Homemadekit, Iran). Patients who 
were positive for alloantibodies received ABO and Rh (D) matched blood 
transfusion that was particular for the negative antigen (against which they 
had alloantibody). If patients had autoantibodies, we compared the grading 
of the reaction with autocontrols. Units showing a lower degree of reaction 
compared to autocontrols were selected. Afterward, the least-incompatible 
or best-matched blood units were prepared for the patients.

Ethics Statement
This study was approved by the Dastgheib Hospital ethics committee, 
Shiraz, Iran, with reference number 1322 (12 .03.2014).

Statistical Analysis
The data were analyzed using a statistical analysis software package 
(SPSS, version 22; Chicago, IL). An independent-sample t-test, χ 2 tests, 
and logistic regression were used for statistical analysis. P values <.05 
were considered statistically significant.

Results
In this study, 650 patients with major thalassemia were evaluated. Their 
mean age was 21.28 + 10.66 years (range, 1–58 years). There were 322 
(49.6%) males and 328 (50.4%) females. The mean transfusion inter-
val was 17.7 ± 14.2 days. The background information of the patients 
is shown in TABLE 1. We found RBC immunization (alloantibody and 
autoantibody) in 76 (11.7%) patients. Among the immunized patients, 
the indirect antigiobulin test (IAT) was positive in 46 (60.5%) patients 
and the DAT was positive in 24 (31.6%) participants. In addition, 6 
(7.9%) patients showed positive results of both the DAT and the IAT. 
Therefore, the alloimmunization rate was 8% (52 out of 650 patients). 
Autocontrol tests for all of the patients with a positive DAT were pos-
itive. Positive results of the DAT were more frequent among patients 
with blood groups O and B (P <.001), whereas IAT positive results were 
more frequent in patients with blood groups O and A (P <.001). 
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globulin chain.1 More than 2 million thalassemia carriers live in Iran, of 
whom >20,000 patients have major thalassemia.2 Although blood trans-
fusion is a lifesaver for patients with thalassemia, it may be associated 
with some complications such as iron overload and platelet and red blood 
cell (RBC) alloimmunization.3 According to the Iranian transfusion policy 
for patients with thalassemia, it is necessary to maintain a hemoglobin 
level of approximately 9 to 10.5 g/dL. Therefore, patients with major thal-
assemia must receive blood transfusions every 2 to 5 weeks.4 

The development of antibodies (alloantibodies and autoantibodies) 
against (RBC) antigens is one of the most significant adverse effects of 
chronic blood transfusions. The recipient’s immune status, the RBC antigen 
potency, the differences in RBC phenotypes between donors and recipients, 
and the duration and amount of the blood transfusion may influence 
alloimmunization rates.5 The risk of developing RBC alloimmunization af-
ter the transfusion of a single unit of blood has been reported to be <1%, 
although this rate may increase to 60% in patients with regular blood 
transfusions.6 The rate of alloimmunization ranged from 5.2% to 23.5% 
in patients with major thalassemia in previous studies.7 Furthermore, the 
frequency of alloimmunization in patients with thalassemia has been re-
ported to be 2.87% to 18.7% in different parts of Iran.3,8-10

A number of complications are related to alloimmunization and 
autoimmunization, including clinical or laboratory signs of hemolysis, 
lower survival, the need for more transfusion, iron overload, and diffi-
culty and delay in providing compatible blood.11 Preparing fully matched 
blood by identifying the types of antigens before the blood transfusion 
may prevent antibody formation against RBC antigens.1 This study aimed 
to evaluate the frequency, type, and factors that may be associated with 
the development of antibodies in patients with major thalassemia in Shi-
raz, Iran. This finding can help clinicians determine the limitations of cur-
rent practices and plan specific measures to decrease these limitations.

Materials and Methods
This cross-sectional study was conducted from November 2017 to No-
vember 2018 in Dastgheib Hospital in Shiraz, Iran, which is the only 
medical center where blood is transfused to patients with thalassemia. 
Informed consent was obtained from patients or their parents. Six hun-
dred fifty patients with major thalassemia were evaluated during the 
study period. The demographic characteristics (age, sex, and age at the 
start of transfusion; duration of the intervals between transfusion; blood 
type; frequency of acute transfusion reactions; laboratory data; and his-
tory of splenectomy) of the patients were recorded. Next, the background 

information of immunized and nonimmunized patients was compared. 
According to the Iranian transfusion policy, patients with thalassemia 
received blood to maintain a target hemoglobin level of 9 to 11.5 g/dL. 
Patients with thalassemia must also receive fresh blood (<7 days). Every 
patient received only ABO and Rh (D) matched packed RBCs after com-
patibility testing using a serological (RBC cross-match) technique in the 
anti-human globulin phase (type and cross-match policy).

Antibody Screening Test
In the present study, before the transfusion, a specimen was collected for a 
direct antiglobulin test (DAT) and antibody screening tests. A polyspecific 
antiglobulin reagent (IBTO, Homemadekit, Iran) was used to perform 
DAT using a 3% to 5% suspension of the patients’ RBCs and appropriate 
controls. The results were read macroscopically and microscopically, and all 
negative results were confirmed by adding Coombs control cells.

A commercial 3-cell panel (IBTO, Homemadekit, Iran) was used for 
antibody screening by standard serological blood bank methods (Tube 
technique; saline, 37°C with albumin, and Coombs phases). Tubes were 
observed after centrifugation for agglutination and/or hemolysis. Anti-
body screen–positive specimens were subjected to antibody identification. 
Sensitized cells were added to all negative tubes. All positive samples for the 
alloantibody screening were evaluated to identify the antibody specificity 
using a commercial 11-cell identification panel (D, C, E, e, c, K, k, M, N, S, s, 
Fya, Fyb, Jka, Jkb, Lea, Leb, and P; IBTO, Homemadekit, Iran). Patients who 
were positive for alloantibodies received ABO and Rh (D) matched blood 
transfusion that was particular for the negative antigen (against which they 
had alloantibody). If patients had autoantibodies, we compared the grading 
of the reaction with autocontrols. Units showing a lower degree of reaction 
compared to autocontrols were selected. Afterward, the least-incompatible 
or best-matched blood units were prepared for the patients.

Ethics Statement
This study was approved by the Dastgheib Hospital ethics committee, 
Shiraz, Iran, with reference number 1322 (12 .03.2014).

Statistical Analysis
The data were analyzed using a statistical analysis software package 
(SPSS, version 22; Chicago, IL). An independent-sample t-test, χ 2 tests, 
and logistic regression were used for statistical analysis. P values <.05 
were considered statistically significant.

Results
In this study, 650 patients with major thalassemia were evaluated. Their 
mean age was 21.28 + 10.66 years (range, 1–58 years). There were 322 
(49.6%) males and 328 (50.4%) females. The mean transfusion inter-
val was 17.7 ± 14.2 days. The background information of the patients 
is shown in TABLE 1. We found RBC immunization (alloantibody and 
autoantibody) in 76 (11.7%) patients. Among the immunized patients, 
the indirect antigiobulin test (IAT) was positive in 46 (60.5%) patients 
and the DAT was positive in 24 (31.6%) participants. In addition, 6 
(7.9%) patients showed positive results of both the DAT and the IAT. 
Therefore, the alloimmunization rate was 8% (52 out of 650 patients). 
Autocontrol tests for all of the patients with a positive DAT were pos-
itive. Positive results of the DAT were more frequent among patients 
with blood groups O and B (P <.001), whereas IAT positive results were 
more frequent in patients with blood groups O and A (P <.001). 

Patients’ medical history and information regarding age at first 
transfusion, transfusion intervals, mean number of blood units in 
6  months, transfusion reaction, and laboratory data of both groups 
are shown in TABLE 2. The immunization was lower in patients who 
had only received leuko-reduced blood units. The level of hemoglobin 
before transfusion was lower in immunized patients (8.02 vs 9.58 g/
dL; P = .04). Our result indicated that the age at first transfusion did 
not have any impact on immunization rates (10.22 vs 15.43 months; 
P = .98). In addition, the immunization rates were not related to sple-
nectomy (P = .17). Moreover, acute transfusion reactions were more 
frequent among immunized patients compared to nonimmunized 
patients (P < .001). Furthermore, the most frequent symptoms of 
acute transfusion reactions were urticaria (40.9%), chills (39.9%), and 
rash (36.4%); there was no record of hematuria in the patients’ history. 

The logistic regression results showed that alloimmunization was 
greater in patients over 18 years old (P = .04). The types of antibodies in 
the alloimmunized patients are summarized in TABLE 3. The most com-
mon alloantibodies detected were against K (50%), D (26%), and E (15.4%).

Discussion
Blood transfusion is one of the main treatments for patients with 
thalassemia because it decreases the complications of severe ane-
mia, improves the quality of life, and prolongs survival. However, 
it has some disadvantages, which include bacterial or chronic viral 
infections, hemosiderosis, and antibody formation against RBCs. Re-
search has shown that RBC alloimmunization is one of the most seri-
ous complications of blood transfusions in multitransfused patients. 
The development of alloantibodies may create acute or delayed hemo-
lytic transfusion reactions and problems in finding compatible blood 
for transfusion.12 In this study, the alloimmunization rate was 8%. The  
prevalence rate of alloimmunization ranged from 2.9% to 18.7% 

TABLE 1.  Background Information of Immunized and 
Nonimmunized Patients

Variables
Immunized 

Patients  
n (%)

Nonimmunized 
Patients  

n (%)

P 
Value

95%  
Confidence 

Interval

Sex

 Female 41 (12.5) 287 (87.5) .60 –3.34 to 6.54

 Male 35 (10.9) 287 (89.1)   

Age, y

 <12 12 (10) 108 (90) .04  

 12–18 12 (8.2) 133 (91.8)   

 >18 52 (13.5) 333 (86.5)   

Transfusion reaction

 Yes 10 (22.7) 34 (77.3) .03 –0.82 to 24.42

 No 66 (10.9) 540 (89.1)   

Splenectomy

 Yes 51 (10.5) 433 (89.5) .15 –1.58 to 10.58 

 No 25 (15) 141 (85)   

Receiving only leuko-reduced blood units

 No 26 (46.4) 30 (53.6) <.001 24.75 to 51.25

 Yes 50 (8.4) 544 (91.6)   
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in  previous studies in Iran.3,8,9,13-15 In comparison, the rate of 
alloimmunization in Asia varied from 3.7% in Pakistan to 30% in Ku-
wait16-20; in Africa, it varied from 7.7% in Tunisia to 19% in Sudan21-24; 
and in Europe, it varied from 3.7% in Greece to 11.8% in Albania.25-27 
Alloimmunization rates may be related to the differences between RBC 
phenotypes in both donors and recipients. Thus, the alloimmunization 
rates have been higher in areas with heterogeneous populations and 
bulky ethnic/genetic admixtures.28,29

In this study, the most frequent antibodies were against K (52.2%), 
D (26.0%), and E (17.4%). Similarly, previous studies also showed 
antibodies against the Rh and Kell blood groups to be the most common 
alloantibodies.13,16,29-32 However, other studies have reported antibodies 
against E as the most common antibodies.16,18,33,34 Alloimmunization 
rates may be related to the immunity of RBC antigens.15 The immuno-
genicity of the Rh and Kell blood group antigens was higher than that 
of the other antigens, which may explain higher antibody formation 
against these antigens.15

The prevalence of anti-D among the patients with thalassemia in this 
study was 26%. A previous study estimated that approximately 1% of 
D-positive blood donors were typed as weak D. Thus, some Rh-negative 
thalassemia patients may have received weak D units, which may explain 
the higher prevalence of anti-D in these patients. However, we could not 
find the exact prevalence of patients with weak D types in Iran.3,35 A pre-
vious report showed the prevalence rate of Rh negative in the north of 
Iran to be approximately 10.2%.36

The level of D antigen has decreased in weak D red blood cells 
so that it may not be detected in an IAT. Hence, such RBCs may be 
grouped as Rh-negative units.33,34 In addition, differences in methods 
and reagents used in D antigen typing may also cause false results. 
Furthermore, some individuals with partial D variants may create 
anti-D antibodies,37 so standard guidelines must be implemented for 
performing weak D tests to detect potentially immunogenic weak D 
RBCs for Rh-negative donors.

The result of DATs may be positive not only in the presence of 
autoantibodies but also in other situations such as patients with neona-
tal hemolytic disease, intravenous administration of IgG, bone marrow 
transplantation, administration of some drugs, infections, and acute 
and chronic leukemia. These conditions occur rarely in patients with 
major thalassemia.38,39 However, definitive identification of an autoan-
tibody requires confirmation of all DAT-positive specimens using elu-

tion or adsorption tests. Because of the limitations of our laboratory, 
we did not perform elution and adsorption tests. We assumed the pres-
ence of autoantibodies in patients with positive DAT results, because 
the prevalence of the above-mentioned conditions was quite rare in our 
study population.

In this study, there were no significant differences in the rate of 
alloimmunization in patients with splenectomy. Similar results were 
also obtained in other studies.15,35 However, other studies reported 
higher immunization rates in these patients.12,27,34,40 In patients with 
splenectomy, the damaged RBCs are not removed by the spleen, which 
may increase immunization.12,41

In addition, the mean number of RBC units transfused in 
6  months was higher in immunized patients, and transfusion 
intervals decreased in immunized patients (16.89 vs 19.67  days). 
These findings indicate that alloimmunization increases not only the 
transfusion need but also the rate of adverse transfusion reactions 
resulting from patients receiving more blood units. Similar findings 
were also reported in another study.42 The results of this study in-
dicated that the age at first transfusion did not have any impact on 
immunization rates (P = .98). Similar results have been reported in 
other studies.8,13,34,37,43 However, other studies revealed that patients 
who had received a transfusion at an early age were less prone to an-
tibody formation because of the immaturity of the immunological 
system.18,25,44

In the present study, the immunization rate was higher in older 
patients. Previous studies have also reported a higher immuniza-
tion rate in older age groups.11,45,46 The reasons for these higher 
immunization rates in older adults may include patients receiving 
more blood transfusions over time and having more exposure to 
different RBC antigens. In addition, younger patients may have 
received only leuko-reduced RBCs, which may prevent immuniza-
tion.27,43,47–49,51

We found that RBC immunization was not related to sex. Similar 
results have been reported in other studies.10,31,34,40 In contrast, other 
studies have reported a correlation between immunization rate and 
sex.18,29

In the present study, 30 (4.61%) patients had positive DAT results. 
The rate of positive DATs was 45% and 25% in 2 previous stud-
ies.22,26 However, the role of a positive DAT in patients developing 
significant clinical problems has not been identified.16,50 In our study, 

TABLE 2.  Clinical and Laboratory Data of Immunized and Nonimmunized Patients

Clinical and Laboratory Variables Immunized Patients Nonimmunized Patients P Value 95% Confidence Interval

Age of starting transfusion (mo) 10.22 ± 4.21 15.43 ± 6.63 .98 –16.12 to 5.67

Blood transfusion interval (d) 16.89 ± 7.59 19.67 ± 15.61 .01 –3.32 to –1.21

Ferritin level (ng/mL) 3037.63 ± 2686.46 2309.61 ± 2070.45 .004 14.59 to 77.44

Hemoglobin (g/dL) 8.02 ± 0.86 9.58 ± 1.03 .04 –0.31 to –1.19

SGPT (IU/L) 37.18 ± 39.99 34.59 ± 31.27 .55 –8.39 to 9.42

SGOT (IU/L) 32.40 ± 28.77 32.08 ± 22.62 .9 –4.73 to 5.36

Bilirubin direct (mg/dL) 0.83 ± 0.56 1.03 ± 3.10 .48 –1.04 to 0.72

Bilirubin total (mg/dL) 2.78 ± 2.10 2.59 ± 1.97 .141 –0.14 to 0.88

Mean number of RBC unit transfusion in 6 
mo (units)

8.12 ± 0.56 5.07 ± 0.37 .04 0.03 to 0.1

Frequency of transfusion reactions 0.2 ± 0.52 0.07 ± 0.32 .003 0.05 to 0.19

RBC, red blood cell; SGOT, serum glutamic oxaloacetic transaminase; SGPT, serum glutamic pyruvic transaminase.

patients transfused with non-leuko-reduced RBCs had a higher rate of 
alloimmunization compared with patients who had leuko-reduced RBC 
transfusion. Similar results have also been reported in other studies 
showing the importance of using leuko-reduced RBCs for patients with 
thalassemia.15,39,40

Our study had some limitations. We did not perform elution and 
adsorption tests because of limitations in our laboratory. The result of 
DATs may be positive not only in the presence of autoantibodies but 
also in other situations such as patients with neonatal hemolytic dis-
ease, intravenous administration of IgG, bone marrow transplantation, 
administration of some drugs, infections, and acute and chronic leu-
kemia. These conditions occur rarely in patients with major thalasse-
mia.38,39 We assumed the presence of autoantibodies in patients with 
DAT-positive results, because the prevalence of the above-mentioned 
conditions was quite rare in our study population. We could not estimate 
the transfusion need by kg/year because the exact weight of patients 
was not included in their medical records. In addition, delayed transfu-
sion reactions and hemolysis markers such as lactate dehydrogenase and 
haptoglobin were also not included in patients’ records. Furthermore, 
the results of this study may not be generalized or compared with other 
studies because the transfusion policies of other studies do not include 
Rh and Kell phenotype–matched RBCs. 

Conclusion
The alloimmunization rate of patients with thalassemia was 8% with re-
spect to the ethnic diversity of the donor populations. We determined 
that extended phenotype–matched RBCs must be established for blood 
preparation before the first transfusion, particularly for the Rh and Kell 
system. Then, the impact of transfusion on the alloimmunization rate 
should be evaluated. In addition, it is suggested that all patients with 
major thalassemia should receive only leuko-reduced RBCs beginning 
with the first transfusion.

Acknowledgments
The authors are grateful to the thalassemia center of Dastgheyb Hospital 
affiliated with Shiraz University of Medical Sciences in Iran. We thank 
the following people for their support and cooperation: Sanaz Safai, 
Azadeh Mossalai for her help in collecting the data, and Sahar Dehbidi, 
Zhale Farrokhizade, and Alison Imani for preparing the manuscript 
draft.

AQ19

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/194/6396158 by guest on 28 February 2025



197www.labmedicine.com

patients transfused with non-leuko-reduced RBCs had a higher rate of 
alloimmunization compared with patients who had leuko-reduced RBC 
transfusion. Similar results have also been reported in other studies 
showing the importance of using leuko-reduced RBCs for patients with 
thalassemia.15,39,40

Our study had some limitations. We did not perform elution and 
adsorption tests because of limitations in our laboratory. The result of 
DATs may be positive not only in the presence of autoantibodies but 
also in other situations such as patients with neonatal hemolytic dis-
ease, intravenous administration of IgG, bone marrow transplantation, 
administration of some drugs, infections, and acute and chronic leu-
kemia. These conditions occur rarely in patients with major thalasse-
mia.38,39 We assumed the presence of autoantibodies in patients with 
DAT-positive results, because the prevalence of the above-mentioned 
conditions was quite rare in our study population. We could not estimate 
the transfusion need by kg/year because the exact weight of patients 
was not included in their medical records. In addition, delayed transfu-
sion reactions and hemolysis markers such as lactate dehydrogenase and 
haptoglobin were also not included in patients’ records. Furthermore, 
the results of this study may not be generalized or compared with other 
studies because the transfusion policies of other studies do not include 
Rh and Kell phenotype–matched RBCs. 

Conclusion
The alloimmunization rate of patients with thalassemia was 8% with re-
spect to the ethnic diversity of the donor populations. We determined 
that extended phenotype–matched RBCs must be established for blood 
preparation before the first transfusion, particularly for the Rh and Kell 
system. Then, the impact of transfusion on the alloimmunization rate 
should be evaluated. In addition, it is suggested that all patients with 
major thalassemia should receive only leuko-reduced RBCs beginning 
with the first transfusion.

Acknowledgments
The authors are grateful to the thalassemia center of Dastgheyb Hospital 
affiliated with Shiraz University of Medical Sciences in Iran. We thank 
the following people for their support and cooperation: Sanaz Safai, 
Azadeh Mossalai for her help in collecting the data, and Sahar Dehbidi, 
Zhale Farrokhizade, and Alison Imani for preparing the manuscript 
draft.

REFERENCES

 1. Azarkeivan A, Ahmadi MH, Zolfaghari S, et al. RBC alloimmunization 
and double alloantibodies in thalassemic patients. Hematology. 
2015;20(4):223–227.

 2. Kiani A, Shirkhani Y, Kashi M, Abdi J. Prevalence of alloimmunization 
against RBC antigens in thalassemia major patients of Lorestan 
province in 1383. Persian Sci J Iran Blood Transfus Organ. 
2006;3(3):265–271.

 3. Prati D. Benefits, and complications of regular blood transfusion in 
patients with beta-thalassaemia major. Vox Sang. 2000;79:129–137.

 4. Khanjari S, Talebi R, Haghdoost Oskouie SF. Development of clinical 
guideline of blood transfusion process in children with thalassemia. J 
Hayat. 2015;21(1):37–55.

 5. Natukunda B, Brand A, Schonewille H. Red blood cell 
alloimmunization from an African perspective. Curr Opin Hematol. 
2010;17(6):565–570.

 6. Alves VM, Martins PR, Soares S, et al. Alloimmunization screening 
after transfusion of red blood cells in a prospective study. Rev Bras 
Hematol Hemoter. 2012;34(3):206–211.

 7. Cheng CK, Lee CK, Lin CK. Clinically significant red blood cell 
antibodies in chronically transfused patients: a survey of Chi-
nese thalassemia major patients and literature review. Transfusion. 
2012;52(10):2220–2224.

 8. Shamsian BS, Arzanian MT, Shamshiri AR, Alavi S, Khojasteh O. Fre-
quency of red cell alloimmunization in patients with β-major thalasse-
mia in an Iranian referral hospital. Iran J Pediatr. 2008;18:149–153.

 9. Karimi M, Nikrooz P, Kashef S, Jamalian N, Davatolhagh Z. RBC 
alloimmunization in blood transfusion-dependent beta-thalassemia 
patients in southern Iran. Int J Lab Hematol. 2007;29(5):321–326.

 10. Kasraian L, Shaiegan M. A survey on causes of red blood cell 
alloimmunization in thalassemia patients in Shiraz, Iran. Sci J Iran 
Blood Transfus Organ. 2018;15(4):265–271.

 11. Datta SS, Mukherjee S, Talukder B, Bhattacharya P, Mukherjee K. 
Frequency of red cell alloimmunization and autoimmunization in 
thalassemia patients: a report from Eastern India. Adv Hematol. 
2015;2015:610931.

 12. Obaid JM, Abo El-Nazar SY, Ghanem AM, El-Hadidi AS, 
Mersal BH. Red blood cells alloimmunization and 
autoimmunization among transfusion-dependent beta-
thalassemia patients in Alexandria province, Egypt. Transfus 
Apher Sci. 2015;53(1):52–57.

 13. Keikhaei B, Hirad Far A, Abolghasemi H, et al. Red blood cell 
alloimmunization in patients with thalassemia major and intermediate 
in Southwest Iran. Iran J Blood Cancer. 2013;6(1):41–46.

 14. Amin M, Gholamhossein T, Majid N, Marziyeh H, Narges S, Akbar D. 
Prevalence of alloimmunization against RBC antigens in thalassemia ma-
jor patients in South East of Iran. J Blood Disorders Transf. 2013;4(147):2.

 15. Davari K, Soltanpour MS. Study of alloimmunization and 
autoimmunization in Iranian β-thalassemia major patients. Asian J 
Transfus Sci. 2016;10(1):88–92.

 16. Ameen R, Al-Shemmari S, Al-Humood S, Chowdhury RI, Al-Eyaadi O, 
Al-Bashir A. RBC alloimmunization and autoimmunization among 
transfusion-dependent Arab thalassemia patients. Transfusion. 
2003;43(11):1604–1610.

 17. Usman M, Saira M, Moinuddun M, Ahmad S, Perveen R, Usman S. 
Frequency of red cell alloimmunization among patients with transfu-
sion dependent beta thalassemia in Pakistan. Int J Hematol Oncol. 
2011;26(4):166–169.

 18. Singer ST, Wu V, Mignacca R, Kuypers FA, Morel P, Vichinsky EP. 
Alloimmunization and erythrocyte autoimmunization in transfusion-
dependent thalassemia patients of predominantly Asian descent. 
Blood. 2000;96(10):3369–3373.

 19. Bashawri LA, Ahmed MS, El Fawaz N, Al Qatary AA, Ahmed MA. Red 
cell alloimmunization in thalassaemia patients. Bahrain Med Bull. 
2005;27(2):62–64.

AQ19

TABLE 3.  Type of Alloantibodies Detected in Immunized 
Patients (n = 52)

Number (%)
Type of 

Antibodies

26 (50) K

13 (26.0) D

8 (15.4) E

2 (3.8) C

1 (1.6) Cw

1 (1.6) Fyb

1 (1.6) C

52 (100) Total D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/194/6396158 by guest on 28 February 2025



2022;53;194–198  |  https://doi.org/10.1093/labmed/lmab079198 Laboratory Medicine

 20. Gader AGMA, Al Ghumlas AK, Al-Momen AKM. Transfusion med-
icine in a developing country—alloantibodies to red blood cells 
in multi-transfused patients in Saudi Arabia. Transfus Apher Sci. 
2008;39(3):199–204.

 21. Guirat-Dhouib N, Mezri M, Hmida H, et al. High frequency 
of autoimmunization among transfusion-dependent Tunisian 
thalassaemia patients. Transfus Apher Sci. 2011;45(2):199–202.

 22. Osman NY, Bashir AI, Abdalla SE. Determination of allo-antibodies in 
multiple transfused thalassemia, sickle cell anemia and Hb C disease 
among Sudanese patients. NMJ. 2013;3(11):14–23.

 23. Abdelrazik AM, Elshafie SM, El Said MN, et al. Study of red blood 
cell alloimmunization risk factors in multiply transfused thalasse-
mia patients: role in improving thalassemia transfusion practice in 
Fayoum, Egypt. Transfusion. 2016;56(9):2303–2307.

 24. Ahmed AM, Hasan NS, Ragab SH, Habib SA, Emara NA, Aly AA. Red 
cell alloimmunization and autoantibodies in Egyptian transfusion-
dependent thalassaemia patients. Arch Med Sci. 2010;6(4):592–598.

 25. Spanos T, Karageorga M, Ladis V, Peristeri J, Hatziliami A, 
Kattamis C. Red cell alloantibodies in patients with thalassemia. Vox 
Sang. 1990;58(1):50–55.

 26. Economidou J, Constantoulakis M, Augoustaki O, Adinolfi M. 
Frequency of antibodies to various antigenic determinants in 
polytransfused patients with homozygous thalassaemia in Greece. 
Vox Sang. 1971;20(3):252–258.

 27. Seferi I, Xhetani M, Face M, Burazeri G, Nastas E, Vyshka G. Fre-
quency and specificity of red cell antibodies in thalassemia patients 
in Albania. Int J Lab Hematol. 2015;37(4):569–574.

 28. Dhawan HK, Kumawat V, Marwaha N, et al. Alloimmunization and 
autoimmunization in transfusion dependent thalassemia major patients: 
study on 319 patients. Asian J Transfus Sci. 2014;8(2):84–88.

 29. Habibzadeh F, Yadollahie M, Merat A, Haghshenas M. Thalassemia in 
Iran: an overview. Arch Iran Med. 1998;1(1):27–33.

 30. el-Danasoury AS, Eissa DG, Abdo RM, Elalfy MS. Red blood cell 
alloimmunization in transfusion-dependent Egyptian patients with 
thalassemia in a limited donor exposure program. Transfusion. 
2012;52(1):43–47.

 31. Saied DA, Kaddah AM, Badr Eldin RM, Mohaseb SS. 
Alloimmunization and erythrocyte autoimmunization in transfusion-
dependent Egyptian thalassemic patients. J Pediatr Hematol Oncol. 
2011;33(6):409–414.

 32. Iqbal I, Ahmed N. Frequency of red cell alloantibodies and auto 
antibodies in thalassemia major children. Biomedica. 2014;30(1):25–28.

 33. Noor Haslina MN, Ariffin N, Illuni Hayati I, Rosline H. Red cell immu-
nization in multiply transfused Malay thalassemic patients. Southeast 
Asian J Trop Med Public Health. 2006;37(5):1015–1020.

 34. Ho HK, Ha SY, Lam CK, et al. Alloimmunization in Hong Kong south-
ern Chinese transfusion-dependent thalassemia patients. Blood. 
2001;97(12):3999–4000.

 35. Oodi A, Daneshvar Z, Goudarzi S, Amirizadeh N. RHD genotyping 
of serological weak D phenotypes in the Iranian blood donors and 
patients. Transfus Apher Sci. 2020;59(5):102870.

 36. Ayatollahi H, Rafatpanah H, Khayyami ME, et al. Association between 
ABO and Rhesus blood group systems among confirmed human T 
lymphotropic virus type 1-infected patients in Northeast Iran. AIDS 
Res Hum Retroviruses. 2008;24(9):1155–1158.

 37. Dogra A, Sidhu M, Kapoor R, Kumar D. Study of red blood cell 
alloimmunization in multitransfused thalassemic children of Jammu 
region. Asian J Transfus Sci. 2015;9(1):78–81.

 38. Anstee DJ. The relationship between blood groups and disease. 
Blood. 2010;115(23):4635–4643.

 39. Bıçakçı Z, Öztürkmen S, Akyay A, Olcay L. False positive result of the 
direct antiglobulin test (DAT): the role of the elevated level of immuno-
globulin G. Pediatr Hematol Oncol. 2012;29(7):611–619.

 40. Jansuwan S, Tangvarasittichai O, Tangvarasittichai S. 
Alloimmunization to red cells and the association of alloantibodies 
formation with splenectomy among transfusion-dependent 
β-thalassemia major/HbE patients. Indian J Clin Biochem. 
2015;30(2):198–203.

 41. Hodge G, Lloyd JV, Hodge S, Story C, Han P. Functional lympho-
cyte immunophenotypes observed in thalassaemia and haemophilia 
patients receiving current blood product preparations. Br J Haematol. 
1999;105(3):817–825.

 42. Zaidi U, Borhany M, Ansari S, et al. Red cell alloimmunisation in regu-
larly transfused beta thalassemia patients in Pakistan. Transfus Med. 
2015;25(2):106–110.

 43. Hussein E, Ahmed Eldesoukey N, Rihan A, Kamal A. Predictors of 
red cell alloimmunization in multitransfused Egyptian patients with 
β-thalassemia. Arch Pathol Lab Med. 2014;138(5):684–688.

 44. El Sewefy DA, Al Feky MA, Fatah MFA, El Sakhawy YN, Ragab IA, 
El Sayed HTN. Clinically significant red blood cell antibodies in 
multitransfused Egyptian thalassemic patients. Egypt J Haematol. 
2014;39(3):171.

 45. Reid M, Lomas-Francis C. The Blood Group Antigen Facts Book. 2nd 
ed. Amsterdam, the Netherlands: Elsevier Academic Press; 2004.

 46. Cserti CM, Dzik WH. The ABO blood group system and Plasmodium 
falciparum malaria. Blood. 2007;110(7):2250–2258.

 47. Tormey CA, Fisk J, Stack G. Red blood cell alloantibody frequency, 
specificity, and properties in a population of male military veterans. 
Transfusion. 2008;48(10):2069–2076.

 48. Tournamille C, Meunier-Costes N, Costes B, et al. Partial C antigen 
in sickle cell disease patients: clinical relevance and prevention of 
alloimmunization. Transfusion. 2010;50(1):13–19.

 49. Lannan KL, Sahler J, Spinelli SL, Phipps RP, Blumberg N. Transfu-
sion immunomodulation—the case for leukoreduced and (perhaps) 
washed transfusions. Blood Cells Mol Dis. 2013;50(1):61–68.

 50. Castellino SM, Combs MR, Zimmerman SA, Issitt PD, Ware RE. 
Erythrocyte autoantibodies in paediatric patients with sickle cell 
disease receiving transfusion therapy: frequency, characteristics and 
significance. Br J Haematol. 1999;104(1):189–194.

 51. Rizzo C, Castiglia L, Arena E, Gangi S, Mazzola G, Caruso C, et al. 
Weak D and partial D: our experience in daily acticity. Blood Transfus. 
2012;10(2):235–236.

AQ11

AQ16

AQ21

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/194/6396158 by guest on 28 February 2025



www.labmedicine.com 199

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail: 

journals.permissions@oup.com

The Direct Spectrophotometric Method Is Reliable 
for Initial Assessment of Total Bilirubin in Neonatal 
Venous Plasma
Paspimon Makkong, BSc,1 Pensiri Choosongsang, BSc,1 Phattanapong Choosongsang, BSc,1 Sasipong Trongnit, MD,2 
Wilaiwan Sriwimol, PhD1,*  

1Clinical Chemistry Laboratory and 2Division of Human Genetics, Department 
of Pathology, Faculty of Medicine, Prince of Songkla University, Songkhla, 
Thailand; *To whom correspondence should be addressed. wilaiwan.sr@psu.
ac.th

Keywords: bilirubin, venous plasma, direct spectrophotometric method, 
colorimetric diazo method, neonate, method comparison

Abbreviations: CLSI, Clinical and Laboratory Standards Institute; %CV
WL

, 
within-laboratory coefficients of variation; PCCC, PreciControl Clin Chem; RBCs, 
red blood cells; TEa, total allowable error; CLIA, Clinical Laboratory Improvement 
Amendments; PPV, positive predictive value; NPV, negative predictive value

Laboratory Medicine 2022;53:199–205; https://doi.org/10.1093/labmed/
lmab086

ABSTRACT

Objective: To determine the consistency of bilirubin values between 

the direct spectrophotometric (DS) and colorimetric diazo (diazo) 

methods in neonatal venous plasma specimens.

Methods: We measured the total bilirubin via the DS and diazo 

methods in 255 neonatal venous plasma specimens and compared 

the overall and subgroup results.

Results: Slight underestimation of total bilirubin values in most 

specimens using the DS method was observed, with higher mean 

biases found in higher concentrations. Significantly high positive 

correlations were found in all groups in which most of the different 

values were within the limits of agreement. DS cutoff of > 12 mg/dL 

showed 100% for all predictive indices in comparison with the diazo 

cutoff > 15 mg/dL.

Conclusions: Measurement of total bilirubin in neonatal venous 

plasma using the DS method had favorable agreement and high corre-

lation with the diazo method. Therefore, the direct spectrophotometric 

method can be used as a reliable screening method.

Neonatal jaundice, one of the most common pediatric problems, is 
caused by hyperbilirubinemia.1,2 This jaundice is generally physiolog-
ical in most healthy term neonates affected during the first week of 
life.2 However, some infants develop severe jaundice, usually due to the 
presence of risk factors such as prematurity, low birth weight, lactation  
failure, and/or a birth mother with diabetes. The American Academy 
of Pediatrics guideline recommends that all cases of neonatal jaundice 
during the first 24 hours should have a bilirubin measurement.3 When 
the total bilirubin exceeds a certain level, phototherapy is started. The 
appropriate management requires timely detection and accuracy of the 
bilirubin measurement.

Neonatal bilirubin levels can be measured through primary spec-
imen types, mainly transcutaneous, capillary blood, or venous blood.4 
The difference in bilirubin levels between these different specimen 
types is one of the problems in decision-making in clinical practice. It 
was previously reported4–6 that the bilirubin level measured through a 
capillary specimen was significantly lower than when measured through 
a venous specimen, especially when the total bilirubin level was higher 
than 10 mg/dL. The measurement of total bilirubin in the venous spec-
imen reflects the true bilirubin level in neonatal blood circulation. If 
the bilirubin value is discovered to be high in the capillary specimen, 
the bilirubin level is remeasured using a venous specimen before begin-
ning the treatment for neonatal jaundice in many hospitals. Thus, an 
initial examination of bilirubin using a venous specimen will reduce the 
resampling process and minimize neonatal pain.

Different methods for measuring the neonatal bilirubin level are 
presently used.7 The colorimetric diazo (diazo) biochemical method is 
widely used in clinical medical laboratories to measure the total biliru-
bin in venous specimens using an automated chemistry analyzer.7 This 
method is accepted to provide high accuracy for bilirubin measurements; 
however, this measurement has a limitation in the high volume of the 
venous specimen required.7 The direct spectrophotometric method is 
commonly used to measure bilirubin in a capillary blood specimen from 
a finger stick or a heel stick.7 This method is simple and rapid, and it 
requires only a small specimen for analysis. Comparison studies of the 
bilirubin values between these 2 methods have been performed.6,8–11 
However, 2 of these studies examined only the correlations between 
bilirubin values obtained by different methods and sampling types.6,8 
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Other studies9–11 compared bilirubin values between these 2 methods 
using capillary blood specimens. However, to our knowledge, there are 
currently no comparisons in the literature of bilirubin levels between 
these 2 methods in venous specimens.

Therefore, this study aimed to compare the consistency of total bil-
irubin level measurements in neonatal venous plasma, as measured 
by the direct spectrophotometric method and the diazo method. We 
believed that if we discovered high comparability and strong correla-
tion of the total bilirubin values, using the direct spectrophotometric 
method to measure neonatal bilirubin in venous specimens would be a 
practical alternative in clinical practice.

Materials and Methods

Specimen Collection
The research protocol was approved by the Ethics Committee, Faculty of 
Medicine, Prince of Songkla University, Songkhla, Thailand (REC. 63-422-
5-7). The 255 blood specimens used in the study were leftover specimens 
originally obtained during routine neonate bilirubin testing at the Clinical 
Chemistry Laboratory, Songklanagarind Hospital, Thailand between No-
vember 2020 and February 2021. The whole-blood specimens were collected 
by venipuncture at the back of the hand into 4 heparinized capillary tubes 
for each neonate and transported to the laboratory in approximately 20 
minutes, with protection from light. Clinical data regarding sex, gestational 
age at delivery, birth weight, postnatal age, ethnicity, delivery method, ma-
ternal age, and clinical jaundice status were extracted from chart reviews.

Precision Study
Following the Clinical and Laboratory Standards Institute (CLSI) 
EP15-A3 guideline,12 the total precision of the 2 methods was evaluated 
by running 5 replicates of the commercial control materials during a 
5-day period (5 × 5 precision), followed by the calculation of within-
laboratory coefficients of variation (%CV

WL
). The 2-level commercial 

control materials used were PreciControl Clin Chem (PCCC) Multi level-1 
(0.962 mg/dL) lot 160407 and level-2 (3.769 mg/dL) lot 160393 for the 
diazo method and APEL Bilirubin Control (15.5 mg/dL) lot CP19G001 
for the direct spectrophotometric method.

Measurements of Total Bilirubin
The total bilirubin in the venous specimens was measured by the 2 dif-
ferent methods as soon as possible within 2 hours after specimen collec-
tion, which is an acceptable time delay for bilirubin measurement.13 All 
analyzers were operated according to manufacturer instructions.

The cobas 8000: c702 module (F. Hoffman- La Roche) is used for to-
tal bilirubin measurement via the principle of the colorimetric diazo 
method.14 To measure the total bilirubin in a neonate, 3 heparinized 
capillary tubes containing approximately 50 µL of whole blood per tube 
are required, which are centrifuged at 21,000g for 5 minutes to sepa-
rate the plasma from the red blood cells (RBCs). The plasma portions 
are collected and pooled in a specimen cup. The plasma specimen is 
mixed with the reagents, and the total bilirubin is then bound with 3, 
5-dichlorophenyl diazonium to produce the red azo product. After that, 
the color intensity of the product is photometrically measured with 
bichromatic light of wavelengths of 546 and 600  nm, giving a value 
which is directly proportional to the total bilirubin in the specimen. The 
reaction time is 10 minutes per specimen.

The Bilirubin Meter APEL: BR-5200 (APEL) is a small analyzer. The 
direct spectrophotometric method is used to measure the bilirubin value 
in a heparinized capillary tube containing approximately 50 µL of whole 
blood.15 The whole blood specimen in the heparinized capillary tube is 
centrifuged at 21,000g for 5 minutes to separate the plasma from the 
RBCs, and then this capillary tube is inserted into the holder of an an-
alyzer. Dual wavelengths at 461 and 577 nm are used to measure the 
bilirubin. The bilirubin value appears very quickly on a results meter—
within approximately 1 second. A  blank specimen is run daily using 
distilled water to zero out the machine before measuring the control and 
patient specimens.

Statistical Analysis
The statistical analyses were performed using the MEDCALC statis-
tical program, version 19.1. All results are presented as mean (SD) or 
median and mean difference (1.96 SD), as appropriate. Coefficients of 
variation (%CV

WL
) were calculated to determine the within-laboratory 

precision. The normality of the total bilirubin results was tested via 
the Shapiro-Wilk test. The total group was evaluated as normal dis-
tribution, whereas the 4 subgroups were evaluated as non-normal 
distributions. The differences of mean and median were compared via 
paired t-testing and Wilcoxon signed-rank testing, respectively. Bias 
estimation, method agreement, and concordance between the pair-
wise methods comparisons were evaluated by Bland-Altman plots16 
and linear regression analysis or Passing-Bablok regression testing.17 
Correlations were determined by Pearson or Spearman rank correlation. 
P <.05 was considered statistically significant. If more than 5% of all 
percentage differences were outside the total allowable error (TEa) limit 
(±20%) according to the Clinical Laboratory Improvement Amendments 
(CLIA) criteria,18 the results were considered to be clinically significant. 
The ability of the direct spectrophotometric method with various cutoff 
values (>12–>15 mg/dL) to predict total bilirubin value obtained by the  
diazo method (cutoff > 15  mg/dL) was analyzed using 2 × 2 analysis; 
sensitivity, specificity, positive predictive value (PPV), negative predic-
tive value (NPV), and accuracy were calculated.

Results
A total of 255 venous specimens from 197 neonates (52% male and 
48% female) were used in this study, 56 from preterm (28%) and 141 
from term (72%) neonates, with a mean gestational age at delivery of 
38 weeks (range: 21+1–41+0 weeks). The means (ranges) of birth weight, 
postnatal age at the time of blood specimen collection, and maternal 
age were 2862 g (690–4676 g), 4.5 days (1–20 days), and 32 years (19–
43 years), respectively. In total, 44% of the neonates were delivered by 
cesarean section, whereas 34% and 22%, respectively, were delivered via 
normal labor and vacuum extraction. A total of 38% of all neonates were 
diagnosed as having clinical jaundice.

The total precisions of the diazo and direct spectrophotometric 
methods were evaluated by using commercial control specimens. The 
study found that the total precisions of both methods were within the 
acceptable criteria of less than 1/3 of TEa (6.67%) (TABLE 1).

Overall, the total bilirubin values ranged from 2.57–23.13  mg/dL 
and 2.60–21.90  mg/dL for the diazo and direct spectrophotometric 
methods, respectively. The mean total bilirubin of the direct spectropho-
tometric method was significantly lower than that of the diazo method in 
which the means (SD) (95% CI) were 10.96 (3.12) mg/dL (10.57–11.34) 
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and 11.92 (3.77) mg/dL (11.45–12.38), respectively (FIGURE 1). The 
Pearson correlation coefficient (r) was 0.9756 (95% CI, 0.9689–0.9809), 
indicating a high, statistically significant positive correlation (P <.001). 
Linear regression analysis revealed that the 2 methods had a very strong 
linear association; the regression equation was y = 0.808x + 1.326 with 
R2 of 0.9518 (FIGURE 2A).

A Bland-Altman plot was used to assess the agreement between total 
bilirubin values in the total group from the 2 methods in which the aver-
age value was shown on the x-axis with the difference value on the y-axis 
(FIGURE 2B). The mean difference and limits of agreement (LoA, de-
fined as mean difference [1.96 SD]) were −1.0 mg/dL and −2.9 to 1.0 mg/
dL, respectively. This plot revealed that only 15 of the 255 specimens 
(5.9%) were not within the LoA (FIGURE 2B). When the percentages of 
total bilirubin differences between the 2 methods were evaluated, only 
9 of the 255 specimens (3.5%) were not within the TEa limits (FIGURE 
2C); this value was less than 5%, indicating no clinically significant dif-
ference.

We then determined the agreement and correlation between the 2 
methods in the 4 subgroups (≤9.0, 9.1–12.0, 12.1–15.0, and ≥15.1 mg/
dL) classified according to the values of the direct spectrophotometric 
method (TABLE 2 and FIGURE 3). The median total bilirubin of the 
direct spectrophotometric method was lower than that of the diazo 
method in all subgroups (TABLE 2). In the Bland-Altman analysis, the 
mean differences were −0.23, −0.9, −1.4, and −1.9 mg/dL for subgroups 
1 to 4, respectively; the mean differences were higher when the total bil-
irubin values were increased. Good agreements between the total biliru-
bin values from the 2 methods were observed in all subgroups in which 
more than 95% of the different values for each subgroup were within 
the LoA (FIGURE 3). The Spearman rank correlation coefficients of all 
subgroups showed high to very high positive correlations with statistical 
significance (P <.001), with the highest correlation coefficient found in 
subgroup 1.

We determined the highest cutoff value of the direct spectrophoto-
metric method that resulted in 100% sensitivity for detecting signifi-
cant hyperbilirubinemia compared with the diazo method. Predictive  
indices for the total bilirubin with the diazo method of interest (>15 mg/
dL) using various cutoff values (>12  − >15  mg/dL) with the direct  
spectrophotometric method are shown in TABLE 3. Using the direct 
spectrophotometric cutoff value of >12 mg/dL to predict the diazo total 
bilirubin >15 mg/dL resulted in sensitivity, specificity, and accuracy of 
100%, indicating that if total bilirubin obtained by the direct spectro-
photometric method was ≤12 mg/dL, then no neonate had total biliru-
bin more than 15 mg/dL measured by the diazo method.

Discussion
To identify, treat, and monitor neonatal jaundice, it is necessary  
to acquire laboratory measurements of total bilirubin, for which  

immediate and accurate results are important in clinical decision mak-
ing. The most commonly used methods for measuring total bilirubin in 
neonates are the biochemical and direct spectrophotometric methods, 
which quantify the bilirubin values by chemical assessment and native 
spectral properties, respectively.7 However, to our knowledge, no stud-
ies reported on in the literature have attempted to standardize these 
2 methods. The accuracy and precision of any laboratory methods and 
instruments are important for providing reliable results. In general, sev-
eral factors such as light intensity and temperature may affect measure-
ment accuracy in the device. The APEL device uses an LED light source, 
providing a stable light intensity and a long lifetime.15 Also, the meas-
urement of bilirubin is performed at room temperature, which is within 
the operating temperature range (10°C–40°C) of the device according 
to manufacturer suggestions.15 Our study did not directly examine the 
effects of these parameters on the bilirubin level. However, we first did 
a precision study to elucidate the methods and instruments met the re-
quired performance levels according to the acceptance criterion of less 
than 1/3 of TEa (6.67%).17,18 The total precision of diazo and direct spec-
trophotometric methods was within this acceptance criterion, providing 
reliable results (TABLE 1).

Our study found that total bilirubin values in neonatal venous 
plasma were underestimated by approximately 1 mg/dL using the direct 
spectrophotometric method (FIGURES 1 and 2B). This agrees with the 
study findings of Chen et al.10 which included a systemic underestima-
tion of the bilirubin concentration in capillary blood by a nonchemical 
photometric device compared with the biochemical method, but in 
contrast to the findings of Kuzniewicz et al19 and Greene et al,20 which 
included a positive bias of the bilirubin levels using the reflectance-
spectrophotometric method (Vitros) compared with the diazo method 
(AU680). 

The different findings between the present study and these latter 
studies may have resulted from different principle assays, calibration, 
and manufacturers. Also, we found that the mean bias was small in 
low concentrations but tended to be higher in higher concentrations  
(FIGURE 3). This agrees with the findings of another comparative study 
between different methods that also reported higher bias in higher 
concentrations.4 However, the mean bias in our findings was higher than 
that reported in another previous work.9 In our total of 255 specimens, 
8 specimens showed a high discrepancy (>3  mg/dL) in total bilirubin 
values between the 2 methods. The measurements of these specimens 
were not repeated because the specimens had been discarded. Clinically, 
4 of the patients whose specimens we studied were diagnosed with ne-
onatal jaundice and treated with phototherapy. Therefore, recalibration 
of the direct spectrophotometric device is essential to reduce the poten-
tial bias.

Our correlation studies revealed high positive correlations in 
subgroups 2 to 4 and very high positive correlations in subgroup 1 and 
the total group in which all correlations showed statistical significance 

TABLE 1.  Total Precision Study of the Direct Spectrophotometric and Colorimetric Diazo Methods for Total Bilirubin 
Measurement in Venous Plasma

Variable
Diazo Method

Direct Spectrophotometric 
Method

PCCC Level 1 PCCC Level 2 APEL Bilirubin Control

Total precision (%CV
WL

) 1.47% 0.80% 0.35%

Abbreviations: %CV
WL

, within-laboratory coefficient of variation; PCCC, PreciControl Clin Chem.

The Bilirubin Meter APEL: BR-5200 (APEL) is a small analyzer. The 
direct spectrophotometric method is used to measure the bilirubin value 
in a heparinized capillary tube containing approximately 50 µL of whole 
blood.15 The whole blood specimen in the heparinized capillary tube is 
centrifuged at 21,000g for 5 minutes to separate the plasma from the 
RBCs, and then this capillary tube is inserted into the holder of an an-
alyzer. Dual wavelengths at 461 and 577 nm are used to measure the 
bilirubin. The bilirubin value appears very quickly on a results meter—
within approximately 1 second. A  blank specimen is run daily using 
distilled water to zero out the machine before measuring the control and 
patient specimens.

Statistical Analysis
The statistical analyses were performed using the MEDCALC statis-
tical program, version 19.1. All results are presented as mean (SD) or 
median and mean difference (1.96 SD), as appropriate. Coefficients of 
variation (%CV

WL
) were calculated to determine the within-laboratory 

precision. The normality of the total bilirubin results was tested via 
the Shapiro-Wilk test. The total group was evaluated as normal dis-
tribution, whereas the 4 subgroups were evaluated as non-normal 
distributions. The differences of mean and median were compared via 
paired t-testing and Wilcoxon signed-rank testing, respectively. Bias 
estimation, method agreement, and concordance between the pair-
wise methods comparisons were evaluated by Bland-Altman plots16 
and linear regression analysis or Passing-Bablok regression testing.17 
Correlations were determined by Pearson or Spearman rank correlation. 
P <.05 was considered statistically significant. If more than 5% of all 
percentage differences were outside the total allowable error (TEa) limit 
(±20%) according to the Clinical Laboratory Improvement Amendments 
(CLIA) criteria,18 the results were considered to be clinically significant. 
The ability of the direct spectrophotometric method with various cutoff 
values (>12–>15 mg/dL) to predict total bilirubin value obtained by the  
diazo method (cutoff > 15  mg/dL) was analyzed using 2 × 2 analysis; 
sensitivity, specificity, positive predictive value (PPV), negative predic-
tive value (NPV), and accuracy were calculated.

Results
A total of 255 venous specimens from 197 neonates (52% male and 
48% female) were used in this study, 56 from preterm (28%) and 141 
from term (72%) neonates, with a mean gestational age at delivery of 
38 weeks (range: 21+1–41+0 weeks). The means (ranges) of birth weight, 
postnatal age at the time of blood specimen collection, and maternal 
age were 2862 g (690–4676 g), 4.5 days (1–20 days), and 32 years (19–
43 years), respectively. In total, 44% of the neonates were delivered by 
cesarean section, whereas 34% and 22%, respectively, were delivered via 
normal labor and vacuum extraction. A total of 38% of all neonates were 
diagnosed as having clinical jaundice.

The total precisions of the diazo and direct spectrophotometric 
methods were evaluated by using commercial control specimens. The 
study found that the total precisions of both methods were within the 
acceptable criteria of less than 1/3 of TEa (6.67%) (TABLE 1).

Overall, the total bilirubin values ranged from 2.57–23.13  mg/dL 
and 2.60–21.90  mg/dL for the diazo and direct spectrophotometric 
methods, respectively. The mean total bilirubin of the direct spectropho-
tometric method was significantly lower than that of the diazo method in 
which the means (SD) (95% CI) were 10.96 (3.12) mg/dL (10.57–11.34) 
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(TABLE 2 and FIGURE 2A). Our Bland-Altman plots demonstrated 
that approximately 94% of the different values in the total group were 
within the LoA (FIGURE 2B); also, more than 95% of the different val-
ues were within the LoA in all subgroups (FIGURE 3), indicating that 
the agreement was maintained over a wide range of total bilirubin val-
ues. Moreover, more than 95% of percentage difference values were also 
within the TEa limit, overall showing no clinically significant differences 
of total bilirubin between these 2 methods (FIGURE 2C). Considering 
our results, we believe the direct spectrophotometric method is suitable 
for laboratory use. In a previous study report, good agreement and high 
correlation were discovered between the direct spectrophotometric 
method using the Unistat POC device and the diazo method using the 
Olympus AU64E analyzer (Olympus Corporation), although this was a 
comparative study using only capillary blood specimens.9

The American Academic of Pediatrics recommends the Bhutani 
nomogram for risk assessment of hyperbilirubinemia.3 The 
Bhutani nomogram is generated by plotting the hours of age of 

FIGURE 1. Total concentrated bilirubin in venous plasma, as 
determined via direct spectrophotometric and diazo testing 
methods.
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the infant against the total bilirubin values measured by the di-
azo method using the Hitachi 747 analyzer an instrument no 
longer manufactured.21 The total bilirubin values are currently 
measured by modern instruments or different methods from the 
previous study.21 Therefore, the interpretation of risk levels for 

hyperbilirubinemia using the Bhutani nomogram is questionable 
and concerning.

In our study, a negative bias of the direct spectrophotometric  
bilirubin values was found, compared with the diazo method. Therefore, 
it is essential to define a cutoff value of the direct spectrophotometric 

TABLE 2.  Comparison of Median Total Bilirubin Values and Spearman Rank Correlation Study in Subgroup Analysis Obtained 
by the Direct Spectrophotometric and Colorimetric Diazo Methods

Subgroupa No.
Total Bilirubin in Venous Plasma (mg/dL)

P 
Value

Spearman Rank Correlation  
Coefficient 

Direct Spectrophotometric Method, Median 
(95% CI)

Diazo Method, Median  
(95% CI) 

(95% CI)

Subgroup 1 (≤9.0 mg/dL) 70 7.70 (7.00–8.00) 8.14 (7.41–8.64) <.05 0.934b

(0.895–0.958)

Subgroup 2 (9.1–12.0 mg/dL) 97 10.40 (10.30–10.66) 11.39 (11.08–11.65) 0.787b

(0.697–0.853)

Subgroup 3 (12.1–15.0 mg/dL) 62 13.30 (13.18–13.80) 14.82 (14.35–15.22) 0.782b

(0.661–0.863)

Subgroup 4 (≥15.1 mg/dL) 26 15.90 (15.40–16.81) 18.17 (17.07–19.54) 0.815b

(0.624–0.914)

aSubgroups are classified based on the total bilirubin values obtained by the direct spectrophotometric method. 
bP value <.001.

FIGURE 3. Mean and difference bilirubin values. A, Subgroup 1. B, Subgroup 2. C, Subgroup 3. D, Subgroup 4.
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(TABLE 2 and FIGURE 2A). Our Bland-Altman plots demonstrated 
that approximately 94% of the different values in the total group were 
within the LoA (FIGURE 2B); also, more than 95% of the different val-
ues were within the LoA in all subgroups (FIGURE 3), indicating that 
the agreement was maintained over a wide range of total bilirubin val-
ues. Moreover, more than 95% of percentage difference values were also 
within the TEa limit, overall showing no clinically significant differences 
of total bilirubin between these 2 methods (FIGURE 2C). Considering 
our results, we believe the direct spectrophotometric method is suitable 
for laboratory use. In a previous study report, good agreement and high 
correlation were discovered between the direct spectrophotometric 
method using the Unistat POC device and the diazo method using the 
Olympus AU64E analyzer (Olympus Corporation), although this was a 
comparative study using only capillary blood specimens.9

The American Academic of Pediatrics recommends the Bhutani 
nomogram for risk assessment of hyperbilirubinemia.3 The 
Bhutani nomogram is generated by plotting the hours of age of 
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method without missing a neonate in need of therapeutic intervention. 
Total bilirubin levels higher than 15 mg/dL have been reported as critical 
for neonates,22,23 so we selected this point as the cutoff value. We discov-
ered that when both methods used the same cutoff value (>15 mg/dL) of 
total bilirubin, the sensitivity of the direct spectrophotometric method 
was only 50%, with an 88.65% NPV and 89.80% accuracy (TABLE 3). 
When the cutoff value of the direct spectrophotometric method was 
decreased to >12 mg/dL, the sensitivity, NPV, and accuracy all improved 
to 100%. We therefore suggest that if the total bilirubin value using the 
direct spectrophotometric method is higher than 12 mg/dL, it should 
be interpreted with care and should be remeasured with a standard lab-
oratory method such as diazo before making any decisions concerning 
therapeutic intervention.

Conclusion
In conclusion, we found that the measurement of total bilirubin using 
the direct spectrophotometric method in the neonatal venous plasma 
provided high correlation, good agreement, high sensitivity, and ac-
curacy with the diazo method, as long as the total bilirubin was be-
low 12 mg/dL, but neonates with a value higher than this should have 
confirmatory testing using the standard diazo method. There are sev-
eral advantages to being able to confidently use a direct spectropho-
tometric method, notably, the small instrument size, small specimen  
volume required, rapid turnaround time, and high measurement perfor-
mance. Our study findings confirm that this direct spectrophotometric 
method can be regarded as a reliable alternative screening method for 
hyperbilirubinemia in neonates.
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ABSTRACT

Platelets have a role in vascular complications of COVID-19-related 

viral coagulopathy. Although immune-induced thrombocytopenia 

has been described mostly in moderate-to-severe COVID-19, the 

prognostic role of platelet count in COVID-19 is still controversial. 

Pseudothrombocytopenia has been reported to represent COVID-

19-associated coagulopathy in critical illness, and transient EDTA-

dependent pseudothrombocytopenia lasting less than 3 weeks was 

described in a patient with severe acute COVID-19 pneumonia. In our 

case study, EDTA-induced pseudothrombocytopenia was still present 

at 9 months after an initial SARS-CoV-2 virus infection in an apparently 

recovered 60 year old man. The persistence of antinucleocapside and 

antispike antibodies 9 months after the initial infection suggests that 

EDTA-induced pseudothrombocytopenia may be related to anti-SARS-

CoV-2 IgG or IgM antibodies. We should acknowledge the possibility 

that pseudothrombocytopenia may also appear in some patients after 

seroconversion after the launch of large-scale vaccination programs.

The COVID-19 disease caused by the SARS-CoV-2 virus is an ongoing pan-
demic that began in December 2019, resulting in >142 million identified 
patients and >3 million fatalities through April 20, 2021.1 Endothelial cell 
activation2 and viral coagulopathy have an important role in COVID-19-
related complications.3 Thrombocytopenia at hospital admission is often 
reported in patients with more severe cases of illness, suggesting increased 
platelet consumption.4 Immune-induced thrombocytopenia has been 
described as a complication of COVID-19, appearing mostly in moderate-to-
severe illness.5 In routine clinical care, platelet count is usually determined 
by hematologic analyzers using EDTA-anticoagulated blood specimens. In 
rare instances, EDTA induces time- and temperature-dependent in vitro 
platelet aggregation, resulting in a misleading underestimation of platelet 
counts termed as EDTA-induced pseudothrombocytopenia.6 This phenom-
enon often occurs because of a conformational change of platelet surface 
glycoprotein IIb/IIIa (GPIIb/IIIa) induced by EDTA, which allows natural 
IgM or IgG autoantibodies to bind to the GPIIb/IIIa receptor, leading to 
platelet agglutination.7-9 EDTA-induced pseudothrombocytopenia is only 
present in vitro and has no known associated clinical significance.10 It can 
be persistent or transient, sometimes showing alternating periods without 
the generation of aggregates.11 

The development of EDTA-induced pseudothrombocytopenia can 
be complicated by COVID-19 disease. Others have reported transient 
EDTA-dependent pseudothrombocytopenia in a 59 year old woman with 
severe COVID-19 pneumonia, lasting from the second to the 17th day of 
hospital treatment.12 The plausible reason is that the SARS-CoV-2–spe-
cific antibody has the epitope to bind to the cryptic platelet antigen that 
causes a cross-reaction.12 We here report on an apparently recovered pa-
tient in whom pseudothrombocytopenia was still present at 9 months 
after initial SARS-CoV-2 virus infection.

Case Report
The patient in this case report was a 60 year old man with a past med-
ical history of rapid eye movement sleep–related obstructive sleep ap-
nea syndrome and hypertension. The patient reported compliance with 
continuous positive airway pressure equipment for his sleep apnea. 
He developed fever (up to 38.9°C), generalized weakness, ageusia, and 
anosmia. A polymerase chain reaction (PCR) analysis of the nasal and 
throat swab identified SARS-CoV-2 infection (Azureseq 200, Omixon 
Ltd, Budapest, Hungary). Fever lasted for 7 days; fatigue and insomnia 
diminished over this time period but persisted for several weeks. Arte-
rial blood oxygen saturation assessed by fingertip pulse oximetry was 
normal initially but dropped to 85% to 87% between day 5 and day 10 of 
the infection with a respiration frequency of 30 to 34/min. There was no 
cough, dyspnea, or chest pain. During the 14-day home quarantine there 
was no need for hospitalization, and only multivitamins and antipyretics 
were administered in addition to the regular antihypertensive medica-
tion. No corticosteroids or agents with potential antiviral effect were 
used. At the end of the quarantine, the repeated nasal and throat swab 
PCR tests on 2 consecutive days for SARS-CoV-2 did not identify the 
presence of the virus, and several further PCR tests up until the end of 
December 2020 consistently remained negative.

A laboratory checkup was performed at 2 months after the acute phase, 
and thrombocytopenia (82 G/L) was detected in the EDTA-anticoagulated 
whole blood sample on a hematology analyzer (Sysmex 2000 hematology 
analyzer, Sysmex, Japan). Since 2002, the patient had 14 normal platelet 
counts evaluated (range, 182–277 G/L); the most recent had been deter-
mined 11 months before COVID-19 symptoms (FIGURE 1). At 9 months 
after the acute SARS-CoV-2 infection, platelet counts were consistently 
low in EDTA-anticoagulated blood specimens but were practically nor-
mal in specimens in which sodium citrate was used for anticoagulation 
(FIGURE 1). In addition, platelet aggregates were observed in the EDTA-
anticoagulated blood smear (FIGURE 2). This phenomenon was estab-
lished when the repeatedly assessed platelet count increased in citrate-
anticoagulated blood (FIGURE 1). From the citrate-anticoagulated 
blood, the platelet count was calculated by multiplying the platelet result 

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/206/6355524 by guest on 28 February 2025

https://orcid.org/0000-0002-8374-0500
mailto:bereczki.daniel@med.semmelweis-univ.hu?subject=
https://doi.org/10.1093/labmed/lmab050
https://doi.org/10.1093/labmed/lmab050


207www.labmedicine.com

 
1Department of Neurology, Semmelweis University, Budapest, Hungary; 2MTA-
SE Neuroepidemiological Research Group ELKH, Budapest, Hungary; 3EANcore 
COVID-19 Task Force, European Academy of Neurology, Vienna, Austria;  
4Department of Laboratory Medicine, Faculty of Medicine, University of  
Debrecen, Debrecen, Hungary; 5Faculty of Pharmacy, University of Debrecen, 
Debrecen, Hungary; 6Department of Medical Microbiology, Faculty of Medicine, 
University of Debrecen, Debrecen, Hungary; 7Department of Laboratory  
Medicine, Semmelweis University, Budapest, Hungary; *To whom correspondence 
should be addressed. bereczki.daniel@med.semmelweis-univ.hu

Keywords: EDTA-induced pseudothrombocytopenia, SARS-CoV-2 virus 
infection, COVID-19, persisting anti-SARS-CoV-2 IgM/IgG seropositivity, 
antinucleocapsid antibody, anti-Spike 1 receptor binding domain (anti-S1-RBD), 
anti-Spike 1 and Spike 2 (anti-S1/S2) IgG test 

Abbreviations: GPIIb/IIIa, glycoprotein IIb/IIIa; PCR, polymerase chain reaction 

Laboratory Medicine 2022;53:206–209; https://doi.org/10.1093/labmed/
lmab050

ABSTRACT

Platelets have a role in vascular complications of COVID-19-related 

viral coagulopathy. Although immune-induced thrombocytopenia 

has been described mostly in moderate-to-severe COVID-19, the 

prognostic role of platelet count in COVID-19 is still controversial. 

Pseudothrombocytopenia has been reported to represent COVID-

19-associated coagulopathy in critical illness, and transient EDTA-

dependent pseudothrombocytopenia lasting less than 3 weeks was 

described in a patient with severe acute COVID-19 pneumonia. In our 

case study, EDTA-induced pseudothrombocytopenia was still present 

at 9 months after an initial SARS-CoV-2 virus infection in an apparently 

recovered 60 year old man. The persistence of antinucleocapside and 

antispike antibodies 9 months after the initial infection suggests that 

Case Report
The patient in this case report was a 60 year old man with a past med-
ical history of rapid eye movement sleep–related obstructive sleep ap-
nea syndrome and hypertension. The patient reported compliance with 
continuous positive airway pressure equipment for his sleep apnea. 
He developed fever (up to 38.9°C), generalized weakness, ageusia, and 
anosmia. A polymerase chain reaction (PCR) analysis of the nasal and 
throat swab identified SARS-CoV-2 infection (Azureseq 200, Omixon 
Ltd, Budapest, Hungary). Fever lasted for 7 days; fatigue and insomnia 
diminished over this time period but persisted for several weeks. Arte-
rial blood oxygen saturation assessed by fingertip pulse oximetry was 
normal initially but dropped to 85% to 87% between day 5 and day 10 of 
the infection with a respiration frequency of 30 to 34/min. There was no 
cough, dyspnea, or chest pain. During the 14-day home quarantine there 
was no need for hospitalization, and only multivitamins and antipyretics 
were administered in addition to the regular antihypertensive medica-
tion. No corticosteroids or agents with potential antiviral effect were 
used. At the end of the quarantine, the repeated nasal and throat swab 
PCR tests on 2 consecutive days for SARS-CoV-2 did not identify the 
presence of the virus, and several further PCR tests up until the end of 
December 2020 consistently remained negative.

A laboratory checkup was performed at 2 months after the acute phase, 
and thrombocytopenia (82 G/L) was detected in the EDTA-anticoagulated 
whole blood sample on a hematology analyzer (Sysmex 2000 hematology 
analyzer, Sysmex, Japan). Since 2002, the patient had 14 normal platelet 
counts evaluated (range, 182–277 G/L); the most recent had been deter-
mined 11 months before COVID-19 symptoms (FIGURE 1). At 9 months 
after the acute SARS-CoV-2 infection, platelet counts were consistently 
low in EDTA-anticoagulated blood specimens but were practically nor-
mal in specimens in which sodium citrate was used for anticoagulation 
(FIGURE 1). In addition, platelet aggregates were observed in the EDTA-
anticoagulated blood smear (FIGURE 2). This phenomenon was estab-
lished when the repeatedly assessed platelet count increased in citrate-
anticoagulated blood (FIGURE 1). From the citrate-anticoagulated 
blood, the platelet count was calculated by multiplying the platelet result 

by a factor of 1.1. Pseudothrombocytopenia may not be exclusively an in 
vitro phenomenon in this patient, because the platelet distribution width 
increased (69.2 fL; reference range: 25.0–65.0 fL) and the mean platelet 
volume was in the high-normal range (mean platelet volume = 11.0 fL; 
reference range: 7.2–11.1 fL).

Using the Abbott antinucleocapsid SARS-CoV-2 IgG and IgM tests 
(Abbott Diagnostics, Wiesbaden, Germany), high SARS-CoV-2 IgG ti-
ter was detected after 4 months of infection. We then found decreasing 
levels of anti-SARS-CoV-2 IgG antibody over time (FIGURE 3), but both 
IgG and IgM antibodies were over the cutoff value even at 9 months after 
the acute infection. To confirm these results, two different Roche Cobas 
SARS-CoV-2 serology tests (Elecsys Anti-SARS-CoV-2 and Anti-SARS-
CoV-2 S, Roche, Switzerland) were performed in a sample obtained at 
December 21, 2020 with the following results: anti-nucleocapsid total 
Ig cut-off index (COI) value: 107.3 at the cutoff value of 1.0, and anti-
Spike 1 receptor binding domain (anti-S1-RBD) total Ig titer >250 U/mL 
at the cutoff value of 0.8 U/mL. In parallel, Diasorin anti-Spike 1 and 
Spike 2 (anti-S1/S2) IgG test was also used (IgG titer: 91.8 AU/mL, cut-
off value: 15 AU/mL) (DiaSorin S.p.A., Saluggia, Italy). All these analyses 
confirmed the persistence of anti-SARS-CoV-2 antibodies at 9 months 
after the initial infection.

By 9 months after the acute phase, fatigue and sleep disturbance grad-
ually decreased, and although physical load capacity had not returned to 
the pre-COVID-19 level, there were no clinical signs of reinfection, and 
SARS-CoV-2 PCR from whole blood using different methods (automati-
cally using the MagNA Pure 96 DNA and Viral NA Small Volume Kit and 
manually using the Perkin Elmer SARS-CoV-2 real-time PCR assay, N 
and ORFlab SARS-CoV-2 targets; and using the Azureseq 200, Omixon 
Ltd, Budapest, Hungary) in 2 independent laboratories excluded virus 
persistence in the blood.

Discussion
The prevalence of EDTA-induced pseudothrombocytopenia is estimated 
to be 0.03% to 0.27% of the general outpatient population and does 

FIGURE 1. Platelet counts in EDTA- and citrate-anticoagulated specimens in the history of the patient. Arrow marks the time of 
SARS-CoV-2 infection. 
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not appear to be related to age and sex.11 Pseudothrombocytopenia 
may also be induced by viral infection. As such, hepatitis A  virus in-
fection has been the most common culprit, followed by cytomegalo-
virus and influenza A  H1N1 infections.13 Transient EDTA-induced 
pseudothrombocytopenia has also been associated with infectious mon-
onucleosis; the pseudothrombocytopenia phenomenon resolved after 
2  months, when the patient recovered from the infection.14 Further-
more, pseudothrombocytopenia may be linked to dengue virus infec-
tion15 or after an acute viral gastroenteritis.16 Kuhlman et al17 reported 
a patient with pan-pseudothrombocytopenia and suggested that it may 
represent COVID-19-associated coagulopathy in COVID-19-caused 
critical illness. COVID-19 may result in thrombocytopenia via the 
enhanced activation of platelets, because SARS-CoV-2 infection is as-
sociated with an increased surface expression of the GPIIb/IIIa complex 
of nonstimulated platelets of patients with COVID-19 and the GPIIb/
IIIa complex remains upregulated after stimulation.18 Consequently, 
platelet agglutination and clump formation indicate abnormal in vivo 
platelet activity that increases the risk of microthrombotic disorder.17 
In contrast, in COVID-19 disease, a SARS-CoV-2-specific antibody can 

bind to the cryptic platelet antigen, which causes a cross-reaction of the 
antigen-antibody, leading to EDTA-induced pseudothrombocytopenia.12 
It has also been speculated that inflammation may be essential to the 
generation of this phenomenon. Notably, platelet clumping may resolve 
with the use of citrate and patient recovery.12

Although no other viral testing was performed in our patient, he 
had no clinical signs or symptoms of any other viral illness that may 
have caused this pseudothrombocytopenia. In another patient with 
COVID-19, transient pseudothrombocytopenia was detected along with 
the appearance of anti-SARS-CoV-2 antibodies and disappeared by day 
17, when there were no detectable antibodies in the patient anymore.12 
In the current patient, pseudothrombocytopenia was observed at 
9 months after the initial SARS-CoV-2 infection, and anti-SARS-CoV-2 
antibodies were still present. Further, although there has already been 
1 previous report on the association between COVID-19 and EDTA-
induced pseudothrombocytopenia,12 this phenomenon may be a coin-
cidence and should not be considered as an evidence of a causal rela-
tionship.

Note that these results in the citrated specimens were still lower 
than pre-COVID-19 values, which could be a late consequence of 
former SARS-CoV-2 infection. It remains unclear whether in this 
patient pseudothrombocytopenia was related to antinucleocapsid 
or antispike antibodies against the SARS-CoV-2 virus because 
both types of antibodies were present 9  months after the acute  
infection.

To date, we know of only 1 reported patient with COVID-19-
associated EDTA-induced pseudothrombocytopenia.12 In addi-
tion to the current case report, we have no information regard-
ing further reports on COVID-19-associated, EDTA-induced 
pseudothrombocytopenia in either hospitalized or unhospitalized 
patients. As reported in Li et  al,12 if low platelet counts are found 
in a patient with COVID-19 by the routine automatic analyzers 
in EDTA-anticoagulated blood specimens, then repeating the de-
termination of platelet count in a citrate-anticoagulated blood  
specimen before a therapeutic decision is made to correct throm-
bocytopenia is suggested. Furthermore, because thrombocytopenia 
has been reported after SARS-CoV-2 vaccination,19-21 health care 
professionals should consider that pseudothrombocytopenia—al-

FIGURE 2. Platelets in the smear of the EDTA-anticoagulated 
specimen at 9 months after the acute infection. Arrows point 
to the platelet aggregates. May-Grünwald-Giemsa staining, 
original magnification.

FIGURE 3. COVID-19 status of the patient with PCR of the nasal-throat swab and serum IgG/IgM status using the Abbott test. 
PCR, polymerase chain reaction.

Dec 14 Dec 17 Dec 21Jun 23Jun 4Mar 22 Apr 6

Nasal and throat
swab tests

Apr 7

Sampling Date

S
A

R
S

-C
o

V-
2 

Te
st

0

1

2

3

4

5

6

7

8

9
ABBOTT IgG (cutoff: 1.4)
ABBOTT IgM (cutoff: 1.0)

Positive
Negative

10

though not observed to date—may also appear in some patients 
after seroconversion after the start of large-scale vaccination  
programs.

The study was approved by the Scientific and Research Ethics 
Committee of the University of Debrecen and the Ministry of Human 
Capacities under registration number 32568-3/2020/EÜIG. The patient 
gave written consent to publish his case report.
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ABSTRACT

The advent of next generation sequencing has revolutionized diagnos-

tic approaches to hereditary polyneuropathies. Recently, mutations on 

the membrane metallo-endopeptidase (MME) gene, encoding neprilysin, 

have been related to the development of late-onset Charcot-Marie-Tooth 

disease type 2 (CMT2). Here, we report the first Greek patient presenting 

with a slowly progressive late-onset axonal polyneuropathy and a novel, 

likely pathogenic, heterozygous variant in the MME gene. In addition, 

we have performed a systematic review of all published case reports of 

patients with MME mutations. The results of the studies show that MME 

variants can be inherited as both fully penetrant autosomal-recessive 

and incompletely penetrant autosomal-dominant traits. A number of het-

erozygous variants characterized as incompletely penetrant impose an 

increased risk of developing a CMT2-like phenotype late in life, identical 

to the case study described here. Greater mutation numbers in different 

populations and mutation-specific functional studies will be essential to 

identify the pathogenicity and inheritance of more MME variants.

Hereditary motor sensory neuropathy, or Charcot-Marie-Tooth disease 
(CMT), consists of a heterogenous group of inherited disorders affect-

ing either the axons or the myelin sheaths of the peripheral nerves.1 
Clinical characteristics, neurophysiological findings, pathology, and ge-
netics are used for the classification of CMT neuropathies, but the rap-
idly expanding field of molecular diagnosis challenges physicians and 
researchers, changing their approach to the pathogenesis and categori-
zation of these disorders.2

Typically, the onset of symptoms in CMT is observed in childhood, 
adolescence, or young adulthood. However, there is a subset of heredi-
tary neuropathies with late onset of symptoms, after the fourth decade 
of life, and it so far has an unknown genetic substrate.3 The late onset and 
the slowly progressive course of these neuropathies make differentiating 
them from acquired subacute and chronic polyneuropathies difficult. 
Next-generation sequencing has expanded and simplified the diagnostic 
yield of genes associated with all types of CMT,4 but for the late-onset 
hereditary neuropathies, a relatively small number of genes have been 
implicated in the pathogenicity of the disorder.5 Among these genes, 
mutations on the membrane metallo-endopeptidase (MME) gene 
have also been recently associated with late-onset CMT disease type 2 
(CMT2), inherited either as fully penetrant autosomal-recessive or as in-
completely penetrant autosomal-dominant traits.6-11

Case Report

Clinical Description
In this report, we describe a patient with adult-onset hereditary polyneu-
ropathy. We received an informed consent from our patient and approval 
for the study from the hospital’s ethics committee. A  48 year old male 
patient was admitted to our department because of slowly progressive 
weakness of the lower extremities (mainly of the right leg), beginning 
2 years ago, resulting in difficulty in walking. The patient reported no pre-
vious history of any neurologic or systematic disease, apart from elevated 
creatine phosphokinase (CPK) serum levels (2500 IU/L; reference value 
25–160 IU/L) after administration of hypolipidemic medication, which 
persisted at lower levels (660 IU/L) after discontinuation of the medica-
tion. Furthermore, after a thorough investigation, no family history of 
polyneuropathy or any other neurologic disorder was reported.

The neurologic examination revealed moderate muscular atrophy, 
weakness of the lower extremities at the peripheral parts and loss of 
tendon reflexes in the upper and lower extremities (FIGURE 1). Sen-

sory system examination seemed normal, for both somatosensation 
and proprioception. Laboratory testing confirmed the elevated levels 
of serum CPK. We then proceeded to an electroneurographic and 
electromyographic testing. Nerve conduction studies revealed a sen-
sorimotor polyneuropathy affecting mainly the lower extremities. 
The upper extremities had normal values of compound muscle action 
potentials (CMAPs) whereas the lower extremities were affected in 
an asymmetric way. The CMAP of the right peroneus nerve had a la-
tency of 6.0 milliseconds, an amplitude of 1.6 mV, a conduction ve-
locity of 39.4 meters per second, and an absent F wave. For the left 
peroneus nerve, the respective values were as follows: a latency of 3.7 
milliseconds, an amplitude of 7.5 mV, a conduction velocity of 45.5 
meters per second, and a minimal F wave latency of 41.7 milliseconds. 
The examination of the sensory nerves revealed a symmetrical reduc-
tion in the amplitude of the compound sensory nerve action potentials 
(SNAPs) mainly involving the superficial peroneus nerve of the lower 
extremities (absent SNAP) and in the upper extremities the radial and 
ulnar nerves (4.0 μV). Electromyography showed fibrillations and pos-
itive waves in both the peripheral and proximal muscles of the lower 
extremities, predominantly in the right side distally. The diagram of 
the voluntary muscle activation and the morphology of motor units’ 
potentials had chronic neuropathic characteristics.

Based on the aforementioned findings that showed a slowly progressive 
late-onset axonal polyneuropathy, we suspected a chronic acquired poly-
neuropathy with multiple polyneuritis characteristics. However, intensive 
laboratory testing of the cerebrospinal fluid and the peripheral blood re-
vealed normal values. Furthermore, to evaluate the muscles, because of the 
patient’s elevated CPK values, we proceeded with a muscular biopsy to a 
severely affected muscle, the gastrocnemius. The biopsy did not reveal any 
muscular pathology apart from widespread denervated muscle fibers.

Genetic Analysis
The polyneuropathy was classified as one of undetermined etiology, 
and we then proceeded to genetic testing with whole-exome sequencing 
according to the following described protocol. A DNA library construc-
tion using the Ion AmpliSeq Whole Exome RDY (Thermo Fisher Sci-
entific, Waltham, MA) was performed. Briefly, 100  ng of gDNA was 
amplified and indexed with a unique adapter using the Ion Xpress bar-
code adapters kit (Thermo Fisher Scientific). Bar-coded libraries were 
purified using the Agencourt AMPure XP Beads (Beckman Coulter, Brea, 
CA), quantified using the Qubit 2.0 fluorometer (Thermo Fisher Scien-
tific) and diluted to 100 pM. Template preparation was carried out on 
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sory system examination seemed normal, for both somatosensation 
and proprioception. Laboratory testing confirmed the elevated levels 
of serum CPK. We then proceeded to an electroneurographic and 
electromyographic testing. Nerve conduction studies revealed a sen-
sorimotor polyneuropathy affecting mainly the lower extremities. 
The upper extremities had normal values of compound muscle action 
potentials (CMAPs) whereas the lower extremities were affected in 
an asymmetric way. The CMAP of the right peroneus nerve had a la-
tency of 6.0 milliseconds, an amplitude of 1.6 mV, a conduction ve-
locity of 39.4 meters per second, and an absent F wave. For the left 
peroneus nerve, the respective values were as follows: a latency of 3.7 
milliseconds, an amplitude of 7.5 mV, a conduction velocity of 45.5 
meters per second, and a minimal F wave latency of 41.7 milliseconds. 
The examination of the sensory nerves revealed a symmetrical reduc-
tion in the amplitude of the compound sensory nerve action potentials 
(SNAPs) mainly involving the superficial peroneus nerve of the lower 
extremities (absent SNAP) and in the upper extremities the radial and 
ulnar nerves (4.0 μV). Electromyography showed fibrillations and pos-
itive waves in both the peripheral and proximal muscles of the lower 
extremities, predominantly in the right side distally. The diagram of 
the voluntary muscle activation and the morphology of motor units’ 
potentials had chronic neuropathic characteristics.

Based on the aforementioned findings that showed a slowly progressive 
late-onset axonal polyneuropathy, we suspected a chronic acquired poly-
neuropathy with multiple polyneuritis characteristics. However, intensive 
laboratory testing of the cerebrospinal fluid and the peripheral blood re-
vealed normal values. Furthermore, to evaluate the muscles, because of the 
patient’s elevated CPK values, we proceeded with a muscular biopsy to a 
severely affected muscle, the gastrocnemius. The biopsy did not reveal any 
muscular pathology apart from widespread denervated muscle fibers.

Genetic Analysis
The polyneuropathy was classified as one of undetermined etiology, 
and we then proceeded to genetic testing with whole-exome sequencing 
according to the following described protocol. A DNA library construc-
tion using the Ion AmpliSeq Whole Exome RDY (Thermo Fisher Sci-
entific, Waltham, MA) was performed. Briefly, 100  ng of gDNA was 
amplified and indexed with a unique adapter using the Ion Xpress bar-
code adapters kit (Thermo Fisher Scientific). Bar-coded libraries were 
purified using the Agencourt AMPure XP Beads (Beckman Coulter, Brea, 
CA), quantified using the Qubit 2.0 fluorometer (Thermo Fisher Scien-
tific) and diluted to 100 pM. Template preparation was carried out on 

an Ion Chef instrument using the Ion 540 Kit—Chef (Thermo Fisher 
Scientific). Sequencing was performed on an Ion S5XL Semiconductor 
Sequencer, on 540 chip (Thermo Fisher Scientific). All procedures were 
performed according to the manufacturer’s instructions. Sequencing raw 
data were analyzed for base calling, demultiplexing, alignment to the 
hg19 reference genome (GRCh37), coverage analysis, and variant calling 
on Torrent Suite 5.10 software (https://assets.thermofisher.com/TFS-
Assets/LSG/manuals/MAN0017599_TorrentSuiteSoftware_5_10_
RN.pdf), using a default parameter. The resulting variants (.vcf file) were 
imported for filtering, prioritization, and evaluation into the ClinGenics 
Exome Management Application-EM pipeline software, version 1.0.0.1 
(ClinGenics Ltd., London, UK). Selected clinically significant variants 
were confirmed by standard DNA Sanger sequencing.

We detected a heterozygous mutation on MME gene c.617G > A 
(p.Gly206Asp). According to the American College of Medical Genetics 
and Genomics and the Association for Molecular Pathology (ACMG-
AMP) 2015 guidelines, the variant was likely pathogenic based on the 
following criteria: (i) the absence of the c.617G > A (p.Gly206Asp) var-
iant from control patients in the Exome Sequencing Project, the 1000 
Genomes Project, or the Genome Aggregation Database (gnomAD) 
(moderate evidence of pathogenicity [PM2]); (ii) in silico bioinformat-
ics tools (PolyPhen2, SIFT, and MutationTaster) that predicted that 
the variant causes a deleterious effect on the gene (supporting evi-
dence of pathogenicity [PP3]); and (iii) the patient’s phenotype was 
specific for the disease because mutations in MME have been asso-
ciated with polyneuropathy. Variant novelty was assessed based on 
its absence from public databases and an in-house database housing 
>200 exomes belonging to Greek individuals (FIGURE 2).

Discussion
The MME gene encodes the enzyme neprilysin, which was first 
identified in 1973 in the kidneys and then in 1978 in the brain.12,13 
A few years later, in 1988, neprilysin was described as being identi-
cal to the common acute lymphocytic leukemia antigen.14 Since then, 
the terms neprilysin, membrane metallo-endopeptidase, neutral endo-
peptidase, cluster of differentiation 10, and common acute lymphoblas-

AQ7

FIGURE 1. Distal muscle atrophy in the lower extremities of 
the patient.

FIGURE 2. Chromatogram from Sanger Sequencing showing 
(A) the novel mutation in MME gene p.Gly206Asp and (B) a 
negative control. MME, membrane metallo-endopeptidase.
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TABLE 1.  Mutations on MME Gene Related to Late-Onset Polyneuropathies

MME Mutation Study
Number of 
Families

Mean Age of 
Onset Origin Inheritance

Clinical  
Diagnosis

c.654+1G > A (p.Gly179fs) Higuchi et al, 20168 3 47 Japan AR CMT2

c.1861T > C (p.Cys621Arg) Higuchi et al, 20168 1 56 Japan AR CMT2

c.661C > T (p.Gln221X) Higuchi et al, 20168 1 48 Japan AR CMT2

c.1231_1233delTGT (p.Cys411del) Higuchi et al, 20168 1 54 Japan AR CMT2

c.43912T > A (p.exon5del) Higuchi et al, 20168 1 50 Japan AR CMT2

c.1817G > A (p.Trp606X) Higuchi et al, 20168 1 40 Japan AR CMT2

c.65522A > G (p.exon8del) Higuchi et al, 20168 1 37 Japan AR CMT2

c.43912T > A (p.exon5del);  

c.65522A > G (p.exon8del)

Higuchi et al, 20168 1 47 Japan AR/sporadic;   

biallelic

CMT2

c.1579CNT (p.R527X) Hsiao et al, 20179 3 49 Taiwan AR CMT2

c.2075ANC (p.Q692R) Hsiao et al, 20179 2 56 Taiwan AD CMT2

c.466delC (p.Pro156Leufs*14) Auer-Grumbach et al, 20166; 
Lupo et al, 20187

7 57 Sweden, United Kingdom, 
United States, Austria, Spain

AD; AR; sporadic CMT1/CMT2; 
HMN; ALS

c.71G > A (p.Trp24*) Auer-Grumbach et al, 20166;  

Senderek et al, 202010

1 60 Austria AD/sporadic CMT2

c.35A > C (p.Asp12Ala) Auer-Grumbach et al, 20166;  

Senderek et al, 202010

1 69 Austria AD/sporadic CMT2

c.1040A > G (p.Tyr347Cys) Auer-Grumbach et al, 20166;  

Senderek et al, 202010

2 50 Austria AD/sporadic CMT2

c.1042G > C (p.Ala348Pro) Auer-Grumbach et al, 20166;  

Senderek et al, 202010

2 55 Austria AD/sporadic CMT2

c.1265C > A (p.Ala422Asp) Auer-Grumbach et al, 20166;  

Senderek et al, 202010

2 39 Austria AD/sporadic CMT2/PNP

c.440_2A > C Auer-Grumbach et al, 20166;  

Senderek et al, 202010

1 >35 Austria AD/sporadic CMT2

c.298_298delA (p.Thr100Profs*11) Auer-Grumbach et al, 20166;  

Senderek et al, 202010

1 33 Germany AD/sporadic ALS

c.957delG (p.Lys319Asnfs*6) Auer-Grumbach et al, 20166 1 40 United States AD/sporadic CMT2

c.202C > T (p.Arg68*) Auer-Grumbach et al, 20166 2 42 United States AD/sporadic CMT2

c.1342 C > T (p.Arg448*) Auer-Grumbach et al, 20166;  

Lupo et al, 20187;  

Senderek et al, 202010

6 35 United States, Spain, Austria, 
Germany, Czech Republic, 

Poland

AD/AR;   

sporadic

CMT2; CMT2 + 
deafness

c.674G > C (p.Gly225Ala) Lupo et al, 20187 3 35 Spain Sporadic CMT1/dHMN

c.1229G > A (p.Arg410His) Lupo et al, 20187 1 51 Spain Sporadic CMT (possible)

c.773A > G (p.Gln258Arg) Lupo et al, 20187 1 30 Spain AD ALS

c.2248delT (p.Trp750Glyfs*24) Lupo et al, 20187 1 54 Spain AD ALS

c.1495G > A (p.Glu499Lys) Lupo et al, 20187 1 53 Spain Sporadic CMT2

c.1883A > G (p.Asn628Ser) Lupo et al, 20187 1 54 Spain Sporadic CMT1

c.1810G > A (p.Val604Ile) Lupo et al, 20187 1 55 Spain AR CMT2

c.1666C > T (p.Pro556Ser);  

c.1972G > A (p.A658T)

Lupo et al, 20187 1 42 Spain Sporadic;   

biallelic

CMT2

c.227delC (p.Thr77Leufs*16);  

c.1342C > T (p.Arg448*)

Lupo et al, 20187 3 46 Spain AR; biallelic CMT2

c.1342C > T (p.Arg448*);  

c.2248delT (p.Trp750Glyfs*24)

Lupo et al, 20187 1 35 Spain Sporadic; biallelic CMT2

tic leukemia antigen have been used indistinguishably to describe the 
enzyme that is encoded by the MME gene (BRENDA:EC3.4.24.11). 
Neprilysin belongs to a family of zinc metalloproteinases, highly 
conserved during the course of evolution, that plays an important 
role in turning off peptide signaling events at the cell surface and 
is involved in the metabolism of a number of regulatory peptides of 
the mammalian nervous, cardiovascular, inflammatory, and immune 
systems.15 The wide distribution of neprilysin in different organs and 
its involvement in diverse functions justifies its implication in the 
pathogenesis of different disorders, like heart failure, tumors, and 
Alzheimer disease, making it an attractive target for diagnosis and 
therapeutic interventions.16

In 2016, mutations in the MME gene were identified as the cause 
of late-onset axonal-type CMT in 10 Japanese families with auto-
somal recessive inheritance.8 In their study, Higuchi et  al8 were the 
first to document the causative relation of homozygous or compound 
heterozygous mutations on MME genes with axonal-type CMT. These 
mutations resulted in the reduction of neprilysin protein expression 
in the peripheral nervous system and were characterized as loss-of-
function mutations. Likewise, in 2016, an MME mutation was found 
in a family with dominant spinocerebellar ataxia and neuropathy.11 
Furthermore, the same year, 51 patients of European and North 
American descent with late-onset CMT were also linked to MME 
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tic leukemia antigen have been used indistinguishably to describe the 
enzyme that is encoded by the MME gene (BRENDA:EC3.4.24.11). 
Neprilysin belongs to a family of zinc metalloproteinases, highly 
conserved during the course of evolution, that plays an important 
role in turning off peptide signaling events at the cell surface and 
is involved in the metabolism of a number of regulatory peptides of 
the mammalian nervous, cardiovascular, inflammatory, and immune 
systems.15 The wide distribution of neprilysin in different organs and 
its involvement in diverse functions justifies its implication in the 
pathogenesis of different disorders, like heart failure, tumors, and 
Alzheimer disease, making it an attractive target for diagnosis and 
therapeutic interventions.16

In 2016, mutations in the MME gene were identified as the cause 
of late-onset axonal-type CMT in 10 Japanese families with auto-
somal recessive inheritance.8 In their study, Higuchi et  al8 were the 
first to document the causative relation of homozygous or compound 
heterozygous mutations on MME genes with axonal-type CMT. These 
mutations resulted in the reduction of neprilysin protein expression 
in the peripheral nervous system and were characterized as loss-of-
function mutations. Likewise, in 2016, an MME mutation was found 
in a family with dominant spinocerebellar ataxia and neuropathy.11 
Furthermore, the same year, 51 patients of European and North 
American descent with late-onset CMT were also linked to MME 

variants.6 Contrary to the previous study of Higuchi et al, the type of 
inheritance in this cohort was autosomal dominant with incomplete 
penetrance, probably leading to haploinsufficiency for neprilysin, 
interacting with other genetic and environmental factors for the de-
velopment of the disorder.

In 2017, the genetic analysis of a similar cohort study on hereditary 
neuropathies of unknown etiology in Taiwan revealed 2 families with 
mutations in the MME gene and a late-onset axonal-type CMT, 1 with 
autosomal-recessive inheritance and the other with dominant inherit-
ance.9 Another study on MME mutations identified 20 Spanish families 
with 17 different variants of the MME gene with autosomal-recessive 
inheritance.7 Almost half of the patients in this cohort seemed to have 
biallelic mutations in the MME gene, and these patients had a homoge-
neous phenotype that consisted of late-onset axonal CMT. Interestingly, 
patients of this study with heterozygous variants presented a more var-
ied spectrum of phenotypes including CMT2, but it is possible that some 
of the mildest or alternative phenotypes were associated with harmless 
MME variants and coincidental findings. A recent study on unexplained 
axonal neuropathies in older adults carried out by Senderek et al10 re-
ported that MME was the most frequently involved gene identified 
in the genetically solved case studies. Both incompletely penetrant 
autosomal-dominant and autosomal-recessive types of inheritance were 
observed, with the first type being more frequent.10

AQ8

MME Mutation Study
Number of 
Families

Mean Age of 
Onset Origin Inheritance

Clinical  
Diagnosis

c.196+1G > A;  

c.1342C > T (p.Arg448*)

Lupo et al, 20187 1 44 Spain AR; biallelic CMT2

c.2134C > T (p.His712Tyr);  

c.71G > A (p.Trp24*)

Lupo et al, 20187 2 63 Spain AR; biallelic CMT2

c.2067C > A (p.Asn689Lys);  

c.2242C > T (p.Arg748Trp)

Lupo et al, 20187 1 40 Spain AR; biallelic CMT2

c.358G > A (p.Asp120Asn) Senderek et al, 202010 1 >35 Austria, Germany, Czech 
Republic, Poland

AR CMT2

c.467delC (p.Pro156Leufs*14) Senderek et al, 202010 1 >35 Austria, Germany, Czech 
Republic, Poland

AD  

AR

CMT2

c.958-4_958-3delinsG Senderek et al, 202010 1 >35 Austria, Germany, Czech 
Republic, Poland

AR CMT2

c.1345G > T (p.Glu449*) Senderek et al, 202010 1 >35 Austria, Germany, Czech 
Republic, Poland

AD; sporadic CMT2

c.1505A > C (p.Tyr502Ser) Senderek et al, 202010 1 >35 Austria, Germany, Czech 
Republic

AD; sporadic CMT2

c.1564C > T (p.Gln522*) Senderek et al, 202010 1 >35 Austria, Germany, Czech 
Republic, Poland

AR CMT2

c.1706A > C (p.Gln569Pro) Senderek et al, 202010 1 >35 Austria, Germany, Czech 
Republic, Poland

AD; sporadic CMT2

c.1946T > G (p.Ile649Ser) Senderek et al, 202010 1 >35 Austria, Germany, Czech 
Republic, Poland

AR; sporadic CMT2

c.156317031G > A (p.Cys143Tyr) Depondt et al, 201611 7 56 Belgium AD CMT2/SCA43

c.617G > A (p.Gly206Asp) Present study 1 46 Greece Sporadic CMT2

AD, autosomal dominant; AR, autosomal recessive; ALS, amyotrophic lateral sclerosis; CMT1, Charcot-Marie-Tooth type 1 (demyelinating); CMT2, 
Charcot-Marie-Tooth type 2 (axonal), dHMN, distal hereditary motor neuropathy; HMN, hereditary motor neuropathy; MME, membrane metallo-
endopeptidase; PNP, peripheral neuropathy; SCA43, spinocerebellar ataxia 43.

TABLE 1. Continued
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The mutations in the MME gene that have been so far associated with 
late-onset axonal CMT are summarized in TABLE 1. Identified MME 
mutations were either loss-of-function alleles (nonsense, frameshift, 
splice site) or missense variants and, compared to public databases 
and control patients, indicated a significant association with late-onset 
neuropathies.6-8 The most common MME mutations described in these 
studies were c.466delC (p.Pro156Leufs*14) and c.1342 C > T (p.Arg448*), 
appearing in different studies and in families of different origin.

The clinical features and electrophysiological findings of most of the 
patients harboring MME gene mutations in all 5 studies evaluated were 
typical for late-onset axonal type CMT. The age at onset for most of them 
was in the fourth decade of life or later. The patients developed slowly 
progressive weakness and atrophy, which initiated from the distal lower 
limbs and spread to the distal upper limb muscles over a period of sev-
eral years.6-10 Our patient’s clinical phenotype and the course of the dis-
ease fit well with the phenotype described in these studies. In addition, 
the mutation found in our patient’s MME gene represented a strong 
missense change that is not registered in the Genome Aggregation Data-
base (gnomAD; https://gnomad.broadinstitute.org/) and was classified 
as likely pathogenic according to the American College of Medical Ge-
netics. However, the lack of a segregation study, further functional data, 
and any replication among other patients from previous studies kept us 
from attributing a certain pathogenetic role to the identified variant, 
which was therefore classified as likely pathogenic for late-onset CMT2.

The role of neprilysin in the peripheral nervous system is not yet well 
understood. It has been isolated from both the developing and the adult 
mammalian peripheral nervous system.17,18 Furthermore, overexpression 
has been observed after axonal damage in adult rat Schwann cells in the 
sciatic nerve.19 These findings suggest that neprilysin could play a role in 
peripheral nerve development and axonal regeneration. But because it is 
mainly localized on Schwann cells and the patients with mutations in the 
MME gene typically present with axonal neuropathy, the hypothesis that 
neprilysin degenerates peripheral nerve axons by impairing Schwann 
cell–axonal interactions seems reasonable.8 However, greater mutation 
numbers in different populations, along with mutation-specific func-
tional studies, will be important for the characterization of the pathoge-
nicity and inheritance of more MME variants.
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ABSTRACT

Syndromes of severe insulin resistance can result from mutations in the 

insulin receptor gene or autoantibodies to the insulin receptor. The type 

B syndrome of insulin resistance results from autoantibodies to the in-

sulin receptor and occurs predominantly in women under age 50 years. 

Here we report on a 64 year old African American man with systemic 

lupus erythematosus (SLE) and acanthosis nigricans who had severe 

insulin resistance requiring up to 5000 units of insulin per day. He was 

diagnosed with type B insulin resistance syndrome based on his clin-

ical presentation and demonstration of autoantibodies to the insulin 

receptor in his serum. This case study underscores the importance of 

assaying for autoantibodies to the insulin receptors especially in Af-

rican American patients with severe insulin resistance and diabetes 

requiring excessive doses of insulin, in the setting of an autoimmune 

disease like SLE. It also behooves reference laboratories to develop 

and offer this assay because these patients have a very high mortality.

The majority of patients with type 2 diabetes mellitus (T2DM) have 
some degree of insulin resistance that coupled with insulin deficiency 
contributes to the genesis of T2DM.1 Rare syndromes of severe insulin 
resistance can result from mutations in the insulin receptor gene (type 
A), resulting in a decrease in receptor numbers, or autoantibodies to the 
insulin receptor (type B syndrome of insulin resistance).2 In this case 
study we report on an African American (AA) male patient with systemic 

lupus erythematosus (SLE) who had a type B syndrome of severe insulin 
resistance that responded to high-dose steroid therapy.

Case Study
A 64 year old male patient of AA origin was admitted with complaints 
of shortness of breath, weakness, and poor appetite with a duration of 
almost a month. He had 2 previous admissions in another local hospital 
in the month before his admission to our Veterans Affairs hospital with 
similar complaints along with chest pain for which he had undergone 
cardiac catheterization at another hospital, revealing diffuse coronary 
artery disease. He also had a history of T2DM, hypertension, hyperlipi-
demia, SLE, chronic kidney disease, peripheral arterial disease, conges-
tive heart failure (CHF), gout, and depression. Almost 2 months before 
admission he had stopped taking his medications for diabetes and had 
stopped all other medications almost a month before admission. Fam-
ily history for chronic disease was positive; his mother had T2DM, hy-
pertension, and a stroke. He was married, consumed alcohol occasion-
ally, was not a smoker, and had no history of any recreational drug use. 
Medications before admission included metformin 850 mg twice a day, 
glyburide 10 mg daily, plaquenil 200 mg twice a day, prednisone 5 mg 
daily, furosemide 40 mg daily, aspirin 81 mg daily, losartan 25 mg daily, 
atenolol 50 mg daily, and allopurinol 300 mg daily.

Physical examination revealed an older man lying in bed who was slow 
to answer questions but was alert, awake, and oriented. Examination of 
his neck showed an elevated jugular venous pressure. His body mass index 
was 26.5  kg/m2. The cardiovascular exam revealed a regular heart rate, 
no murmurs, and bibasilar crackles. His abdominal exam did not reveal 
any visceromegaly. He had bilateral pedal edema with feeble peripheral 
pulses bilaterally (1+). Central nervous system exam revealed good mus-
cular power, intact cranial nerves, and normal reflexes and sensation. He 
had evidence of acanthosis nigricans and skin tags on the back of the neck 
(both occurring together are clinical signs of insulin resistance).

Routine laboratory tests (reference ranges in parentheses) revealed 
the following: glucose 372 mg/dL (70–99 mg/dL), sodium 127 mmol/L 
(136–144 mmol/L), potassium 5.1 mmol/L (3.4–4.8 mmol/L), blood urea 
nitrogen 38 mg/dL (8–26 mg/dL), creatinine 4.37 mg/dL (0.5–1.1 mg/
dL), estimated glomerular filtration rate 16.7 mL/min/m2 (≥60 mL/min/
m2), albumin 2.4 g/dL (3.3–4.8 g/dL), white blood cell count 4.0 K/mm3 
(4.5–11 K/mm3), hemoglobin 9.7 g/dL (12–16 g/dL), B-type natrurietic 
peptide 331 pg/mL (0.0–100 pg/mL), and hemoglobin A1c 8.7% (<7%). 
The patient’s laboratory tests supported his diagnoses of chronic kid-
ney disease, diabetes, anemia, and CHF. Chest X-ray revealed bilateral 
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increased vascular marking consistent with fluid overload and CHF. He 
was admitted with a diagnosis of decompensated CHF and acute on 
chronic renal failure in a patient with SLE and uncontrolled T2DM.

For better glycemic control the patient was started on glargine, a 
long-acting insulin, and aspart insulin, a short-acting insulin. Initially 
his blood glucose levels remained in the range of 200 to 300  mg/dL 
and gradually increased to 400 to 500 mg/dL over the next few days, 
leading to an increase in both long- and short-acting insulin doses and 
then to an intravenous insulin infusion of up to 60 units/hour. Endo-
crinology was consulted for management of diabetes. On day 12 of the 
inpatient stay, the patient was noted to be more somnolent, stopped 
accepting oral intake, and needed no insulin for a few days because his 
blood glucose stayed at approximately 100  mg/dL. This development 
was followed by hypoglycemia with blood glucose levels dropping up to 
30 mg/dL, requiring 10% dextrose infusions. A corticotropin stimula-
tion test done at this time was normal, with a peak cortisol of >18 μg/
dL (reference range: peak level >18 μg/dL).

The patient was also found to have an elevated sedimentation rate, with 
antinuclear antibodies (speckled pattern) titres of 1/5120 (<1/40), anti-
double-stranded DNA of positive 1:40 (<1/10), and low complement C3 
levels of 23 mg/dL (82–167 mg/dL). He was started on plaquenil 200 mg 
twice a day and intravenous methylprednisone 1000 mg for 3 days, then 
prednisone 75 mg/day. He again developed hyperglycemia after the burst 
of high-dose methylprednisone, with blood glucose levels increasing to 
710 mg/dL with a normal anion gap and an osmolality of 328 requiring 
intravenous insulin infusion initially at 20 units/hour, gradually increasing 
to 250 units/hour. At this stage, the patient’s total insulin requirements 
were 5000 units of insulin per day with blood glucose levels staying in 
the 300 range. He was also started on pioglitazone 45 mg daily, he con-
tinued on prednisone 75  mg daily, and his insulin resistance seemed to 
be improving as manifested by lower glucose levels, and he was taken off 
the insulin infusion. This development was again followed by fasting hy-
poglycemia when he had to go for any procedures requiring 10% dextrose 
infusions. The patient’s serum tested negative for anti-insulin antibodies.

Method of Detecting Autoantibodies to the Insulin 
Receptor
To determine whether this patient had type B insulin resistance syn-
drome (characterized by autoantibodies to insulin receptors), insulin re-
ceptor autoantibodies were assayed. Because there was no commercial 
assay for insulin receptor autoantibodies, specimens before and after 
treatment were tested for insulin receptor autoantibodies following the 
immunoprecipitation method described by Arioglu et al.3 For the insu-
lin receptor autoantibodies assay, recombinant human insulin receptors 
(Santa Cruz, CA) were transfected into Cos7 cells using lipofectamine 
(all purchased from Thermo Fisher Scientific, Waltham, MA). Solubilized 
Cos7 cells were incubated with either normal serum (negative con-
trol specimen) or the patient’s serum or an anti-insulin receptor anti-
body (positive control specimen; Santa Cruz, CA). The antibody bound 
receptors were then precipitated with a peroxidase-affinity goat anti-
rabbit IgG-Fc fragment-specific antibody (Jackson Laboratories) 
followed by Western blot using anti-insulin receptor beta-subunit rabbit 
polyclonal antibody C19 (Santa Cruz, CA).

FIGURE 1 shows the Western blot after immunoprecipitation and 
indicates that the patient had autoantibodies (lanes 1–4) while on ste-
roid therapy compared to normal serum (lane 5), but they were less 

abundant than in the positive control specimen (lane 6), which seemed 
to be overloaded.

The patient was then given intravenous immunoglobulin (IVIG) at 
30 g × 5 days and then started on mycophenolate mofetil 500 mg twice 
a day. He finally stabilized on a combined glargine and aspart insulin 
regimen and was discharged to an extended-care skilled nursing facility 
on immunosuppressant therapy. During his stay in the skilled nursing 
facility, his insulin resistance improved and he required lower doses of 
insulin. He unfortunately died 3 months later while at the nursing facil-
ity. The cause of death was not determined.

Discussion
In 1976, Kahn et al described 2 distinct syndromes of insulin resist-
ance: type A and type B.2 In type A insulin resistance, the number of 
insulin receptors is decreased because of mutations in the insulin re-
ceptor.2 Autoantibodies to insulin receptors are a rare and difficult-to-
treat cause of type B insulin resistance. To date, its prevalence has not 
been determined. The majority of patients with this condition have 
been reported at the National Institutes of Health (NIH), which has 
the largest series of such patients (n = 34).3,4 In the NIH series, the 
majority of their patients have been female (85%) and AA (85%), with 
acanthosis nigricans in 92% along with hyperandrogenism (common 
in females). These patients can present with hyper- or hypoglycemia. 
Insulin receptor autoantibodies causing type B insulin resistance occur 
in patients with autoimmune diseases, mainly SLE and mixed connec-
tive tissue disorder.2,3 The circulating antibodies are polyclonal and of 
the IgG class.2–4 The presentation can vary from severe insulin resist-
ance with hyperglycemia refractory to high-dose insulin therapy or hy-
poglycemia.2-4

Our patient had acanthosis nigricans (a clinical marker of insulin 
resistance), which is present in 92% of patients with type B insulin re-
sistance2-4; severe insulin resistance requires very large doses of insu-
lin. He also had SLE, which is the most common autoimmune disease 
in patients with type B insulin resistance syndrome. In the NIH series, 
SLE was present in 41% of patients with another 24% having 3 of the 4 
criteria for SLE. These patients usually have normal or low triglyceride 

FIGURE 1. Immunoprecipitation assay for detecting insulin 
receptor autoantibodies. Cos7 cells were transfected 
with recombinant human insulin receptors. Next, the 
cellular extract was incubated with the patient’s serum on 
steroid treatment, normal serum (negative control), and a 
positive control. The antibody bound receptors were then 
precipitated with a peroxidase-affinity goat anti-rabbit IgG-
Fc fragment-specific antibody followed by Western blot 
using an anti-insulin receptor Beta-subunit rabbit polyclonal 
antibody. The beta subunit band shown on the gel has a 
molecular mass of 85 kD.
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levels (<160 mg/dL).2-4 We could not confirm this information because 
we could not have access to the original patient records.

Using an immunoprecipitation assay, we confirmed our clinical 
diagnoses by showing the presence of antibodies to the insulin receptor 
in the patient’s serum (FIGURE 1). Thus, we add to the small number 
of male patients reported to have type B syndrome. The NIH, which is 
also a referral center, followed up patients for ≥30 years and have only 
recorded 5 male patients, underscoring the rarity of type B syndrome in 
male patients. Interestingly, type B insulin resistance has been shown to 
manifest after the onset of systemic autoimmune disease, especially SLE.

The type B syndrome of insulin resistance results from an autoan-
tibody acting against the insulin receptor. The autoantibody acts as a 
partial agonist, stimulating the insulin receptor at low titers causing 
hypoglycemia. At higher titers it is antagonistic to the insulin receptor, 
causing the downregulation of cellular responses to insulin, leading to 
severe insulin resistance and attendant hyperglycemia.2-4

Therapy for type B insulin resistance is aimed at correcting hyper- or 
hypoglycemia and using immunosuppression to decrease the antibody 
titers. Various steroid preparations, IVIG, plasmapheresis, and im-
mune suppressants including azathioprine, mycophenolate mofetil, and 
rituximab have been used.3–6 High-dose steroids were shown to be an 
effective initial therapy in our patient.

The presence of autoantibodies to the insulin receptor should be 
considered in any patient with diabetes with severe insulin resistance 
requiring excessive doses of insulin in the setting of an autoimmune 
disease like SLE, especially in patients of AA descent. Presently there 
does not seem to be any commercially available assay for this rare but im-
portant and treatable disorder. Hopefully in the future an assay will be  
developed by reference laboratories to allow clinicians to confirm 
their clinical diagnosis and manage patients appropriately be-
cause immunosuppressant therapy seems to be efficacious. Undi-

agnosed and untreated, these patients have a very high mortality, 
approximating 50%.2-4
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IN MEMORIAM

Frieda Carson
Christa Hladik Cappellano and Joshua Weikersheimer

 
Laboratory Medicine 2022;53:218; https://doi.org/10.1093/labmed/lmac007

Freida L. Carson, PhD, HT(ASCP), an admired teacher, mentor, and friend 
of students, histology professionals, pathologists, and histology organiza-
tions, passed on January 11, 2022, at the age of 95. The advancement and 
promotion of the histology profession was a life-long commitment for Dr 
Carson, who shared her knowledge with numerous students and histology 
professionals for over 65 years. She was a gracious and humble teacher 
who instilled in her students a passion for the patient while stressing the 
importance of understanding histologic theory and technique.

In 1947, Dr Carson graduated from Texas State College for Women 
(now Texas Woman’s University) with a Bachelor of Science in Chem-
istry. In January of 1956, Dr Carson began her employment at Baylor 
University Medical Center Dallas Texas in the Histology laboratory to 
assist with troubleshooting staining issues. Six months later, she was 
promoted to Histology Laboratory Supervisor. During her tenure at Bay-
lor, she developed a histology training program which later become one 
of the first accredited programs. Over the years histology students have 
had the honor of being in her training program or attending lectures at 
state or national meetings. Students observed her passion for sharing 
technical applications and challenging them to expand their knowledge. 
The teacher was also a student, completing a master’s degree in 1976 
and PhD in 1980, both from Baylor University. It was during a graduate 
school research project she decided to evaluate formalin tissue fixatives 
in the pursuit of a dual fixative that would work for both electron and 
light microscopy. From this project the Carson Modified Millonig For-
malin was developed and continues to be used today. Dr Carson retired 
after 40 years from Baylor University Medical Center in 1990.

Early in her career, Dr Carson was encouraged to get involved in affil-
iated national organizations. Engagement in these organizations set her 
on a journey of a lifetime promoting the growth, advancement, and ev-
olution of the histology profession through lectures, presentations, and 
creation of educational materials. She remained active for many years 
beyond retirement in both state and national organization programs 
that included the National Society of Histotechnology, College of Amer-
ican Pathologists, and American Society for Clinical Pathology (ASCP), 
Board of Certification. It would be impossible to calculate the number of 
hours Dr Carson volunteered over the past 65 years.

The ASCP Dr Carson in as a consultant to the Board of Registry, His-
tology Examination Committee in 1973 during the time of committee 
development. Her key contribution was in the development of training 
materials used for slide grader orientation. She became a committee mem-
ber in 1980 continuing through 1992, served as Chair from 1982 to 1983, 
and Board Liaison 1984-1992. Dr Carson served as the National Society 

for Histotechnology (NSH) representative to the Board of Registry (BOR) 
Board of Governors from 1983 to 1992, and for six years held the position 
of Secretary of the Board. Dr Carson’s contributions in the development 
of educational materials used to prepared students to take the ASCP reg-
istry certification examination gained her significant recognition. She was 
awarded the ASCP Technologist of the year in 1992 and the BOG Distin-
guished Service Award in 1993. In 2010 she was awarded ASCP Master-
ship.

The other side of Dr Carson’s work brought her mastery of 
histotechnology and her skill as a teacher to a series of books. Her orig-
inal idea of a correspondence course evolved into a full-fledged textbook 
specifically designed for both self-instruction and classroom use. The first 
edition of Histotechnology: A Self Instructional Text published in 1990 and 
became an immediate hit. The book was praised for its comprehensive 
coverage, clarity of expression, insider tricks of the trade, and exemplary 
images and illustrations. She continued publication by heading up the BOR 
Practice Questions for the Histotechnology Examinations, which emerged in 
2 editions in the 1990s. Her self-instructional text became a standard 
in the field, and she developed a companion workbook, Histotechnology: 
A Self Instructional Workbook in 1997 to join the second edition of her text-
book. She then oversaw development of the practice questions idea into 
the base for a richer BOC Study Guide for Histotechnology in 2013, even 
while bringing her textbook/workbook--now with her coauthor Christa 
Cappellano--through 2 more editions. As if that were not enough, she 
concurrently developed HistoDeck, a set of flashcards to bring yet one 
more study option to bear. In late 2020, her fifth and final editions of 
Histotechnology and its companion workbook premiered, having been de-
veloped in defiance of the cancer that began to set in. She was an indefat-
igable writer who enjoyed working with colleagues as her books expanded 
in scope to cover new techniques in immunohistochemistry, enzyme his-
tochemistry, and cytopreparatory techniques.

In December 2021, Baylor Scott & White (BS&W) pathology division 
held a dedication ceremony to honor Dr Carson with the opening of the “Dr 
Freida Carson Histology Laboratory”. Dr Carson was present and celebra-
ted with the BS&W Health administration, pathology leadership and lab-
oratory, representatives from TSH and NSH, ASCP publisher, friends, and 
professional colleagues. The dedication highlighted Dr Carson’s 40 years 
of service and her contributions to the betterment of the BS&W patients. 
Dr Carson’s work will live on through the BS&W Histology Laboratory, 
her students, and the future generations of histologists. The reach of her 
teachings spans across the globe through textbooks, workbooks, and re-
corded webinars. Dr Carson dedicated her life’s work to the field of histol-
ogy and set the bar high for those who followed. The histology community 
lost a great icon. She was a trailblazer paving the way for the histology pro-
fession. We are forever grateful for her years of tireless dedication.
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Patient History
A 60 year old man with pre-existing dementia presented to the emer-
gency department (ED) with mental confusion and signs of dehydra-
tion. He had been found awake on the floor in his home and had not 
been eating or drinking well for several days. His vital signs and phys-
ical exam were generally normal (temperature: 36.5°C; blood pressure: 
115/81  mmHg; pulse: 69/min; respiratory rate: 18/min; oxygen sat-
uration: 99% on room air) apart from apparent delirium, dry mucous 
membranes/mouth, and an involuntary jerking of the upper extremities. 
The ED personnel sent blood specimens to the laboratory for STAT 
chemistry and hematology tests.

Initial laboratory results revealed markedly elevated sodium and chlor-
ide, with both analyte concentrations above their respective reportable 
range. The medical laboratory scientist reviewing the results considered 
the specimen potentially contaminated with saline or another intrave-
nous (IV) fluid. She rejected the specimen and requested a re-collection; 
however, upon receipt of a second and ultimately a third specimen, each 
set of results was found consistent with the original. The attending phy-
sician then requested whole blood sodium measured using a point-of-
care device. This result was consistent with those of the main laboratory, 
with a value >180  mmol/L. Based on this comparison and in consulta-
tion with the laboratory medical director, the attending physician deemed 
the results of all collections to be relevant to the patient’s condition. The 
elevated sodium on the final specimen was identified as a critical value 
and was appropriately annotated in the hospital information system. Se-
lect laboratory values associated with the encounter, including the repeat 
collections, are presented in TABLE 1. The patient was diagnosed with se-
vere hypernatremia resulting from dehydration, leading to hypernatremic 
encephalopathy and acute kidney injury (AKI). He was admitted to the 

hospital and underwent extensive fluid replacement (Ringer’s lactate, 
5% dextrose) with gradual resolution of electrolyte balance, neurological 
function, and AKI over the next 7 days, after which he was discharged.

Dehydration
Dehydration is generally defined as the excessive loss of body water.1,2 
It is the most common cause of fluid and electrolyte imbalance in older 
adults and contributes a heavy burden to the medical system in the 
United States, with more than $5.5 billion spent on related hospital 
admissions annually.2,3 Dehydration is categorized into groups based on 
the final extracellular osmolality within the affected patient (TABLE 2). 
Distinguishing the etiology and category of dehydration present is crit-
ical because these aspects define clinical management of the condition.2

Older adults are at increased risk for dehydration because of numer-
ous changes in physiology associated with the aging process. For exam-
ple, as patients age, they may experience decreases in thirst sensation 
(hypodipsia), a general decline in renal function, decreased activity of 
the renin-angiotensin system, and changes in renal sensitivity to vaso-
pressin.2,4 Moreover, aging may affect normal physiological adaptations 
to volume depletion, including neurohumoral control of blood pressure 
and cardiovascular responses to changes in blood volume. Enhancing 
this risk are various pathologic and pharmacologic etiologies that are 
more common in these age groups, including changes in functional and 
mental status, reduced mobility, and comorbidities that require pharma-
cological intervention such as the use of diuretics or laxatives.2

Electrolyte Abnormalities
The patient described in this case study presented with hypertonic de-
hydration that resulted in electrolyte abnormalities most notable for 
hypernatremia and hyperchloremia. In most patients with hypertonic 
dehydration, clinical presentation is influenced most prominently by the 
concentration of extracellular sodium; the effects of other constituents 
are less pronounced or overshadowed by the severity of the sodium 
disturbance.2,5 Signs and symptoms observed in hypernatremia are 
outlined in TABLE 3.

Hypernatremia is defined as a serum sodium concentration that exceeds 
~145 to 150 mmol/L.6,7 It is most commonly caused by a net water loss 
from the body as described above; however, pathologic changes may occur 
as a result of any number of conditions that involve the loss of fluid and/
or the gain of sodium (TABLE 4). Those at the highest risk of net water-

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail: 

journals.permissions@oup.com

loss hypernatremia include infants, older adults, and patients with mental 
impairment.6 In adults, symptoms are relatively mild until values exceed 
160 mmol/L. In patients with the most severe cases, hypernatremia results 
in significant fluid redistribution within the central nervous system, leading 
to encephalopathy and altered mental status as observed in this patient.7,8
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Patient History
A 60 year old man with pre-existing dementia presented to the emer-
gency department (ED) with mental confusion and signs of dehydra-
tion. He had been found awake on the floor in his home and had not 
been eating or drinking well for several days. His vital signs and phys-
ical exam were generally normal (temperature: 36.5°C; blood pressure: 
115/81  mmHg; pulse: 69/min; respiratory rate: 18/min; oxygen sat-
uration: 99% on room air) apart from apparent delirium, dry mucous 
membranes/mouth, and an involuntary jerking of the upper extremities. 
The ED personnel sent blood specimens to the laboratory for STAT 
chemistry and hematology tests.

Initial laboratory results revealed markedly elevated sodium and chlor-
ide, with both analyte concentrations above their respective reportable 
range. The medical laboratory scientist reviewing the results considered 
the specimen potentially contaminated with saline or another intrave-
nous (IV) fluid. She rejected the specimen and requested a re-collection; 
however, upon receipt of a second and ultimately a third specimen, each 
set of results was found consistent with the original. The attending phy-
sician then requested whole blood sodium measured using a point-of-
care device. This result was consistent with those of the main laboratory, 
with a value >180  mmol/L. Based on this comparison and in consulta-
tion with the laboratory medical director, the attending physician deemed 
the results of all collections to be relevant to the patient’s condition. The 
elevated sodium on the final specimen was identified as a critical value 
and was appropriately annotated in the hospital information system. Se-
lect laboratory values associated with the encounter, including the repeat 
collections, are presented in TABLE 1. The patient was diagnosed with se-
vere hypernatremia resulting from dehydration, leading to hypernatremic 
encephalopathy and acute kidney injury (AKI). He was admitted to the 

hospital and underwent extensive fluid replacement (Ringer’s lactate, 
5% dextrose) with gradual resolution of electrolyte balance, neurological 
function, and AKI over the next 7 days, after which he was discharged.

Dehydration
Dehydration is generally defined as the excessive loss of body water.1,2 
It is the most common cause of fluid and electrolyte imbalance in older 
adults and contributes a heavy burden to the medical system in the 
United States, with more than $5.5 billion spent on related hospital 
admissions annually.2,3 Dehydration is categorized into groups based on 
the final extracellular osmolality within the affected patient (TABLE 2). 
Distinguishing the etiology and category of dehydration present is crit-
ical because these aspects define clinical management of the condition.2

Older adults are at increased risk for dehydration because of numer-
ous changes in physiology associated with the aging process. For exam-
ple, as patients age, they may experience decreases in thirst sensation 
(hypodipsia), a general decline in renal function, decreased activity of 
the renin-angiotensin system, and changes in renal sensitivity to vaso-
pressin.2,4 Moreover, aging may affect normal physiological adaptations 
to volume depletion, including neurohumoral control of blood pressure 
and cardiovascular responses to changes in blood volume. Enhancing 
this risk are various pathologic and pharmacologic etiologies that are 
more common in these age groups, including changes in functional and 
mental status, reduced mobility, and comorbidities that require pharma-
cological intervention such as the use of diuretics or laxatives.2

Electrolyte Abnormalities
The patient described in this case study presented with hypertonic de-
hydration that resulted in electrolyte abnormalities most notable for 
hypernatremia and hyperchloremia. In most patients with hypertonic 
dehydration, clinical presentation is influenced most prominently by the 
concentration of extracellular sodium; the effects of other constituents 
are less pronounced or overshadowed by the severity of the sodium 
disturbance.2,5 Signs and symptoms observed in hypernatremia are 
outlined in TABLE 3.

Hypernatremia is defined as a serum sodium concentration that exceeds 
~145 to 150 mmol/L.6,7 It is most commonly caused by a net water loss 
from the body as described above; however, pathologic changes may occur 
as a result of any number of conditions that involve the loss of fluid and/
or the gain of sodium (TABLE 4). Those at the highest risk of net water- loss hypernatremia include infants, older adults, and patients with mental 

impairment.6 In adults, symptoms are relatively mild until values exceed 
160 mmol/L. In patients with the most severe cases, hypernatremia results 
in significant fluid redistribution within the central nervous system, leading 
to encephalopathy and altered mental status as observed in this patient.7,8

In contrast, hyperchloremia is considered a serum chloride that 
exceeds ~108  mmol/L.5 Because chloride is the primary anion in the 
body, conditions that cause hypernatremia often lead to concurrent 
hyperchloremia. However, independent increases in chloride, when 
encountered, are associated with various physiological effects, includ-
ing hyperchloremic metabolic acidosis, gastrointestinal symptoms, and 
impairment of renal function.9 Chloremic excess may be observed in 
patients receiving aggressive treatment with normal saline (0.9% NaCl) 
because of its relatively high chloride content in contrast to normal phys-
iological levels (serum: ~100 mmol/L; 0.9% saline: 154 mmol/L). In addi-
tion, chloride may be elevated in some patients with respiratory alkalosis, 
in whom the renal retention of chloride offsets the loss of bicarbonate.5

Laboratory Assessment
In this case study, severe hypernatremia and hyperchloremia presented 
an interpretive challenge to the laboratory scientist on duty. Many lab-
oratory professionals can certainly attest that in isolation, it is difficult 
at times to recognize that exceptionally abnormal laboratory values can 
reflect both clinical reality and error. In this instance, although the elec-
trolyte values may have been surprising, they were accompanied with 
other results that were not consistent with dilutional contamination by 
saline or other IV fluids (eg, the elevated urea nitrogen and creatinine).

Clinicians routinely use IV fluids for the repletion, maintenance, 
or selective movement of ions, metabolites, and water throughout the 
body. They may be isotonic, hypertonic, or hypotonic in nature and are 
generally classified as crystalloid or colloid.10-12 Isotonic solutions are 
employed to maintain hydration or replete lost intravascular fluid (eg, 
because of blood loss or routine dehydration, or during surgery). In 
contrast, hypotonic solutions replete lost intracellular fluids in tissue 

TABLE 1.  Select Laboratory Results

Analyte Specimen 1 Specimen 2 Specimen 3 Units Reference Interval

Sodium >180 >180 >180 mmol/L 135–147

Potassium 4.0 4.0 4.1 mmol/L 3.6–5.3

Chloride >140 >140 >140 mmol/L 96–108

Total CO
2

27 24 24 mmol/L 19–31

Calcium 8.7 8.8 8.8 mg/dL 8.8–10.4

Urea nitrogen 117 118 115 mg/dL 8–25

Creatinine 3.26 3.09 3.05 mg/dL 0.6–1.5

Albumin 3.7 3.5 3.6 g/dL 3.4–4.9

Total protein 7.5 7.3 7.5 g/dL 6.0–8.0

ALT 25 25 25 U/L 5–60

AST 28 30 29 U/L 10–50

Glucose (random) 106 100 101 mg/dL 70–115

cTnT (hs) 32 32 32 ng/L <12

ALT, alanine aminotransferase; AST, aspartate aminotransferase; cTnT (hs), Cardiac Troponin T (high sensitivity).

TABLE 2.  Types of Dehydration

Extracellular Osmolality Water:Salt* Loss Causes

Isotonic Proportionate ratio Vomiting, secretory diarrhea

Hypertonic ⇧ Water ⇩ Salt Hypodipsia/low intake, insensible losses, diuretics, DI, RA system abnormalities

Hypotonic ⇩ Water ⇧ Salt Salt-wasting diuretics

DI, diabetes insipidus; RA, renin-angiotensin.
For the types of dehydration, see Lacey et al,1 Weinberg and Minaker,2 and Rifai et al.4 *Primarily sodium.

TABLE 3.  Symptoms of Hypernatremia in Adults

Intense thirst, transitioning to hypodipsia

Anorexia

Muscle weakness

Nausea/ vomiting

Altered mental status

Encephalopathy

For the symptoms of hypernatremia, see Adrogué and Madias6 and Braun et al.7

TABLE 4.  Causes of Hypernatremia in Older Adults

Net Water Loss Sodium Gain

Pure water loss Hypertonic sodium containing infusions

 Dehydration/insensible loss Ingestion of salt water (eg, sea water)

 Hypodipsia Primary hyperaldosteronism

 Diabetes insipidus Cushing’s syndrome

 Neurogenic, congenital, acquired …

Hypotonic fluid loss …

 Renal disease, diuretics, osmotic diuresis …

 Gastrointestinal loss (vomiting, diarrhea) …

 Cutaneous loss (burns, sweating) …

For the causes of hypernatremia, see Adrogué and Madias6 and Braun et al.7
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(eg, in hyperosmolar states) and hypertonic solutions replace deficient 
ions and draw interstitial fluids back into the vascular space (eg, with 
edema).12 Crystalloid fluids consist of small molecules and ions that eas-
ily diffuse across capillary membranes, moving from the vascular space 
into the tissues. Common constituents of these fluids include sodium, 
chloride, potassium, calcium, lactate, and glucose. Examples of crystal-
loid fluids and their uses are outlined in TABLE 5. Colloid fluids con-
tain larger molecules that do not easily pass through the capillary mem-
brane, contributing direct vascular volume and drawing fluid from the 
interstitium into the intravascular space. Common constituents of col-
loid fluids include albumin, hydroxyethyl starch, and various forms of 
gelatin. Because of recent evidence suggesting that colloid solutions may 
contribute to patient harm, crystalloid IV fluid usage is more common.11

In our experience, specimen contamination is most often observed (or 
recognized) when there is contamination with crystalloid fluids, where 
marked changes in electrolytes, glucose, or other small molecules are eas-
ily noted. The complexities involved are considerable because the baseline 
values of the patient, fluid constituents, and sheer displacement volume 
in a collected specimen combine to have a significant effect on labora-
tory results.13,14 For example, contamination with isotonic (0.9%) saline 
(NaCl) or Ringer’s lactate solution has a relatively mild effect on patient 
sodium and chloride until the displacement volume is extensive; however, 
notable decreases in other analytes (eg, calcium, total protein) may be 
observed earlier (see FIGURE 1A and 1B).15 In contrast, contamination 
with small amounts of highly concentrated solutions (eg, 5% dextrose, 
hypertonic (3%) saline) can lead to marked deviations in analyte concen-
tration with little dilutional effect on other analytes. Using this type of 
information, some authors have proposed methods to detect potentially 
contaminated specimens using direct cut points (eg, Na+: >180 mmol/L 
paired with K+ <2.5 mmol/L) and statistically guided algorithms.16-18

Case Resolution
The events that occurred in the laboratory were investigated, and in-
services were provided to instruct laboratory staff on the evaluation 

of chemistry results in the context of potential contamination. In this 
case, the patient presented with markedly abnormal sodium and chlor-
ide; however, the remainder of the analytes were normal, near normal, 
or even elevated, reflecting a true pathologic condition. In particular, the 
patient’s urea nitrogen and creatinine were elevated, suggesting that the 
results were accurate. As part of the educational process, involved staff 
performed dilution studies and estimated the calculated effects of com-
monly administered fluids on laboratory values in heparinized whole 
blood. These studies provided a reference point that staff could employ 
in deciphering dilutional patterns that might be observed in true con-
tamination (see FIGURE 1A and 1B). Moreover, we proposed the fol-
lowing general guidelines for the staff:

1. Evaluate the entire picture of laboratory results; do not focus on 
1 or 2 greatly abnormal values.

2. Review for markedly or inappropriately decreased results, consid-
ering that although the intent of infusions is to correct/normal-
ize certain blood constituents, solutions free of an analyte will 
artificially decrease other values quickly.

3. Use automated flagging algorithms such as delta checks or con-
tamination sentinel rules (eg, those of Hernandez16) to assist in 
identifying abnormalities.

4. If possible, correlate results with other departments. For exam-
ple, a marked shift in a patient’s mean corpuscular volume with-
out recent transfusion may support an abnormally hyper- or hy-
potonic condition.19,20

5. Use available resources, such as a review of patient charts or 
contacting the patient’s clinician or nurse directly.

6. When all else fails, ask for help. Contact a supervisor or the labo-
ratory medical director for assistance. Unilateral decisions to re-
ject potentially contaminated specimens can lead to complaints, 
delays to patient care, and even patient harm.21

The assessment of potentially contaminated specimens can be com-
plex; however, following the above suggestions is likely to assist most 

TABLE 5.  Select Crystalloid Solutions

Fluid Constituent (mmol/L) Use/Considerations

Isotonic saline (0.9%) Sodium: 154 Most common for volume repletion and resuscitation; high chloride content

Chloride: 154

Hypotonic saline (0.45%) Sodium: 77 Fluid repletion; risk of hyponatremia

Chloride: 77

Hypertonic saline (3%) Sodium: 513 Treatment of hyponatremia; “small-volume” resuscitation protocols; risk of 
hypernatremiaChloride: 513

Hartmann’s solution Sodium: 131 Volume and ion repletion, fluid maintenance; reduced chance of hyperchloremic effects

Chloride: 111

Potassium: 5.4

Calcium: 2.0

Lactate: 29

Ringer’s lactate solution Sodium: 130 Volume and ion repletion, fluid maintenance; reduced chance of hyperchloremic  
effects;  

potential to cause metabolic alkalosis in high rate infusions

Chloride: 109

Potassium: 4.0

Calcium: 2.7

Lactate: 28

For the select crystalloid solutions, see Myburgh and Mythen10 and Finfer et al.12
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laboratory staff in dealing with situations such as that described in this 
case study in their day-to-day work.
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Background
On January 10th, 2020, the sequence to a novel coronavirus, SARS-CoV-2, 
was uploaded to Genbank.1 At the time, it was associated with what was 
reported as a small outbreak of an atypical pneumonia in the Wuhan 
province of China.2 The first confirmed case of this mysterious virus in 
the United States was reported by the Centers for Disease Control & Pre-
vention (CDC) on January, 21, 2020.3 On January 30, the World Health 
Organization (WHO) declared a public health emergency, and one day 
later, so did the United States.4,5 By February 11, the WHO introduced the 
name of this disease: COVID-19, caused by the SARS-CoV-2 virus. Just 
over 1 month after the first cases had been reported, there were more than 
42,000 cases in China and hundreds of suspected cases in 24 other coun-
tries.6 On March 11, the WHO declared COVID-19 a pandemic,4 and it 
was becoming increasingly clear that the world was on the brink of a pub-
lic health crisis the likes of which has not been seen in any of our lifetimes.

The scope of human life lost, and devastation on many levels, is 
impossible to understate. At the time of this writing there have been 
more than 2.5 million COVID-19 deaths worldwide and more than 
500,000 in the United States.7 The economic and societal repercussions 
are still unfolding, and the pandemic is not over. The sacrifices and 
accommodations to daily life surely did have—and continue to have—
an impact on slowing the spread of the SARS-CoV-2 virus and the 
COVID-19 disease it causes. But as the pandemic unfurled in unprec-
edented ways, so did the response by the medical and scientific com-

munity. Governments, private companies, educational institutions, and 
philanthropists joined forces in massive collaborative efforts to meet 
the challenges of the pandemic, all with common goals of understand-
ing the SARS-CoV-2 virus, finding effective treatments, and developing 
accurate diagnostic strategies in the face of this fast-moving foe.8,9 We 
need only look at the remarkable vaccine development to understand 
the fruits of such labor.10,11

We can also look to the development and distribution of diagnos-
tic tests as a mark of achievement. Assays for SARS-CoV-2 became 
available to laboratories for this emerging analyte with astonishing 
speed and variety. The first report of a reverse transcriptase real-time 
polymerase chain reaction (RT-PCR) test developed with the intent of 
mass production was published on January 23, 2020.12 By February 
2, the WHO had 250,000 test kits delivered.13 The CDC was granted 
a U.S. Food & Drug Administration Emergency Use Authorization 
(FDA-EUA) for an RT-PCR test on February 4 and had shipments to all 
50 states the next day.14,15 By the end of that month, there were more 
than 14 nucleic acid amplification tests (NAATs) commercially availa-
ble.13 This number soon skyrocketed, and NAATs quickly became the 
gold standard for COVID-19 diagnosis.16 However, NAATs do have 
some performance issues, particularly false negative results, mostly 
because of difficulty in nasopharyngeal specimen collection and viral 
load. In addition, supply has not always been able to keep up with de-
mand for NAATs. Antigen tests have emerged as well, but their lack 
of sensitivity relegates them to screening tools. Although detecting 
acute infection is of paramount importance, both the molecular and 
antigen methods have a limited detection window and cannot detect 
past infection.17,18 And there are some questions they cannot answer. 
Early in the pandemic, little was known about the rate of transmis-
sion, asymptomatic infection, or the immunologic response to the 
novel virus.19 The need to broaden testing strategies to include anti-
body testing (also known as serology testing) was clear, and commer-
cially available tests followed before long.

The first SARS-CoV-2 antibody test was granted EUA on April 1, 
2020.20 Unlike NAATs, used as a primary diagnostic tool, antibody tests 
detect the humoral response to SARS-CoV-2 and are not to be used as 
a sole mode of diagnosis. They confirm past infection. As such, the FDA 
initially only suggested but did not require EUA for SARS-CoV-2 anti-
body tests.21 Within the first week of April, there were at least 70 SARS-
CoV-2 antibody tests on the market without such authorization. With 
them came false claims of diagnostic capabilities and false claims of FDA 
approval.22 On May 5, amidst a slew of performance concerns and inap-
propriate marketing claims, the FDA tightened the reins on antibody 
tests and required EUA approval for their use.23 But reports of under-
performance persisted, and public trust was breached. In response, in-

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, 
please e-mail: journals.permissions@oup.com
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dependent evaluations began in a collaborative effort with the FDA, the 
CDC, the National Institutes of Health (NIH), the National Cancer In-
stitute (NCI), and the Biomedical Advanced Research and Development 
Authority (BARDA).24 On June 19, the FDA created a “Do Not Use” list 
for SARS-CoV-2 antibody tests.25 To date, more than 100 antibody tests 
have been removed from the market.

With better regulation and more rigorous evaluations, the list of 
FDA-EUA tests grew. Clinicians and laboratories still had to navigate 
the implementation of testing from a rapidly developed and densely 
populated market. Confusion and concern around performance, what 
the results mean, what tests can be used for, and what they say about 
immune status have persisted. It is now just past 1  year since the 
start of the COVID-19 pandemic, and much has been learned, but 
SARS-CoV-2 diagnostics is still a complex topic. This article focuses 
on 1 facet of SARS-CoV-2 testing: antibody testing. It is written from 
the perspective of clinical laboratory science and for the enrichment 
of knowledge thereof. With so many tests available, and so much re-
search produced at breakneck speed, it is important to look back at 
what we have learned and to understand the SARS-CoV-2 antibody 
tests available, how they should and should not be used, what their 
limitations are, what questions they answer, and what questions re-
main.

Form and Function of SARS-CoV-2
Before discussing the humoral response, it is helpful to have a basic 
understanding of the SARS-CoV-2 virus. Coronaviruses are a large 
family that infect a range of mammalian and avian hosts. In humans, 
disease is typically mild, but some, like SARS-CoV-1 and MERS-COV, 
have more severe pathology. The SARS-CoV-2 virus is uniquely dev-
astating, not just in the severity of the COVID-19 disease but in how 
infectious it is and the novel challenge it is to our immune system. 
The SARS-CoV-2 virus is a betacoronavirus. Members of this family 
are known to jump from zoonotic to human hosts. The closest rela-
tive of SARS-CoV-2 is BatCoV RaTG13, found in horseshoe bats.26 
This relationship sparked the theory that the virus made a zoonotic 
leap in street markets where horseshoe bats are sold. However, at 
96% homology with SARS-CoV-2, this bat source theory remains a 
possibility but not a certainty.27 In fact, SARS-CoV-2 shares consid-
erable homology with many other coronaviruses as well.28 However, 
small changes in this virus’s RNA have given rise to striking changes 
in transmission and pathogenesis.

The SARS-CoV-2 genome is 29,881  bp, encoding 4 structural 
proteins—spike (S), envelope (E), membrane (M), and nucleocap-
sid (N)—and several nonstructural proteins (open reading frames, 
proteases, accessory proteins).1 The genome forms a single strand 
of positive-sense RNA contained within a nucleocapsid, enveloped 
by a membrane from which abundant spike proteins protrude. As 
in other coronaviruses, the SARS-CoV-2 S protein is composed of a 
short intravirion domain, an anchoring transmembrane domain, and 
an n-terminus stalk with 2 subunits, S1 and S2.29 It assembles into 
trimers that give the “corona”-like motif seen by electron microscopy. 
Heavy glycosylation of the S protein may initially shield the SARS-
CoV-2 virus from immune surveillance; however, this camouflage is 
not sufficient because the S protein is highly immunogenic.30,31 The S2 
subunit is a conserved region, facilitating fusion. The most distal S1 
subunit contains the receptor binding domain (RBD), which is where 

the virus directly binds to host cells—angiotensin-converting enzyme 
2 (ACE2) receptors in the case of SARS-CoV-2—triggering conforma-
tional changes that facilitate entry into the cell. The key to what makes 
SARS-CoV-2 both novel and pathogenic lies in this region of the S pro-
tein. The S1 subunit of SARS-CoV-2 is unique, particularly at the RBD, 
in that it has more binding residues and a higher affinity for the ACE2 
receptor than previously seen, making the SARS-CoV-2 virus both 
novel and distinctly pathogenic.32

Antibody Targets in SARS-CoV-2 Testing
To develop antibody tests, the question of which SARS-CoV-2 antigens 
elicit an immune response had to be answered. Phage display libraries, 
epitope maps, and peptide arrays were quickly assembled. Across mul-
tiple platforms, antibodies against the RBD, S, and N proteins emerged 
as the most potently immunogenic, selective, and widely produced by 
those patients infected with COVID-19.33-36 Although exact epitopes 
may differ, virtually all commercially available tests—and all EUA 
assays—rely on detecting antibodies to these proteins, either separately 
or in combination.37

Many test platforms focus on the RBD of the S1 subunit. Some tar-
get the S1 subunit or the S protein as a whole. Antibodies against these 
antigens correlate with viral neutralization and indicate the sensitiv-
ity and specificity needed for clinical utility.38-40 Some serologic assays 
include antibodies directed against the S2 subunit in their detection 
schema (eg, Liaison, DiaSorin).37 Although the S2 subunit is immuno-
genic, it does not make a good target by itself. The S2 subunit is highly 
conserved among human coronaviruses (HCovs), and IgG against the S2 
subunit is common in those unexposed to SARS-CoV-2.41 This potential 
for cross-reactivity excludes the S2 subunit as a stand-alone target.42,43

The N protein that forms the RNA-housing nucleocapsid also elicits 
potent activation of the immune system.44 Like the S2 subunit, the N 
protein is highly conserved across HCovs.45 However, it does make an at-
tractive target for serologic testing because the immune response during 
and directly after COVID-19 infection is so pronounced.46 Clearly estab-
lished cutoff values for detection and minimal cross-reactivity have been 
shown across multiple platforms (eg, Abbott, Bio-Rad).37 Some studies 
have suggested that the detection of N antibodies is more sensitive than 
for those that target the S protein.47-49

When considering which test platform is suitable, it is essential to 
understand the goal of serologic testing. For example, both the Pfizer 
and Moderna vaccines elicit an immune response against the S protein. 
If evaluating vaccine response is a goal, then a test that targets S pro-
tein antibodies must be used. If, on the other hand, a population is be-
ing studied for infection rates, especially a population that may include 
persons who have been vaccinated, then a test that targets N protein 
antibodies would be more informative.

Antibody Dynamics
Analysis of plasma from those with COVID-19 confirmed an early con-
sensus around targeting antibodies against the S, RBD, and N proteins of 
SARS-CoV-2 for assay development. However, an understanding of anti-
body dynamics was not immediately clear. Early studies often consisted 
of small specimen sizes and lacked the kind of longitudinal data that 
only time could provide. Heterogeneity in the intensity and duration 
of antibody production—a feature that continues to be observed—
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the virus directly binds to host cells—angiotensin-converting enzyme 
2 (ACE2) receptors in the case of SARS-CoV-2—triggering conforma-
tional changes that facilitate entry into the cell. The key to what makes 
SARS-CoV-2 both novel and pathogenic lies in this region of the S pro-
tein. The S1 subunit of SARS-CoV-2 is unique, particularly at the RBD, 
in that it has more binding residues and a higher affinity for the ACE2 
receptor than previously seen, making the SARS-CoV-2 virus both 
novel and distinctly pathogenic.32

Antibody Targets in SARS-CoV-2 Testing
To develop antibody tests, the question of which SARS-CoV-2 antigens 
elicit an immune response had to be answered. Phage display libraries, 
epitope maps, and peptide arrays were quickly assembled. Across mul-
tiple platforms, antibodies against the RBD, S, and N proteins emerged 
as the most potently immunogenic, selective, and widely produced by 
those patients infected with COVID-19.33-36 Although exact epitopes 
may differ, virtually all commercially available tests—and all EUA 
assays—rely on detecting antibodies to these proteins, either separately 
or in combination.37

Many test platforms focus on the RBD of the S1 subunit. Some tar-
get the S1 subunit or the S protein as a whole. Antibodies against these 
antigens correlate with viral neutralization and indicate the sensitiv-
ity and specificity needed for clinical utility.38-40 Some serologic assays 
include antibodies directed against the S2 subunit in their detection 
schema (eg, Liaison, DiaSorin).37 Although the S2 subunit is immuno-
genic, it does not make a good target by itself. The S2 subunit is highly 
conserved among human coronaviruses (HCovs), and IgG against the S2 
subunit is common in those unexposed to SARS-CoV-2.41 This potential 
for cross-reactivity excludes the S2 subunit as a stand-alone target.42,43

The N protein that forms the RNA-housing nucleocapsid also elicits 
potent activation of the immune system.44 Like the S2 subunit, the N 
protein is highly conserved across HCovs.45 However, it does make an at-
tractive target for serologic testing because the immune response during 
and directly after COVID-19 infection is so pronounced.46 Clearly estab-
lished cutoff values for detection and minimal cross-reactivity have been 
shown across multiple platforms (eg, Abbott, Bio-Rad).37 Some studies 
have suggested that the detection of N antibodies is more sensitive than 
for those that target the S protein.47-49

When considering which test platform is suitable, it is essential to 
understand the goal of serologic testing. For example, both the Pfizer 
and Moderna vaccines elicit an immune response against the S protein. 
If evaluating vaccine response is a goal, then a test that targets S pro-
tein antibodies must be used. If, on the other hand, a population is be-
ing studied for infection rates, especially a population that may include 
persons who have been vaccinated, then a test that targets N protein 
antibodies would be more informative.

Antibody Dynamics
Analysis of plasma from those with COVID-19 confirmed an early con-
sensus around targeting antibodies against the S, RBD, and N proteins of 
SARS-CoV-2 for assay development. However, an understanding of anti-
body dynamics was not immediately clear. Early studies often consisted 
of small specimen sizes and lacked the kind of longitudinal data that 
only time could provide. Heterogeneity in the intensity and duration 
of antibody production—a feature that continues to be observed—

contributed to conflicting and unclear information regarding antibody 
dynamics.50,51 At the time of this writing, 1 year out from the beginning 
of the COVID-19 pandemic and many studies later, some uncertainty 
remains, but much has been revealed.

Antibody response in those with moderate to severe symptoms is 
the most studied and the most clearly characterized. The IgA, IgM, and 
IgG binding antibodies against the S, RBD, and N antigens, along with 
neutralizing antibodies (nAbs), are produced by the vast majority of 
those with symptomatic COVID-19.52-55 Some studies have reported IgA 
and IgM as early detection markers,46,50,56 whereas many others have re-
ported that IgG appears almost simultaneously.51,52,54,57,58 Explanations 
for this distinctive feature include a lengthy asymptomatic period or a 
slow buildup to detectable levels of IgA and IgM, but a definitive answer 
has yet to be found. It has also been reported that IgG production is 
delayed in some severely ill patients, whereas other studies have found 
that some severely ill patients have a delayed IgM response.51,59 More 
study is needed to investigate these discrepant findings, but perhaps 
heterogeneity in early antibody response is itself the underlying feature.

Regardless of which isotype is detected first, antibody levels of IgA, 
IgM, and IgG are low in the first week of infection. Median seroconver-
sion appears by days 7 to 12 postsymptom onset (PSO), with virtually 
100% seroconversion by days 14 to 15 (FIGURE 1). The IgA and IgM 
levels gradually rise until approximately week 3 PSO, then decline.52,53,57 
Furthermore, IgG rises sharply in early infection at levels much higher 
than IgA and IgM, peaks at approximately week 5, and stays elevated 
for at least 7 weeks PSO.50-52 Neutralizing antibodies correlate strongly 
with levels of binding IgG against the S and RBD antigens and moder-
ately with anti-N IgG.52,60,61 This development is encouraging, although 
not established, proof of durable immunity. Disease severity does cor-
relate with the robustness of antibody response in the vast majority of 
patients; however, a correlation with clinical outcome has not been es-
tablished.50,57,60

Antibody dynamics of mild to asymptomatic infection are less un-
derstood. Even the most recent studies include small specimen sizes 
and substantial heterogeneity. That said, 1 reproducible finding is that 
mild to asymptomatic SARS-CoV-2 infections do produce an antibody 
response, albeit less pronounced than moderate or severe infections 
(FIGURE 2).50,62-64 The level of IgM seems to be short-lived or unde-
tectable in a mild to asymptomatic infection, but IgG and total antibody 
levels are often detectable for weeks after exposure.54,65 Seronegativity 
in moderate to severe illness is rare, but rates are unknown in mild to 
asymptomatic infection. This detail is something to consider when using 
antibody tests for epidemiological study. Neutralizing antibody produc-
tion has been reported with mild infection, and some evidence supports 
nAb production in asymptomatic infection.62 However, little is known 
about the prevalence and duration of nAb production in people with 
mild and asymptomatic infection at this time, and it is not known if or 
how the immune response relates to durable immunity.66

The groundwork for developing and implementing commercially 
available antibody tests would not have been possible without first 
characterizing SARS-CoV-2 antibody dynamics. All applications, from 
seroprevalence studies to convalescent plasma collection, rely on this 
basic understanding. A substantial body of research to this end emerged 
rapidly, and the work continues. Longitudinal studies that extend fur-
ther and further from the time of symptom onset are underway, and 
a clearer picture of their duration will soon be realized. Measuring an-
tibody titers may not help predict disease outcome, but they can help 
gauge severity and monitor disease progression. The relationship to 
antibody production, particularly nAbs, points to durable immunity, al-
though this question remains a topic of intense interest. The immune 
response to SARS-CoV-2 varies substantially depending on disease se-
verity, and heterogeneity, even within severity stratifications, seems 
to be a hallmark of the disease. Larger studies, with more participants, 
especially those with mild to asymptomatic infection, will deepen our 
understanding of antibody dynamics.

FIGURE 1. SARS-CoV-2 RNA levels peak approximately 1 
week from exposure, then decline, becoming undetectable 
in most by approximately day 14. Median seroconversion 
occurs just after the first week PSO and reaches nearly 
100% by day 14. IgM may or may not appear before IgG and 
IgA, but its half-life is the shortest, becoming undetectable 
by approximately 4 weeks PSO for many. IgG levels rise the 
highest and stay elevated for an extended period of time. 
PSO, postsymptom onset.
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FIGURE 2. Moderate to severe infections elicit a markedly 
more robust immune response than mild to asymptomatic 
infections. Less is known about the duration of circulating 
antibodies in mild and asymptomatic infection, and whether 
or not an immune response correlates with lasting immunity 
is unknown at this time. PSO, postsymptom onset.
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Types of Testing
There are currently more immunoassays on the market for SARS-CoV-2 
testing than for any other pathogen.67 The rapid development of hundreds 
of tests is both impressive and cause for scrutiny. Performance concerns 
and fraudulent claims undermined the credibility of SARS-CoV-2 antibody 
testing as a whole, but after underregulated and oversaturated beginnings, 
a clear menu of test methodologies with strong performance characteristics 
has emerged. That said, the menu is still large and diverse. At the time of 
this writing there are 65 SARS-CoV-2 antibody tests with EUA,37 and many 
more are available on the global market. There is no gold standard for anti-
body tests, and different methodologies fulfill different testing needs. With 
such a broad range of tests available, the focus in this report is on tests that 
are available in the United States with FDA-EUA. The major types of SARS-
CoV-2 antibody tests commercially available are lateral flow immunoassays 
(LFIAs), enzyme-linked immunosorbent assays (ELISAs), and chemilumi-
nescent immunoassays (CLIAs). Although they are not routinely used in 
clinical laboratories, neutralization assays are discussed here as well. For 
each test, the principle, characteristics, usage, advantages, and limitations 
are addressed.

LFIAs
The LFIAs are a simple, qualitative method for detecting antibodies 
against the SARS-CoV-2 virus. Whole blood, serum, or plasma is ap-
plied to a membrane, and the specimen moves by capillary action lat-
erally along a test strip. When the specimen reaches a conjugate pad, 
antibodies of interest bind to reporter-tagged antigens. The conjugate 
complexes move down the strip until they are captured by a test region. 
Tagged control antibodies get carried along as well. If the specimen has 
the antibodies of interest, then capture antibodies embedded in the 
test region will bind with the complex and a colorimetric or fluorescent 
signal will be produced. If the test is valid, then a control line will be 
present.68 Studies have shown that SARS-CoV-2 LFIAs target antibodies 
against epitopes of the S or N protein, or both. Most LFIAs detect a com-
bination of IgM and IgG. Some detect total antibodies or IgG alone.37

The LFIAs are rapid tests, with turnaround times (TATs) of less 
than 30 minutes. They are simple to perform, require a small amount 
of specimen, are relatively inexpensive, and can be scalable for mass 
testing. The demand for LFIAs for point-of-care (POC) testing has been 
strong, but of the 19 LFIAs granted EUA, only 2 are Clinical Laboratory 
Improvement Amendments (CLIA) waived and approved for POC test-
ing. Both CLIA waived assays are validated for finger-stick specimens; 
the rest require phlebotomy and are considered to be of moderate to 
high complexity.37

Specificity of the SARS-CoV-2 antibody LFIA >95% has been widely 
reported, but independent evaluations of sensitivity vary considera-
bly. Meta-analysis of commercially available LFIA has found pooled 
sensitivity to be between 66% and 76%.69,70 Difficulty in reading and 
interpreting faintly positive tests and inconsistent reproducibility 
have also been reported.71 Cross-reactivity remains a concern because 
large-scale studies evaluating cross-reactivity with other viruses, par-
ticularly other betacoronaviruses, are lacking.

In general, LFIAs underperform in comparison to manufacturer 
evaluations, but their ease of use and economical production mean 
that demand for SARS-CoV-2 LFIA testing is high. Great caution must 
be applied to this demand.72 The LFIAs simply determine prior expo-
sure to SARS-CoV-2, and the accuracy of this determination should be 

viewed with scrutiny. Contact tracing, knowledge of serostatus, and 
aid in diagnostics are all potential uses for LFIAs, but it is important 
to recognize potential shortcomings and not to overestimate what in-
dividual results mean. Where SARS-CoV-2 LFIA testing can have an 
important role is in serosurveillance and epidemiological study.73 Ac-
cording to the CDC, the prevalence of SARS-CoV-2 remains largely 
unknown.74 The LFIAs offer a simple, economical option that can be 
applied to large-scale testing and by minimally trained personnel. It 
is likely that they will be instrumental in population serosurveillance, 
especially in underserved areas. The CDC, FDA, and independent or-
ganizations are continuing evaluations, which will be important mov-
ing forward.

ELISAs
Although many variations exist, the basic principle for SARS-CoV-2 
ELISA testing begins with coating microtiter wells with a SARS-CoV-2 
antigen of interest, allowing antibodies in serially diluted patient 
specimens to bind with the antigens, followed by the addition of an 
enzyme-conjugated reporter antibody that produces a signal when 
substrate is added. The signal can be colorimetric or fluorescent (the 
latter are described as enzyme-linked fluorometric assays). These sen-
sitive assays can be used for qualitative or semi-quantitative analysis. 
Researchers and clinical laboratories use ELISAs widely for SARS-CoV-2 
antibody testing.

Currently there are 19 SARS-CoV-2 ELISA tests with EUA. Detection 
includes IgM, IgG, a combination, or total antibody. Most ELISAs detect 
antibodies directed at epitopes on the S protein. Two detect antibodies 
against the N protein, and 2 detect both. Specificity is widely found to be 
>95%. Pooled meta-analysis has described sensitivity for IgM or IgG at 
approximately 85% and combination IgM/IgG sensitivity at >90%.69,70

The ELISAs are moderate- to high-complexity tests. They require 
skilled personnel in a certified laboratory for clinical use. They are much 
more costly and labor-intensive than LFIAs, and TATs are on the or-
der of 1 to 4 hours. A standard microtiter plate can run batches of 96 
specimens, and high-throughput platforms are available. Much of what 
we know about SARS-CoV-2 antibody dynamics and the determination 
of which antigen and antibody isotypes yield the best sensitivity and 
specificity comes from ELISA testing.46,49,57,75-77 Quantitative tests may 
be used to monitor disease progression, and the sensitivity of qualita-
tive tests outperforms LFIAs when serostatus is being established. Their 
moderate to high throughput makes ELISA tests a good candidate for 
high-volume testing, including serosurveillance, and epidemiological 
studies. They may also play a role in monitoring vaccine response.78

CLIAs
The newest antibody detection technology on the market, CLIAs are 
similar in principle to ELISAs in many respects (eg, direct, indirect, and 
sandwich formats), but they rely on light emission to detect analytes. The 
general principle of SARS-CoV-2 CLIA testing begins with an antigen-
coated solid phase, such as a polystyrene well, or more commonly par-
amagnetic beads. The patient specimen is added and allowed to bind 
to the antigen, and then an enzyme-conjugated antihuman antibody 
is added that binds to that complex. A substrate containing a lumines-
cent, like luminol, initializes an oxidation reaction. As the luminescent 
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goes from an excited to a ground state, a photon is emitted. The photons 
are measured by a luminometer. The amount of antibody present in the 
specimen correlates to the amount of light produced by the reaction.79

Currently there are 25 CLIAs with EUA. Eighteen detect antibodies 
against epitopes on the S protein, 3 detect antibodies against the N pro-
tein, and 4 detect both S and N antibodies. Most detect IgM or IgG, 3 
detect a combination of IgM and IgG, and fo4ur are pan-Ig assays.37 Like 
ELISAs, CLIAs can be qualitative or quantitative and are useful for ful-
filling many of the same testing needs. However, CLIAs are the most 
sensitive platform available. Pooled meta-analysis indicates >95% spec-
ificity and >96% sensitivity.69,70 Another advantage is that many CLIA 
platforms are high-throughput and several are fully automated, offering 
excellent scalability for mass testing.

The CLIAs are not rapid tests. The TATs are approximately 1 hour, but 
automation makes testing less labor-intensive than most ELISAs. They are 
moderate- to high-complexity tests, requiring skilled personnel and a cer-
tified laboratory. A major disadvantage is cost. Platforms for CLIAs are the 
most expensive of any immunoassay platforms, although an argument can 
be made that the greater productivity allowed by these platforms offsets 
the cost of operation for high-volume settings.79 For laboratories that have 
the means, CLIAs make an excellent platform for monitoring disease pro-
gression, serosurveillance, epidemiologic study, and monitoring vaccine re-
sponse.80 Another important use of CLIAs is convalescent plasma produc-
tion, used by the American Red Cross to screen all donations and to select 
candidates for convalescent plasma donation.81 Whatever the application, 
CLIAs’ superior sensitivity offers richer information about the length of 
antibody response and better detection of antibodies at low levels.

Neutralization Assays
The aforementioned tests detect binding antibodies, but their detection 
does not necessarily indicate a humoral response capable of overcoming a 
virus. A better measure of this response is through the detection of nAbs. 
Neutralization assays use live virus or a pseudovirus to assess protective 
immunity. Patient serum is incubated with the live virus, and the mixture 
is inoculated onto a cell culture. Neutralization is measured by how much 
viral growth is inhibited, as compared to controls to which no patient se-
rum is added.82 Live SARS-CoV-2 viral neutralization assays require a bi-
osafety level (BSL) 3 laboratory; pseudovirus tests require a BSL2. Tests 
are labor-intensive and take 3 to 4 days for results. They are expensive 
and high-complexity tests, not feasible for large-scale testing or for most 
clinical laboratories. However, antibody tests like ELISAs and CLIAs may 
be able to act as a surrogate. Many studies have reported that binding IgG 
levels, particularly to the RBD domain of the S protein, strongly correlate 
with nAbs.54,83-85 Research continues to investigate this correlation, and 
it is likely that ELISA and CLIA testing can be an alternative to the costly 
and time-consuming neutralization assays. The FDA has given EUA clear-
ance to 1 ELISA described as a neutralization assay because it measures 
the blocking of RBD binding to the ACE2 receptor protein by antibodies 
present in patient serum.86 Although it is not a traditional neutralization 
assay, it is a good example of the ongoing evolution of antibody testing 
and of the roles that antibody testing can fulfill.

Role of Antibody Testing
Antibody tests are indirect; they measure the immune response to 
SARS-CoV-2 rather than directly detecting the virus. As such, they are 
not a primary diagnostic tool. However, antibody tests can complement 
diagnosis, especially in patients in whom there has been a delay between 

symptom onset and testing or when clinical presentation indicates 
COVID-19 but NAAT tests are negative.87 As the virus is cleared, it drops 
below the limits of NAAT detection. After 14  days PSO, the ability of 
NAATs to detect SARS-CoV-2 infection drops to approximately 50% 
(FIGURE 3). By day 30, most who have contracted COVID-19 will be 
NAAT-negative.88,89 Conversely, seroconversion—and reliable antibody 
testing—occurs by day 14 PSO. Thus, antibody testing can be a useful 
adjunct to diagnosis when NAAT is negative but clinical presentation 
indicates COVID-19. Some suggest combining NAAT and antibody test-
ing for optimal diagnostic accuracy, especially as variants emerge.89 Af-
ter diagnosis, clinicians may use antibody testing to monitor the dura-
tion and magnitude of patients’ antibody response as part of disease 
course management and to predict when the virus has been cleared.

Arguably, antibody tests are the most important tool for surveillance 
and epidemiologic studies.90-92 They indicate past infection long after 
the infection has cleared, and specimen collection is more reliable than 
nasopharyngeal swabs. There is a great need for accurate and sensitive 
testing on a large scale for monitoring outbreaks and establishing actual 
population prevalence. Because of the limitations of NAAT, seropreva-
lence provides a more accurate measure of true infection rates. The CDC, 
NIH, and WHO have massive seroprevalence study efforts underway, 
and smaller-scale efforts by academic and clinical institutions continue 
to build our body of knowledge. For population studies, especially where 
prevalence is expected to be low, choosing a test with high specificity is 
key to minimizing false positives. The CDC recommends using tests with 
specificities of 99.5% or above.93 And at this stage in test development, 
we do have the means to execute studies with this performance goal.

Antibody testing for SARS-CoV-2 is used in blood donor screening 
and in convalescent plasma preparation.94 Antibody testing is also used 
to evaluate vaccine effectiveness.95 Both applications require sensitive 
methodologies. The American Red Cross, for example, is interested in 
quantitative data for convalescent plasma preparation and has a high 
test volume with routine screening. The organization relies on CLIA 
methodology to address these needs.94 Monitoring vaccine response 
requires sensitive test methodologies, because immune response is typi-

FIGURE 3. As the SARS-CoV-2 virus is cleared, the sensitivity 
of RT-PCR tests diminishes. However, antibody test 
sensitivity is highest 2 to 3 weeks PSO. Sensitivity typically 
remains high for weeks after this peak and long after the 
window of RT-PCR clinical utility. PSO, postsymptom onset; 
RT-PCR, real-time polymerase chain reaction.
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cally less pronounced than natural infection. Both CLIA and ELISA tests 
can be appropriate. But it is important to be mindful of which antibodies 
are expected from vaccine inoculation. For example, both FDA-approved 
mRNA vaccines utilize the S protein. Choosing a test that detects 
antibodies against the S protein would be necessary for evaluating vac-
cine efficacy. Tests that detect antibodies against the N protein would be 
useful in differentiating those infected by the virus vs those who gained 
immunity through vaccination. 

Antibody testing can also play a role in contact tracing.96,97 With 
the window of time that NAATs are reliably positive, it is unreasona-
ble to use them as a sole method of contact tracing. Most commonly, 
LFIAs are used for this application, but any methodology could be used. 
There has been an interest in using antibody testing as “return-to-work 
passports.” 98 But reinfection rates and durable immunity remain in 
question. At this time, the CDC advises against using antibody testing 
as a determinant for returning to the workplace.93 The recommended 
appropriate uses of LFIAs, ELISAs, and CLIAs for patient antibody pro-
duction to SARS-CoV-2 are summarized in FIGURE 4. 

Specimen Types
Most LFIAs are validated for plasma, serum, and whole blood. Currently, 
2 LFIAs with EUA are approved for finger-stick, POC testing. This number 
may change, because the demand for quick and accessible POC antibody 
testing is high. There is also a great demand for at-home specimen collec-
tion because it reduces the chances of exposure, and the ease of collection 
may lead to a higher number of people participating in testing. To this end, 
assays that rely on IgA detection in saliva and assays that can be performed 
from dried blood spot (DBS) specimens are being explored, but none have 
reached the level of performance required by the FDA, and at-home speci-
men collection poses its own set of issues.99,100 One CLIA assay has EUA to 
perform testing from DBS, but the overwhelming specimen types accepta-
ble for these tests are serum and plasma. Manufacturer instructions vary, 

but in general, specimens may be refrigerated at 4ºC for 2 to 3 days before 
testing and frozen at –20ºC for 1 month.37

Predictive Value
Sensitivity is the ability of a test to detect a true positive. Specificity is the 
ability of a test to detect a true negative. Accuracy is the ability of a test to 
differentiate between true positive and negative specimens.101 These terms 
are commonly understood by anyone working in a clinical laboratory. But 
SARS-CoV-2 antibody test performance is often further characterized by 
looking at an assay’s positive predictive value (PPV) and negative predic-
tive value (NPV). See TABLE 1 for a definition and comparison of these 
diagnostic terms. These terms may be less familiar, but they are impor-
tant to understand. PPV is the probability an individual positive test result 
represents true antibody positivity, and NPV is the probability an individual 
negative test result represents a true antibody negativity.37 These values are 
based not only on the sensitivity and specificity of an assay but also on the 
prevalence of the disease in a population. Research has shown that PPVs 
increase with disease prevalence and that NPVs increase the lower the dis-
ease prevalence. The key to using antibody testing for large-scale prevalence 
studies is using tests with high PPVs. The FDA calculates NPVs and PPVs for 
SARS-CoV-2 antibody assays based on the assumption of 5% disease prev-
alence. All FDA-EUA assays have NPV >98%, but PPV varies considerably. 
Several LFIAs have PPV <60%; the lowest is 49.6%. The ELISA and CLIA 
platforms have PPVs that range from >80% to 100%. Online calculators are 
available, including one provided by the FDA and the British Medical Journal 
(TABLE 1).37,102

Following is an example of a calculation of PPV and NPV: For a test 
has 90% sensitivity, 98% specificity, and 5% disease prevalence, and 
1000 people are tested, one can expect 19 false-positive results and 
5 false-negative results. There is a 70.3% chance that a positive test 
reflects an antibody-positive person (PPV) and a 99.5% chance that a 
negative test reflects an antibody-negative person (NPV).103

FIGURE 4. Uses of SARS-CoV-2 antibody testing according to test methodology. CLIA, chemiluminescent immunoassay; 
ELISA, enzyme-linked immunosorbent assay; LFIA, lateral flow immunoassay.
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Algorithms that use more than 1 test with differing antigenic targets are 
a strategy for increasing PPV for laboratories that have the resources to do 
so. Ideally, only tests with the highest sensitivity and specificity would be 
used. But for many laboratories and testing facilities, this level of testing is 
not feasible. For each application of SARS-CoV-2 testing, the pros and cons, 
including predictive value, must be balanced against the reality of the skill 
level of the labor force and the resources of the testing facility.

Limitations
As with any humoral response, antibodies to SARS-CoV-2 take time 
to build to detectable levels. Sensitivity does not reach EUA acceptable 
limits on any platform until 8 to 14 days PSO. Thus, SARS-CoV-2 anti-
body tests do not detect acute infection. Most manufacturers include 
sensitivity and specificity data based on days from symptom onset. 
However, the majority of COVID-19 infections are mild to asympto-
matic. Establishing this crucial timing of collection is often not possi-
ble, especially in serosurveillance and epidemiologic studies. In addition, 
studies suggest that patients with mild to asymptomatic infections pro-
duce a less-robust immune response that wanes faster than that in more 
severely affected individuals.62 There are a small portion of those who 
have been infected by SARS-CoV-2 that do not produce antibodies to 
the virus, and few studies have characterized the SARS-CoV-2 antibody 
response of immunosuppressed patients.104,105 False negatives resulting 
from assay sensitivity, an inability to optimally time specimen collec-
tion, and individual immune responses are a limiting factor with SARS-
CoV-2 antibody testing.

The true prevalence of COVID-19 in the U.S.  population is not 
known at this time.37 Prevalence can vary substantially across differ-
ent populations, but overall, estimates remain low in the general pop-
ulation.106,107 Antibody testing is a tool at the forefront of gathering 
the data necessary to make better estimates, but even assays that meet 
the FDA standards for sensitivity and specificity can have poor PPV in 
low-prevalence populations.37 This possibility means that false positives 
are a limitation of SARS-CoV-2 antibody testing, particularly in low-
prevalence populations. Choosing tests with high specificity mitigates 
this limitation, as does using 2 test algorithms.

Interfering substances can be an issue with any immunoassay. Po-
tential interfering substances for SARS-CoV-2 immunoassays include 
endogenous factors like hemoglobin, triglycerides, and elevated protein 
and exogenous factors like acetaminophen, ascorbic acid, biotin, and 
hydroxychloroquine.37 Manufacturers of EUA assays provide evaluations 
of known potential interfering substances. Performance above these 
thresholds can affect results. Patient medication history and visual eval-
uation of specimens help discern spurious results from such substances, 
but the risk cannot be eliminated.

Cross-reactivity from other antibodies must be considered when 
using SARS-CoV-2 antibody tests on any platform. Because of the 
expedited validation process and the limited availability of reference 
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but in general, specimens may be refrigerated at 4ºC for 2 to 3 days before 
testing and frozen at –20ºC for 1 month.37

Predictive Value
Sensitivity is the ability of a test to detect a true positive. Specificity is the 
ability of a test to detect a true negative. Accuracy is the ability of a test to 
differentiate between true positive and negative specimens.101 These terms 
are commonly understood by anyone working in a clinical laboratory. But 
SARS-CoV-2 antibody test performance is often further characterized by 
looking at an assay’s positive predictive value (PPV) and negative predic-
tive value (NPV). See TABLE 1 for a definition and comparison of these 
diagnostic terms. These terms may be less familiar, but they are impor-
tant to understand. PPV is the probability an individual positive test result 
represents true antibody positivity, and NPV is the probability an individual 
negative test result represents a true antibody negativity.37 These values are 
based not only on the sensitivity and specificity of an assay but also on the 
prevalence of the disease in a population. Research has shown that PPVs 
increase with disease prevalence and that NPVs increase the lower the dis-
ease prevalence. The key to using antibody testing for large-scale prevalence 
studies is using tests with high PPVs. The FDA calculates NPVs and PPVs for 
SARS-CoV-2 antibody assays based on the assumption of 5% disease prev-
alence. All FDA-EUA assays have NPV >98%, but PPV varies considerably. 
Several LFIAs have PPV <60%; the lowest is 49.6%. The ELISA and CLIA 
platforms have PPVs that range from >80% to 100%. Online calculators are 
available, including one provided by the FDA and the British Medical Journal 
(TABLE 1).37,102

Following is an example of a calculation of PPV and NPV: For a test 
has 90% sensitivity, 98% specificity, and 5% disease prevalence, and 
1000 people are tested, one can expect 19 false-positive results and 
5 false-negative results. There is a 70.3% chance that a positive test 
reflects an antibody-positive person (PPV) and a 99.5% chance that a 
negative test reflects an antibody-negative person (NPV).103

Algorithms that use more than 1 test with differing antigenic targets are 
a strategy for increasing PPV for laboratories that have the resources to do 
so. Ideally, only tests with the highest sensitivity and specificity would be 
used. But for many laboratories and testing facilities, this level of testing is 
not feasible. For each application of SARS-CoV-2 testing, the pros and cons, 
including predictive value, must be balanced against the reality of the skill 
level of the labor force and the resources of the testing facility.

Limitations
As with any humoral response, antibodies to SARS-CoV-2 take time 
to build to detectable levels. Sensitivity does not reach EUA acceptable 
limits on any platform until 8 to 14 days PSO. Thus, SARS-CoV-2 anti-
body tests do not detect acute infection. Most manufacturers include 
sensitivity and specificity data based on days from symptom onset. 
However, the majority of COVID-19 infections are mild to asympto-
matic. Establishing this crucial timing of collection is often not possi-
ble, especially in serosurveillance and epidemiologic studies. In addition, 
studies suggest that patients with mild to asymptomatic infections pro-
duce a less-robust immune response that wanes faster than that in more 
severely affected individuals.62 There are a small portion of those who 
have been infected by SARS-CoV-2 that do not produce antibodies to 
the virus, and few studies have characterized the SARS-CoV-2 antibody 
response of immunosuppressed patients.104,105 False negatives resulting 
from assay sensitivity, an inability to optimally time specimen collec-
tion, and individual immune responses are a limiting factor with SARS-
CoV-2 antibody testing.

The true prevalence of COVID-19 in the U.S.  population is not 
known at this time.37 Prevalence can vary substantially across differ-
ent populations, but overall, estimates remain low in the general pop-
ulation.106,107 Antibody testing is a tool at the forefront of gathering 
the data necessary to make better estimates, but even assays that meet 
the FDA standards for sensitivity and specificity can have poor PPV in 
low-prevalence populations.37 This possibility means that false positives 
are a limitation of SARS-CoV-2 antibody testing, particularly in low-
prevalence populations. Choosing tests with high specificity mitigates 
this limitation, as does using 2 test algorithms.

Interfering substances can be an issue with any immunoassay. Po-
tential interfering substances for SARS-CoV-2 immunoassays include 
endogenous factors like hemoglobin, triglycerides, and elevated protein 
and exogenous factors like acetaminophen, ascorbic acid, biotin, and 
hydroxychloroquine.37 Manufacturers of EUA assays provide evaluations 
of known potential interfering substances. Performance above these 
thresholds can affect results. Patient medication history and visual eval-
uation of specimens help discern spurious results from such substances, 
but the risk cannot be eliminated.

Cross-reactivity from other antibodies must be considered when 
using SARS-CoV-2 antibody tests on any platform. Because of the 
expedited validation process and the limited availability of reference 

material, cross-reactivity studies for EUA SARS-CoV-2 antibody 
tests are scant. Although manufacturer specimen sizes are small 
across all FDA-EUA assays, cross-reactivity with noncoronavirus 
antibodies (eg, antibodies against HIV, cytomegalovirus, hepatitis B 
virus, and influenza; antionuclear antibodies, and rheumatoid fac-
tor) seem to pose little threat to commercially available SARS-CoV-2 
antibody testing.37 Of more concern is the potential for cross-reac-
tivity by antibodies to viruses that share significant homology with 
SARS-CoV-2. Here, the data are sorely lacking. Some manufacturers 
have not evaluated the cross-reactivity of antibodies against other 
coronaviruses at all. This includes MERS, SARS-CoV-1, alpha-
COV 229E, beta-COV OC43, and beta-COV HKU1. Of those that 
have, specimen sizes were small—often 5 or fewer. Two ELISA 
manufacturers have noted cross-reactivity with SARS-CoV-1,37 but 
these are hardly enough data to make any broad statements about 
cross-reactivity. Cross-reactivity is an issue that urgently requires 
further evaluation.

Considering the circumstances of this novel virus, some 
accommodations to study design have been taken to accomplish im-
portant work. However, not all studies were conducted with the kind 
of rigor that avoids bias. Two large meta-analysis studies evaluated 
bias in SARS-CoV-2 antibody testing, and both arrived at similar 
findings.69,70 Some studies from the meta-analyses showed bias in 
how the index test was used and some with application of the refer-
ence standard test, but these bias risks were minimal. A  major risk 
of bias was found in the timing of the specimen collection. Cochrane 
et al identified this bias in 54% of studies70 and Lisboa-Bastos et al69 
in 67% of studies. Participants were either not stratified accord-
ing to time PSO, or the timing was unclear. The overwhelming and 
more concerning bias was found in participant selection. Cochrane 
et al. identified participant selection bias in 89% of the studies,70 and 
Lisboa-Bastos et  al69 identified this bias in 98% of the studies. The 
main reason for this finding was the tendency to select hospitalized 
patients with COVID-19 for inclusion in the study, with little to no in-
clusion of patients with mild and asymptomatic infection. Bias in how 
assays are evaluated means that accuracy in clinical settings may be 
lower than expected; however, it is not always possible, especially in 
the midst of a pandemic, to mitigate the risks. As performance evalu-
ation studies continue, we can expect improvement in the areas that 
need attention.

Conclusion
It is just past 1 year since COVID-19 was declared a pandemic in the 
United States. The medical and scientific community’s response to 
meet testing needs is nothing short of astonishing. However, the ur-
gency for the testing and rapid development of assays has not been 
without its problems. The flurry of antibody tests with dubious claims 
and subpar performance showcases the importance of oversight by the 
FDA and the benefit of entities like the CDC, NIH, and NCI. With their 
guidance, numerous independent performance evaluations of SARS-
CoV-2 antibody tests have been published, and efforts on this front 
continue.37,107-110 For example, the NIH developed the Rapid Accelera-
tion of Diagnostics program, which helps with validating SARS-CoV-2 
tests.111 In addition, panels have been developed by the collaborative 
efforts of the FDA, CDC, NIH, NCI, and BARDA to aid the validation 

TABLE 1.  Definition and Comparison of Diagnostic Terms

Has SARS-CoV-2 
Antibodies

Does Not Have SARS-
CoV-2 Antibodies

Positive results True positive (a) False positive (b)

Negative results False negative (c) True negative (d)

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/e19/6354916 by guest on 28 February 2025



2022;53;e19–e29  |  https://doi.org/10.1093/labmed/lmab061e26 Laboratory Medicine

process. Shortcomings like study design bias and limited cross-reactiv-
ity studies are perhaps unavoidable with such a novel and devastating 
virus, and developing a validation strategy takes time. But it is clear 
that we are moving along the trajectory of filling in the gaps that need 
to be filled.

Today we have a diverse test menu to choose from, many have 
sensitivities and specificities that exceed the FDA’s requirements, and 
we know how to use them. The SARS-CoV-2 antibody tests may not 
be used as primary diagnostic tools, but they are a helpful component 
of diagnostics when used in conjunction with NAATs, and particularly 
with patients who are past 14 days PSO. They are used in convalescent 
plasma donor selection and contact tracing, and to monitor vaccine re-
sponse. Antibody tests are invaluable to surveillance studies. In fact, the 
NIH just released a massive seroprevalence study (still in preprint), and 
more are underway.112 A better grasp on true population prevalence will 
be realized with continued efforts like these. As we move into the sec-
ond year of the pandemic, we can now have the testing capability and 
the time postpandemic outbreak to conduct the studies to answer the 
questions surrounding antibody dynamics at all severity stratifications, 
particularly mild to asymptomatic infection.

Early public confusion about antibody testing has been met with 
clear, transparent, and meaningful education by entities like the CDC 
and FDA. This guidance includes the messaging that a positive antibody 
test result does not confirm immunity. Preliminary studies, and the 
studies of related HCovs, do suggest durable immunity for some period 
of time; however, we still do not know the extent of immunity after in-
fection with the SARS-CoV-2 virus. This is a question that accurate and 
reliable antibody tests will play a role in answering. But for now, we must 
not conflate a detectable antibody response with durable immunity.

Emerging variants and rising infection rates remind us that this pan-
demic is not over. There is concern that new strains may evade detection by 
molecular methods, which require precise sequence agreement for primers 
to bind and viral RNA to be detected. The CDC is closely monitoring variants 
in the United States.113 Current molecular testing seems to be effective at 
detecting SARS-CoV-2 variants.114 But should this change, antibody testing 
may prove instrumental in detecting outbreaks.

Regardless of the direction the virus takes us, it is clear that an-
tibody testing has been invaluable to developing and understanding 
the SARS-CoV-2 virus and the COVID-19 pandemic. The questions 
that remain are answerable through reliable testing and diligent work. 
Although this is the first time in our lifetimes that a pandemic like 
COVID-19 has been seen, it brings to our collective attention that it 
may not be the last. How academic institutions, private companies, 
and governmental agencies have interfaced provides a kind of blue-
print for challenges we may face in the future. The development and 
implementation of SARS-CoV-2 antibody testing has not been without 
its challenges, but it has been a remarkable process, one that is still in 
motion, and one that will continue being beneficial in moving us for-
ward to a postpandemic world.

Acknowledgments
The author acknowledges Michigan State University’s School of Natural 
Science Biomedical Laboratory Science Program, with special thanks to 
Rachel Morris, PhD, and Kathleen Hoag, PhD, for their encouragement 
and guidance. The author has no conflicting affiliations or interests (fi-
nancial or professional) related to this work.

REFERENCES

 1. National Center for Biotechnology Information. Severe acute respira-
tory syndrome coronavirus 2 isolate Wuhan-Hu-1, complete genome. 
https://www.ncbi.nlm.nih.gov/nuccore/MN908947. Published March 
18, 2020. Accessed June 18, 2021. 

 2. European Centre for Disease Prevention and Control. Threat as-
sessment brief: Pneumonia cases possibly associated with a novel 
coronavirus in Wuhan, China. https://www.ecdc.europa.eu/en/
publications-data/pneumonia-cases-possibly-associated-novel-
coronavirus-wuhan-china. Published January 9, 2020. Accessed April 
28, 2021. 

 3. Centers for Disease Control & Prevention. First travel-related case of 
2019 novel coronavirus detected in United States. https://www.cdc.
gov/media/releases/2020/p0121-novel-coronavirus-travel-case.html. 
Published January 21, 2020. Accessed June 18, 2021. 

 4. World Health Organization. Timeline: WHO’s COVID-19 response. 
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/
interactive-timeline. Accessed April 28, 2021. 

 5. U.S. Department of Health & Human Services. Secretary Azar 
declares public health emergency for United States for 2019 novel 
coronavirus. https://www.hhs.gov/about/news/2020/01/31/secretary-
azar-declares-public-health-emergency-us-2019-novel-coronavirus.
html. Published January 31, 2020. Accessed April 28, 2021. 

 6. World Health Organization. WHO Director-General’s remarks at the 
media briefing on 2019-nCoV on 11 February 2020. https://www.who.
int/director-general/speeches/detail/who-director-general-s-remarks-at-
the-media-briefing-on-2019-ncov-on-11-february-2020. Accessed April 
28, 2021. 

 7. Johns Hopkins University & Medicine. COVID-19 dashboard. https://
coronavirus.jhu.edu/map.html. Accessed June 18, 2021. 

 8. World Health Organization. Global partnership to make available 120 
million affordable, quality COVID-19 rapid tests for low- and middle-
income countries. https://www.who.int/news/item/28-09-2020-global-
partnership-to-make-available-120-million-affordable-quality-covid-
19-rapid-tests-for-low--and-middle-income-countries. Published 
September 28, 2020. Accessed June 18, 2021. 

 9. FIND Diagnosis for All. ACT-accelerator: access to COVID-19 tools. 
https://www.finddx.org/covid-19/act-accelerator/. Published July 20, 
2020. Accessed June 18, 2021. 

 10. U.S. Department of Defense. Coronavirus: Operation Warp Speed. 
https://www.defense.gov/Explore/Spotlight/Coronavirus/Operation-
Warp-Speed. Accessed June 18, 2021. 

 11. World Health Organization. COVAX: working for global equitable 
access to COVID-19 vaccines. https://www.who.int/initiatives/act-
accelerator/covax. Accessed June 18, 2021. 

 12. Corman VM, Landt O, Kaiser M, et al. Detection of 2019 novel 
coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill. 
2020;25(3):2000045. 

 13. Sheridan C. Coronavirus and the race to distribute reliable 
diagnostics. Nat Biotechnol. 2020;38(4):382–384.

 14. U.S. Food & Drug Administration. FDA takes significant step in coro-
navirus response efforts, issues emergency use authorization for the 
first 2019 novel coronavirus diagnostic. https://www.fda.gov/news-
events/press-announcements/fda-takes-significant-step-coronavirus-
response-efforts-issues-emergency-use-authorization-first. Published 
April 2, 2020. Accessed June 18, 2021. 

 15. Centers for Disease Control & Prevention. Shipping of CDC 2019 
novel coronavirus diagnostic test kits begins. https://www.cdc.gov/
media/releases/2020/p0206-coronavirus-diagnostic-test-kits.html. 
Published February 6, 2020. Accessed June 18, 2021. 

 16. Goudouris ES. Laboratory diagnosis of COVID-19. J Pediatr (Rio J). 
2021;97(1):7–12.

 17. Arevalo-Rodriguez I, Buitrago-Garcia D, Simancas-Racines D, et al. 
False-negative results of initial RT-PCR assays for COVID-19: a sys-
tematic review. PLoS One. 2020;15(12):e0242958.

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/e19/6354916 by guest on 28 February 2025

https://www.ncbi.nlm.nih.gov/nuccore/MN908947
https://www.ecdc.europa.eu/en/publications-data/pneumonia-cases-possibly-associated-novel-coronavirus-wuhan-china
https://www.ecdc.europa.eu/en/publications-data/pneumonia-cases-possibly-associated-novel-coronavirus-wuhan-china
https://www.ecdc.europa.eu/en/publications-data/pneumonia-cases-possibly-associated-novel-coronavirus-wuhan-china
https://www.cdc.gov/media/releases/2020/p0121-novel-coronavirus-travel-case.html
https://www.cdc.gov/media/releases/2020/p0121-novel-coronavirus-travel-case.html
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/interactive-timeline
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/interactive-timeline
https://www.hhs.gov/about/news/2020/01/31/secretary-azar-declares-public-health-emergency-us-2019-novel-coronavirus.html
https://www.hhs.gov/about/news/2020/01/31/secretary-azar-declares-public-health-emergency-us-2019-novel-coronavirus.html
https://www.hhs.gov/about/news/2020/01/31/secretary-azar-declares-public-health-emergency-us-2019-novel-coronavirus.html
https://www.who.int/director-general/speeches/detail/who-director-general-s-remarks-at-the-media-briefing-on-2019-ncov-on-11-february-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-remarks-at-the-media-briefing-on-2019-ncov-on-11-february-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-remarks-at-the-media-briefing-on-2019-ncov-on-11-february-2020
https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://www.who.int/news/item/28-09-2020-global-partnership-to-make-available-120-million-affordable-quality-covid-19-rapid-tests-for-low--and-middle-income-countries
https://www.who.int/news/item/28-09-2020-global-partnership-to-make-available-120-million-affordable-quality-covid-19-rapid-tests-for-low--and-middle-income-countries
https://www.who.int/news/item/28-09-2020-global-partnership-to-make-available-120-million-affordable-quality-covid-19-rapid-tests-for-low--and-middle-income-countries
https://www.finddx.org/covid-19/act-accelerator/
https://www.defense.gov/Explore/Spotlight/Coronavirus/Operation-Warp-Speed
https://www.defense.gov/Explore/Spotlight/Coronavirus/Operation-Warp-Speed
https://www.who.int/initiatives/act-accelerator/covax
https://www.who.int/initiatives/act-accelerator/covax
https://www.fda.gov/news-events/press-announcements/fda-takes-significant-step-coronavirus-response-efforts-issues-emergency-use-authorization-first
https://www.fda.gov/news-events/press-announcements/fda-takes-significant-step-coronavirus-response-efforts-issues-emergency-use-authorization-first
https://www.fda.gov/news-events/press-announcements/fda-takes-significant-step-coronavirus-response-efforts-issues-emergency-use-authorization-first
https://www.cdc.gov/media/releases/2020/p0206-coronavirus-diagnostic-test-kits.html
https://www.cdc.gov/media/releases/2020/p0206-coronavirus-diagnostic-test-kits.html


e27www.labmedicine.com

 18. American Society for Microbiology. Supply shortages impacting COVID-19 
and non-COVID testing. https://asm.org/Articles/2020/September/Clinical-
Microbiology-Supply-Shortage-Collecti-1. Accessed June 18, 2021. 

 19. Bai Y, Yao L, Wei T, et al. Presumed asymptomatic carrier transmis-
sion of COVID-19. JAMA. 2020;323(14):1406–1407.

 20. U.S. Food & Drug Administration. Coronavirus (COVID-19) update: 
daily roundup April 2, 2020. https://www.fda.gov/news-events/
press-announcements/coronavirus-covid-19-update-daily-roundup-
april-2-2020. Published February 4, 2020. Accessed April 29, 2021. 

 21. U.S. Food & Drug Administration. Coronavirus (COVID-19) update: 
FDA provides more regulatory relief during outbreak, continues 
to help expedite availability of diagnostics. https://www.fda.gov/
news-events/press-announcements/coronavirus-covid-19-update-
fda-provides-more-regulatory-relief-during-outbreak-continues-help. 
Published March 16, 2020. Accessed June 18, 2021. 

 22. U.S. Food & Drug Administration. Coronavirus disease 2019 
(COVID-19). https://www.fda.gov/emergency-preparedness-and-
response/counterterrorism-and-emerging-threats/coronavirus-
disease-2019-covid-19. Published 2021. Accessed April 29, 2021. 

 23. Shah A. Insight into FDA’s revised policy on antibody tests: 
prioritizing access and accuracy. U.S. Food & Drug Administration. 
https://www.fda.gov/news-events/fda-voices/insight-fdas-revised-
policy-antibody-tests-prioritizing-access-and-accuracy. Published 
May 4, 2020. Accessed June 18, 2021. 

 24. U.S. Food & Drug Administration. Coronavirus (COVID-19) update: 
FDA publicly shares antibody test performance data from kits as 
part of validation study. https://www.fda.gov/news-events/press-
announcements/coronavirus-covid-19-update-fda-publicly-shares-
antibody-test-performance-data-kits-part-validation. Published June 
4, 2020. Accessed April 29, 2021. 

 25. U.S. Food & Drug Administration. Removal of COVID-19 tests that 
should no longer be used and/or distributed for COVID-19: FAQs 
on testing for SARS-CoV-2. https://www.fda.gov/medical-devices/
coronavirus-covid-19-and-medical-devices/removal-lists-tests-
should-no-longer-be-used-andor-distributed-covid-19-faqs-testing-
sars-cov-2. Published June 11, 2021. Accessed June 18, 2021. 

 26. Zhou P, Yang XL, Wang XG, et al. A pneumonia outbreak asso-
ciated with a new coronavirus of probable bat origin. Nature. 
2020;579(7798):270–273.

 27. van Dorp L, Acman M, Richard D, et al. Emergence of genomic di-
versity and recurrent mutations in SARS-CoV-2. Infect Genet Evol. 
2020;83:104351.

 28. Jaimes JA, André NM, Chappie JS, Millet JK, Whittaker GR. Phyloge-
netic analysis and structural modeling of SARS-CoV-2 spike protein 
reveals an evolutionary distinct and proteolytically sensitive activation 
loop. J Mol Biol. 2020;432(10):3309–3325.

 29. Bosch BJ, van der Zee R, de Haan CA, Rottier PJ. The coronavirus spike 
protein is a class I virus fusion protein: structural and functional characteri-
zation of the fusion core complex. J Virol. 2003;77(16):8801–8811.

 30. Watanabe Y, Allen JD, Wrapp D, McLellan JS, Crispin M. Site-
specific glycan analysis of the SARS-CoV-2 spike. Science. 
2020;369(6501):330–333.

 31. de Assis RR, Jain A, Nakajima R, et al. Analysis of SARS-CoV-2 
antibodies in COVID-19 convalescent blood using a coronavirus anti-
gen microarray. Nat Commun. 2021;12(1):6.

 32. Wang Q, Zhang Y, Wu L, et al. Structural and functional basis of SARS-
CoV-2 entry by using human ACE2. Cell. 2020;181(4):894–904.e9.

 33. Zamecnik CR, Rajan JV, Yamauchi KA, et al. ReScan, a multiplex 
diagnostic pipeline, pans human sera for SARS-CoV-2 antigens. Cell 
Rep Med. 2020;1(7):100123.

 34. Rosado J, Pelleau S, Cockram C, et al. Multiplex assays for the 
identification of serological signatures of SARS-CoV-2 infection: an 
antibody-based diagnostic and machine learning study. Lancet Mi-
crobe. 2021;2(2):e60–e69.

 35. Stoddard CI, Galloway J, Chu HY, et al. Epitope profiling reveals bind-
ing signatures of SARS-CoV-2 immune response and cross-reactivity 
with endemic HCoVs. Cell Rep. 2021;35(8):109164.

 36. Poh CM, Carissimo G, Wang B, et al. Two linear epitopes on the 
SARS-CoV-2 spike protein that elicit neutralising antibodies in 
COVID-19 patients. Nat Commun. 2020;11(1):2806.

 37. U.S. Food & Drug Administration. EUA authorized serology test 
performance. https://www.fda.gov/medical-devices/coronavirus-
disease-2019-covid-19-emergency-use-authorizations-medical-
devices/eua-authorized-serology-test-performance. Published May 
25, 2021. Accessed June 18, 2021. 

 38. Manthei DM, Whalen JF, Schroeder LF, et al. Differences in perfor-
mance characteristics among four high-throughput assays for the 
detection of antibodies against SARS-CoV-2 using a common set of 
patient samples. Am J Clin Pathol. 2021;155(2):267–279.

 39. Dan JM, Mateus J, Kato Y, et al. Immunological memory to SARS-
CoV-2 assessed for up to eight months after infection. Science. 
2021;371(6529):eabf4063.

 40. Premkumar L, Segovia-Chumbez B, Jadi R, et al. The receptor 
binding domain of the viral spike protein is an immunodominant 
and highly specific target of antibodies in SARS-CoV-2 patients. Sci 
Immunol. 2020;5(48):eabc8413.

 41. Nguyen-Contant P, Embong AK, Kanagaiah P, et al. S protein-
reactive IgG and memory B cell production after human SARS-
CoV-2 infection includes broad reactivity to the S2 subunit. mBio. 
2020;11(5):e01991-20. 

 42. Khan S, Nakajima R, Jain A, et al. Analysis of serologic cross-reactiv-
ity between common human coronaviruses and SARS-CoV-2 using 
coronavirus antigen microarray. Preprint. Posted online March 25, 
2020. bioRxiv 006544. doi:10.1101/2020.03.24.006544

 43. Zheng Z, Monteil VM, Maurer-Stroh S, et al. Monoclonal antibodies 
for the S2 subunit of spike of SARS-CoV-1 cross-react with the 
newly-emerged SARS-CoV-2. Euro Surveill. 2020;25(28):2000291. 

 44. Liu SJ, Leng CH, Lien SP, et al. Immunological characterizations of 
the nucleocapsid protein based SARS vaccine candidates. Vaccine. 
2006;24(16):3100–3108.

 45. Tilocca B, Soggiu A, Sanguinetti M, et al. Comparative computa-
tional analysis of SARS-CoV-2 nucleocapsid protein epitopes in 
taxonomically related coronaviruses. Microbes Infect. 2020;22(4-
5):188–194.

 46. Guo L, Ren L, Yang S, et al. Profiling early humoral response to 
diagnose novel coronavirus disease (COVID-19). Clin Infect Dis. 
2020;71(15):778–785.

 47. Burbelo PD, Riedo FX, Morishima C, et al. Sensitivity in detection of 
antibodies to nucleocapsid and spike proteins of severe acute respi-
ratory syndrome coronavirus 2 in patients with coronavirus disease 
2019. J Infect Dis. 2020;222(2):206–213.

 48. Tehrani ZR, Saadat S, Saleh E, et al. Specificity and performance of 
nucleocapsid and spike-based SARS-CoV-2 serologic assays. PLoS 
One. 2020;15(11):e0237828. 

 49. Liu W, Liu L, Kou G, et al. Evaluation of nucleocapsid and spike protein-
based enzyme-linked immunosorbent assays for detecting antibodies 
against SARS-CoV-2. J Clin Microbiol. 2020;58(6):e00461-20. 

 50. Lynch KL, Whitman JD, Lacanienta NP, et al. Magnitude and kinetics 
of anti-severe acute respiratory syndrome coronavirus 2 antibody 
responses and their relationship to disease severity. Clin Infect Dis. 
2021;72(2):301–308.

 51. Li K, Huang B, Wu M, et al. Dynamic changes in anti-SARS-
CoV-2 antibodies during SARS-CoV-2 infection and recovery from 
COVID-19. Nat Commun. 2020;11(1):6044.

 52. Hueston L, Kok J, Guibone A, et al. The antibody response to SARS-
CoV-2 infection. Open Forum Infect Dis. 2020;7(9):ofaa387.

 53. Hsueh PR, Huang LM, Chen PJ, Kao CL, Yang PC. Chronological evo-
lution of IgM, IgA, IgG and neutralisation antibodies after infection with 
SARS-associated coronavirus. Clin Microbiol Infect. 2004;10(12):1062–
1066.

 54. Iyer AS, Jones FK, Nodoushani A, et al. Dynamics and sig-
nificance of the antibody response to SARS-CoV-2 infection. 
Preprint. Posted online July 20, 2020. medRxiv 20155374. 
doi:10.1101/2020.07.18.20155374

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/e19/6354916 by guest on 28 February 2025

https://asm.org/Articles/2020/September/Clinical-Microbiology-Supply-Shortage-Collecti-1
https://asm.org/Articles/2020/September/Clinical-Microbiology-Supply-Shortage-Collecti-1
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-daily-roundup-april-2-2020
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-daily-roundup-april-2-2020
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-daily-roundup-april-2-2020
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-provides-more-regulatory-relief-during-outbreak-continues-help
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-provides-more-regulatory-relief-during-outbreak-continues-help
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-provides-more-regulatory-relief-during-outbreak-continues-help
https://www.fda.gov/emergency-preparedness-and-response/counterterrorism-and-emerging-threats/coronavirus-disease-2019-covid-19
https://www.fda.gov/emergency-preparedness-and-response/counterterrorism-and-emerging-threats/coronavirus-disease-2019-covid-19
https://www.fda.gov/emergency-preparedness-and-response/counterterrorism-and-emerging-threats/coronavirus-disease-2019-covid-19
https://www.fda.gov/news-events/fda-voices/insight-fdas-revised-policy-antibody-tests-prioritizing-access-and-accuracy
https://www.fda.gov/news-events/fda-voices/insight-fdas-revised-policy-antibody-tests-prioritizing-access-and-accuracy
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-publicly-shares-antibody-test-performance-data-kits-part-validation
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-publicly-shares-antibody-test-performance-data-kits-part-validation
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-publicly-shares-antibody-test-performance-data-kits-part-validation
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/removal-lists-tests-should-no-longer-be-used-andor-distributed-covid-19-faqs-testing-sars-cov-2
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/removal-lists-tests-should-no-longer-be-used-andor-distributed-covid-19-faqs-testing-sars-cov-2
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/removal-lists-tests-should-no-longer-be-used-andor-distributed-covid-19-faqs-testing-sars-cov-2
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/removal-lists-tests-should-no-longer-be-used-andor-distributed-covid-19-faqs-testing-sars-cov-2
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance
https://doi.org/10.1101/2020.03.24.006544
https://doi.org/10.1101/2020.07.18.20155374


2022;53;e19–e29  |  https://doi.org/10.1093/labmed/lmab061e28 Laboratory Medicine

 55. Wang Y, Zhang L, Sang L, et al. Kinetics of viral load and anti-
body response in relation to COVID-19 severity. J Clin Invest. 
2020;130(10):5235–5244.

 56. Yu H-Q, Sun B-Q, Fang Z-F, et al. Distinct features of SARS-
CoV-2-specific IgA response in COVID-19 patients. Eur Respir J. 
2020;56(2):2001526.

 57. Iyer AS, Jones FK, Nodoushani A, et al. Persistence and decay 
of human antibody responses to the receptor binding domain of 
SARS-CoV-2 spike protein in COVID-19 patients. Sci Immunol. 
2020;5(52):eabe0367.

 58. Long QX, Liu BZ, Deng HJ, et al. Antibody responses to SARS-CoV-2 
in patients with COVID-19. Nat Med. 2020;26(6):845–848.

 59. Shen L, Wang C, Zhao J, et al. Delayed specific IgM antibody 
responses observed among COVID-19 patients with severe progres-
sion. Emerg Microbes Infect. 2020;9(1):1096–1101.

 60. Wang P, Liu L, Nair MS, et al. SARS-CoV-2 neutralizing antibody 
responses are more robust in patients with severe disease. Emerg 
Microbes Infect. 2020;9(1):2091–2093.

 61. Brochot E, Demey B, Touzé A, et al. Anti-spike, anti-nucleocapsid 
and neutralizing antibodies in SARS-CoV-2 inpatients and asympto-
matic individuals. Front Microbiol. 2020;11:584251.

 62. Long QX, Tang XJ, Shi QL, et al. Clinical and immunological as-
sessment of asymptomatic SARS-CoV-2 infections. Nat Med. 
2020;26(8):1200–1204.

 63. Wellinghausen N, Plonné D, Voss M, Ivanova R, Frodl R, Deininger S. 
SARS-CoV-2-IgG response is different in COVID-19 outpatients and 
asymptomatic contact persons. J Clin Virol. 2020;130:104542.

 64. Hansen CB, Jarlhelt I, Pérez-Alós L, et al. SARS-CoV-2 antibody 
responses are correlated to disease severity in COVID-19 convales-
cent individuals. J Immunol. 2021;206(1):109–117.

 65. Liu ZL, Liu Y, Wan LG, et al. Antibody profiles in mild and severe 
cases of COVID-19. Clin Chem. 2020;66(8):1102–1104.

 66. van der Heide V. Neutralizing antibody response in mild COVID-19. 
Nat Rev Immunol. 2020;20(6):352.

 67. Johns Hopkins Bloomberg School of Public Health. Serology tests 
for COVID-19. https://www.centerforhealthsecurity.org/covid-
19TestingToolkit/serology/Serology-based-tests-for-COVID-19.html. 
Published April 27, 2021. Accessed June 18, 2021. 

 68. O’Farrell B. Evolution in lateral flow–based immunoassay systems. In: 
Wong R, Tse H, eds. Lateral Flow Immunoassay. Totowa, NJ: Humana 
Press; 2009:1–33.

 69. Lisboa Bastos M, Tavaziva G, Abidi SK, et al. Diagnostic accuracy of 
serological tests for covid-19: systematic review and meta-analysis. 
BMJ. 2020;370:m2516.

 70. Deeks JJ, Dinnes J, Takwoingi Y, et al.; Cochrane COVID-19 Diagnos-
tic Test Accuracy Group. Antibody tests for identification of current 
and past infection with SARS-CoV-2. Cochrane Database Syst Rev. 
2020;6:CD013652.

 71. Ragnesola B, Jin D, Lamb CC, Shaz BH, Hillyer CD, Luchsinger LL. 
COVID19 antibody detection using lateral flow assay tests in a cohort 
of convalescent plasma donors. BMC Res Notes. 2020;13(1):372.

 72. House Committee on Oversight and Reform. Subcommittee brief-
ing examined state of coronavirus antibody testing. https://oversight.
house.gov/news/press-releases/subcommittee-briefing-examined-
state-of-coronavirus-antibody-testing. Published June 9, 2020. 
Accessed April 29, 2021. 

 73. Augustine R, Das S, Hasan A, et al. Rapid antibody-based COVID-19 
mass surveillance: relevance, challenges, and prospects in a pan-
demic and post-pandemic world. J Clin Med. 2020;9(10):3372.

 74. Centers for Disease Control & Prevention. Estimated disease burden of 
COVID-19. https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/
burden.html. Updated May 19, 2021. Accessed June 18, 2021. 

 75. Lassaunière R, Frische A, Harboe ZB, et al. Evaluation of nine com-
mercial SARS-CoV-2 immunoassays. Preprint. Posted online April 10, 
2020. bioRxiv 20056325. doi:10.1101/2020.04.09.20056325

 76. Traugott M, Aberle SW, Aberle JH, et al. Performance of severe acute 
respiratory syndrome coronavirus 2 antibody assays in different 
stages of infection: comparison of commercial enzyme-linked immu-
nosorbent assays and rapid tests. J Infect Dis. 2020;222(3):362–366.

 77. Amanat F, Stadlbauer D, Strohmeier S, et al. A serological as-
say to detect SARS-CoV-2 seroconversion in humans. Nat Med. 
2020;26(7):1033–1036.

 78. Poland GA, Ovsyannikova IG, Kennedy RB. SARS-CoV-2 immu-
nity: review and applications to phase 3 vaccine candidates. Lancet. 
2020;396(10262):1595–1606.

 79. Cinquanta L, Fontana DE, Bizzaro N. Chemiluminescent immunoas-
say technology: what does it change in autoantibody detection? Auto 
Immun Highlights. 2017;8(1):9.

 80. Abbott. Abbott receives CE Mark for its COVID-19 IgG quantitative 
antibody blood test. https://abbott.mediaroom.com/2020-12-15-Abbott-
Receives-CE-Mark-for-its-COVID-19-IgG-Quantitative-Antibody-Blood-
Test. Published December 15, 2020. Accessed June 18, 2021. 

 81. Dodd RY, Xu M, Stramer SL. Change in donor characteristics and 
antibodies to SARS-CoV-2 in donated blood in the US, June-August 
2020. JAMA. 2020;324(16):1677–1679.

 82. Peaper DR, Landry ML. Laboratory diagnosis of viral infection. Handb 
Clin Neurol. 2014;123:123–147.

 83. Wang K, Long Q-X, Deng H-J, et al. Longitudinal dynamics of the 
neutralizing antibody response to SARS-CoV-2 infection. Clin Infect Dis. 
Published online ahead of print August 3, 2020. doi:10.1093/cid/ciaa1143.

 84. Salazar E, Kuchipudi SV, Christensen PA, et al. Convalescent 
plasma anti-SARS-CoV-2 spike protein ectodomain and receptor-
binding domain IgG correlate with virus neutralization. J Clin Invest. 
2020;130(12):6728–6738.

 85. Lau EHY, Tsang OTY, Hui DSC, et al. Neutralizing antibody titres in 
SARS-CoV-2 infections. Nat Commun. 2021;12(1):63.

 86. U.S. Food & Drug Administration. Coronavirus (COVID-19) up-
date: FDA authorizes first test that detects neutralizing antibodies 
from recent or prior SARS-CoV-2 infection. https://www.fda.gov/
news-events/press-announcements/coronavirus-covid-19-update-
fda-authorizes-first-test-detects-neutralizing-antibodies-recent-or. 
Published November 6, 2020. Accessed June 18, 2021. 

 87. Centers for Disease Control & Prevention. Using antibody tests for 
COVID-19. https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/
antibody-tests.html. Published November 3, 2020. Accessed June 18, 
2021. 

 88. Mallett S, Allen AJ, Graziadio S, et al. At what times during infection 
is SARS-CoV-2 detectable and no longer detectable using RT-PCR-
based tests? A systematic review of individual participant data. BMC 
Med. 2020;18(1):346.

 89. Sethuraman N, Jeremiah SS, Ryo A. Interpreting diagnostic tests for 
SARS-CoV-2. JAMA. 2020;323(22):2249–2251.

 90. Centers for Disease Control & Prevention. COVID-19 serology surveil-
lance strategy. https://www.cdc.gov/coronavirus/2019-ncov/covid-data/
serology-surveillance/index.html. Published February 12, 2021. Accessed 
April 29, 2021. 

 91. Centers for Disease Control & Prevention. Large-scale geographic se-
roprevalence surveys. https://www.cdc.gov/coronavirus/2019-ncov/
cases-updates/geographic-seroprevalence-surveys.html. Updated 
October 2, 2020. Accessed June 18, 2021. 

 92. Angulo FJ, Finelli L, Swerdlow DL. Estimation of US SARS-CoV-2 
infections, symptomatic infections, hospitalizations, and deaths using 
seroprevalence surveys. JAMA Netw Open. 2021;4(1):e2033706.

 93. Centers for Disease Control & Prevention. Interim guidelines for 
COVID-19 antibody testing. https://www.cdc.gov/coronavirus/2019-
ncov/lab/resources/antibody-tests-guidelines.html. Published March 
17, 2021. Accessed April 29, 2021. 

 94. American Red Cross. How convalescent plasma may help fight 
COVID-19. https://www.redcrossblood.org/local-homepage/news/
article/how-convalescent-plasma-may-help-fight-covid-19.html. 
Published November 19, 2020. Accessed June 18, 2021. 

  95. Peterhoff D, Glück V, Vogel M, et al. A highly specific and sen-
sitive serological assay detects SARS-CoV-2 antibody levels in 
COVID-19 patients that correlate with neutralization. Infection. 
2021;49(1):75–82.

  96. Quilty BJ, Clifford S, Hellewell J, et al.; Centre for the Mathematical 
Modelling of Infectious Diseases COVID-19 working group. Quar-
antine and testing strategies in contact tracing for SARS-CoV-2: a 
modelling study. Lancet Public Health. 2021;6(3):e175–e183.

  97. Winter AK, Hegde ST. The important role of serology for COVID-19 
control. Lancet Infect Dis. 2020;20(7):758–759.

  98. Abbasi J. The promise and peril of antibody testing for COVID-19. 
JAMA. 2020;323(19):1881–1883.

  99. Isho B, Abe KT, Zuo M, et al. Persistence of serum and saliva anti-
body responses to SARS-CoV-2 spike antigens in COVID-19 patients. 
Sci Immunol. 2020;5(52):abe5511. 

 100. Karp DG, Danh K, Espinoza NF, Seftel D, Robinson PV, Tsai CT. A 
serological assay to detect SARS-CoV-2 antibodies in at-home col-
lected finger-prick dried blood spots. Sci Rep. 2020;10(1):20188.

 101. Baratloo A, Hosseini M, Negida A, El Ashal G. Part 1: simple defini-
tion and calculation of accuracy, sensitivity and specificity. Emerg 
(Tehran). 2015;3(2):48–49.

 102. Watson J, Richter A, Deeks J. Testing for SARS-CoV-2 antibodies. 
BMJ. 2020;370:m3325.

 103. Penn State Eberly College of Science. STAT 507: epidemiological 
research methods: 10.3—sensitivity, specificity, positive predictive 
value, and negative predictive value. https://online.stat.psu.edu/
stat507/lesson/10/10.3. Accessed June 18, 2021.

 104. Baron RC, Risch L, Weber M, et al. Frequency of serological non-
responders and false-negative RT-PCR results in SARS-CoV-2 testing: 
a population-based study. Clin Chem Lab Med. 2020;58(12):2131–
2140.

 105. Freeman MC, Rapsinski GJ, Zilla ML, Wheeler SE. Immunocompromised 
seroprevalence and course of illness of SARS-CoV-2 in one pediatric 
quaternary care center. J Pediatric Infect Dis Soc. 2021;10(4):426–431.

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/e19/6354916 by guest on 28 February 2025

https://www.centerforhealthsecurity.org/covid-19TestingToolkit/serology/Serology-based-tests-for-COVID-19.html
https://www.centerforhealthsecurity.org/covid-19TestingToolkit/serology/Serology-based-tests-for-COVID-19.html
https://oversight.house.gov/news/press-releases/subcommittee-briefing-examined-state-of-coronavirus-antibody-testing
https://oversight.house.gov/news/press-releases/subcommittee-briefing-examined-state-of-coronavirus-antibody-testing
https://oversight.house.gov/news/press-releases/subcommittee-briefing-examined-state-of-coronavirus-antibody-testing
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html
https://doi.org/10.1101/2020.04.09.20056325
https://abbott.mediaroom.com/2020-12-15-Abbott-Receives-CE-Mark-for-its-COVID-19-IgG-Quantitative-Antibody-Blood-Test
https://abbott.mediaroom.com/2020-12-15-Abbott-Receives-CE-Mark-for-its-COVID-19-IgG-Quantitative-Antibody-Blood-Test
https://abbott.mediaroom.com/2020-12-15-Abbott-Receives-CE-Mark-for-its-COVID-19-IgG-Quantitative-Antibody-Blood-Test
https://doi.org/10.1093/cid/ciaa1143
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-test-detects-neutralizing-antibodies-recent-or
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-test-detects-neutralizing-antibodies-recent-or
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-test-detects-neutralizing-antibodies-recent-or
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests.html
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/serology-surveillance/index.html
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/serology-surveillance/index.html
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/geographic-seroprevalence-surveys.html
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/geographic-seroprevalence-surveys.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.redcrossblood.org/local-homepage/news/article/how-convalescent-plasma-may-help-fight-covid-19.html
https://www.redcrossblood.org/local-homepage/news/article/how-convalescent-plasma-may-help-fight-covid-19.html
https://online.stat.psu.edu/stat507/lesson/10/10.3
https://online.stat.psu.edu/stat507/lesson/10/10.3


e29www.labmedicine.com

  95. Peterhoff D, Glück V, Vogel M, et al. A highly specific and sen-
sitive serological assay detects SARS-CoV-2 antibody levels in 
COVID-19 patients that correlate with neutralization. Infection. 
2021;49(1):75–82.

  96. Quilty BJ, Clifford S, Hellewell J, et al.; Centre for the Mathematical 
Modelling of Infectious Diseases COVID-19 working group. Quar-
antine and testing strategies in contact tracing for SARS-CoV-2: a 
modelling study. Lancet Public Health. 2021;6(3):e175–e183.

  97. Winter AK, Hegde ST. The important role of serology for COVID-19 
control. Lancet Infect Dis. 2020;20(7):758–759.

  98. Abbasi J. The promise and peril of antibody testing for COVID-19. 
JAMA. 2020;323(19):1881–1883.

  99. Isho B, Abe KT, Zuo M, et al. Persistence of serum and saliva anti-
body responses to SARS-CoV-2 spike antigens in COVID-19 patients. 
Sci Immunol. 2020;5(52):abe5511. 

 100. Karp DG, Danh K, Espinoza NF, Seftel D, Robinson PV, Tsai CT. A 
serological assay to detect SARS-CoV-2 antibodies in at-home col-
lected finger-prick dried blood spots. Sci Rep. 2020;10(1):20188.

 101. Baratloo A, Hosseini M, Negida A, El Ashal G. Part 1: simple defini-
tion and calculation of accuracy, sensitivity and specificity. Emerg 
(Tehran). 2015;3(2):48–49.

 102. Watson J, Richter A, Deeks J. Testing for SARS-CoV-2 antibodies. 
BMJ. 2020;370:m3325.

 103. Penn State Eberly College of Science. STAT 507: epidemiological 
research methods: 10.3—sensitivity, specificity, positive predictive 
value, and negative predictive value. https://online.stat.psu.edu/
stat507/lesson/10/10.3. Accessed June 18, 2021.

 104. Baron RC, Risch L, Weber M, et al. Frequency of serological non-
responders and false-negative RT-PCR results in SARS-CoV-2 testing: 
a population-based study. Clin Chem Lab Med. 2020;58(12):2131–
2140.

 105. Freeman MC, Rapsinski GJ, Zilla ML, Wheeler SE. Immunocompromised 
seroprevalence and course of illness of SARS-CoV-2 in one pediatric 
quaternary care center. J Pediatric Infect Dis Soc. 2021;10(4):426–431.

 106. Bajema KL, Wiegand RE, Cuffe K, et al. Estimated SARS-CoV-2 
Seroprevalence in the US as of September 2020. JAMA Int. Med. 
2021;181(4):450–460.

 107. Sutton M, Cieslak P, Linder M. Notes from the field: seroprev-
alence estimates of SARS-CoV-2 infection in convenience 
sample—Oregon, May 11–June 15. Morb. Mortal. Weekly Rep. 
2020;69(32):1100.

 108. Pickering S, Betancor G, Galão RP, et al. Comparative assessment of 
multiple COVID-19 serological technologies supports continued eval-
uation of point-of-care lateral flow assays in hospital and community 
healthcare settings. PLoS Pathog. 2020;16(9):e1008817.

 109. Findeisen P, Stiegler H, Lopez-Calle E, et al. Clinical performance evalu-
ation of a SARS-CoV-2 rapid antibody test for  
determining past exposure to SARS-CoV-2. Int J Infect Dis. 
2021;103:636–641.

 110. Whitman JD, Hiatt J, Mowery CT, et al. Test performance evaluation 
of SARS-CoV-2 serological assays. Preprint. Posted online May 17, 
2020. medRxiv 20074856. doi:10.1101/2020.04.25.20074856.

 111. National Institutes of Health. Rapid acceleration of diagnostics 
(RADx). https://www.nih.gov/research-training/medical-research-
initiatives/radx. Accessed June 18, 2021. 

 112. Kalish H, Klumpp-Thomas C, Hunsberger S, et al. Mapping a pandemic: 
SARS-CoV-2 seropositivity in the United States. Preprint posted online 
January 31, 2021. medRxiv 21250570. doi:10.1101/2021.01.27.21250570.

 113. Centers for Disease Control & Prevention. Science brief: emerging 
SARS-CoV-2 variants. https://www.cdc.gov/coronavirus/2019-ncov/
science/science-briefs/scientific-brief-emerging-variants.html?CDC_
AA_refVal=www.cdc.gov/coronavirus/2019-ncov/more/science-and-
research/scientific-brief-emerging-variants.html. Published January 
28, 2021. Accessed June 18, 2021. 

 114. West R, Gronvall GK, Kobokovich A. Variants, vaccines and what they 
mean for COVID-19 testing. https://www.jhsph.edu/covid-19/articles/
variants-vaccines-and-what-they-mean-for-covid19-testing.html. 
Published February 2, 2021. Accessed June 18, 2021. 

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/2/e19/6354916 by guest on 28 February 2025

https://online.stat.psu.edu/stat507/lesson/10/10.3
https://online.stat.psu.edu/stat507/lesson/10/10.3
https://doi.org/10.1101/2020.04.25.20074856
https://www.nih.gov/research-training/medical-research-initiatives/radx
https://www.nih.gov/research-training/medical-research-initiatives/radx
https://doi.org/10.1101/2021.01.27.21250570
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/scientific-brief-emerging-variants.html?CDC_AA_refVal=www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/scientific-brief-emerging-variants.html
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/scientific-brief-emerging-variants.html?CDC_AA_refVal=www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/scientific-brief-emerging-variants.html
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/scientific-brief-emerging-variants.html?CDC_AA_refVal=www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/scientific-brief-emerging-variants.html
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/scientific-brief-emerging-variants.html?CDC_AA_refVal=www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/scientific-brief-emerging-variants.html
https://www.jhsph.edu/covid-19/articles/variants-vaccines-and-what-they-mean-for-covid19-testing.html
https://www.jhsph.edu/covid-19/articles/variants-vaccines-and-what-they-mean-for-covid19-testing.html


www.labmedicine.come30

CASE STUDY

Massive Transfusion Protocol in a 69 Year Old Woman 
with Alloantibodies
Jesse Qiao, MD,1 Jude M. Abadie, PhD, DABCC, FAACC, DABMGG, FACMG1,*

 
1Department of Pathology, Paul L. Foster School of Medicine, Texas Tech 
University Health Sciences Center, El Paso, Texas, United States; *To whom cor-
respondence should be addressed. jude.abadie@ttuhsc.edu

Keywords: transfusion, incompatible, uncrossmatched, RBC antibodies, 
transfusion, blood banking

Abbreviations: RBC, red blood cell; MHP, massive hemorrhage protocol; 
TXA, tranexamic acid; DAT, direct antiglobulin test; LDH, lactate dehydrogenase.

Laboratory Medicine 2022;53:e30–e32; https://doi.org/10.1093/labmed/
lmab066

ABSTRACT

Unlike routine blood transfusions that are managed by attending 

providers and rely on compatibility testing, massive transfusions 

are managed by the trauma team members, who usually do not 

have immediate access to compatibility testing. Incompatible C or 

E antigens, when present in uncrossmatched O  positive blood, re-

quire transfusion support so that health care professionals can 

manage potential causes for extravascular hemolysis. Herein, 

we describe a massive transfusion situation in which immedi-

ate patient management was required to mitigate potentially fa-

tal clinical consequences of transfused red blood cell antibodies. In 

addition, this case study shows how the utility of chemistry and he-

matology laboratory results can illustrate the complexities of massive  

transfusion management in the context of incompatible C or E 

antigens.

The characterization of massive transfusion has been historically 
described as the transfusion replacement of 10 red blood cell (RBC) 
units within 24 hours in response to massive and uncontrolled bleed-
ing.1 Through the development of more rapid and effective therapy, 
updated criteria have been proposed to identify patients requiring rapid 
products for serious injuries related to uncontrolled bleeding.1 Newer 
criteria include administering 3 units of RBCs during 1 hour or any 4 
blood components within 30 minutes, and universal ABO products are 
used for resuscitation. This usually includes group O packed RBCs, with 
group AB or low-titer group A plasma, or, less commonly, low-titer group 

O whole blood. Because the compatibility of non-ABO is not immedi-
ately prioritized in acute hemorrhage, the aforementioned is considered 
standard-of-care until the ABO group is confirmed using 2 separate  
specimens.

Case Report
A 69 year old female patient with a past medical history of obesity, un-
controlled diabetes mellitus type II, hypertension, and hypothyroidism 
presented to the emergency department with multiple episodes of nau-
sea and acute-onset hematemesis. On arrival, she had a hemoglobin level 
of 8.1 g/dL, an international normalized ratio within normal limits, and 
platelets of 87,000/μL. Additional laboratory values and correspond-
ing reference ranges are summarized in TABLE 1. Her blood type was 
assessed as group O, Rh positive. Subsequently, 3 units of emergency-
release, uncrossmatched O positive RBCs were administered. The patient 
was rapidly decompensating because of hemorrhagic shock secondary to 
severe bleeding in her upper gastrointestinal tract. During that time, the 
attending physician activated a massive hemorrhage protocol (MHP), 
the rapid administration of large amounts of blood products (at least 6 
units of packed RBCs) in fixed 1:1:1 ratios (plasma:platelets:RBCs) for 
the management of hemorrhagic shock. This procedure is significant, 
considering that up to 20% of deaths are potentially preventable with 
better control of bleeding.2

TABLE 1.  Laboratory Results After Transfusion of the 3 
O Positive, Uncrossmatched Blood Units

Analyte Result

White blood count 9.13 × 103/mm3  (4.50–11.00)

Hemoglobin 8.1 g/dL      (12.0–15.0)     L

Hematocrit 25.2%       (36.0–47.0)     L

Platelets 87 × 103/mm3     (150–450)      L

Potassium 4.2 mmol/L      (3.5–5.1)

Creatinine 0.6 mg/dL      (0.52–1.04)

Bilirubin total 0.90 mg/dL      (0.2–1.3)

INR 1.4          (0.9 – 1.1)      H

Partial thromboplastin time 30.8 sec       (23.3–33.6)

Fibrinogen level 118 mg/dL       (234–500)       L

DAT Weakly positive, polyspecific

DAT, direct antiglobulin test; H, high; INR, international normalized 
 ratio; L, low. 
Reference ranges included in parentheses.

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, 
please e-mail: journals.permissions@oup.com
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O whole blood. Because the compatibility of non-ABO is not immedi-
ately prioritized in acute hemorrhage, the aforementioned is considered 
standard-of-care until the ABO group is confirmed using 2 separate  
specimens.

Case Report
A 69 year old female patient with a past medical history of obesity, un-
controlled diabetes mellitus type II, hypertension, and hypothyroidism 
presented to the emergency department with multiple episodes of nau-
sea and acute-onset hematemesis. On arrival, she had a hemoglobin level 
of 8.1 g/dL, an international normalized ratio within normal limits, and 
platelets of 87,000/μL. Additional laboratory values and correspond-
ing reference ranges are summarized in TABLE 1. Her blood type was 
assessed as group O, Rh positive. Subsequently, 3 units of emergency-
release, uncrossmatched O positive RBCs were administered. The patient 
was rapidly decompensating because of hemorrhagic shock secondary to 
severe bleeding in her upper gastrointestinal tract. During that time, the 
attending physician activated a massive hemorrhage protocol (MHP), 
the rapid administration of large amounts of blood products (at least 6 
units of packed RBCs) in fixed 1:1:1 ratios (plasma:platelets:RBCs) for 
the management of hemorrhagic shock. This procedure is significant, 
considering that up to 20% of deaths are potentially preventable with 
better control of bleeding.2

The blood bank initiated a plasma thaw in anticipation of an emer-
gent need for massive transfusion. During this time, blood bank testing 
revealed that the patient had a positive antibody screen indicating the 
presence of an anti-C and anti-E antibody. This testing was performed 
using solid-phase (Immucor Echo) antibody panel detection, with 
strong (3+ to 4+) reactivity against panel cells with C and E antigen pos-
itivity. Based on these results and the patient’s presentation, the clinical 
team decided to forego the use of additional uncrossmatched O positive 
blood and wait for the arrival of antigen-compatible O positive blood. 
There was an approximately 1-hour average time for this product to ar-
rive via delivery from the local blood supplier. However, during that 
time, the patient’s hypotension worsened, which, combined in the set-
ting of hemorrhagic shock, led to her death approximately 90 minutes 
after the initial transfusion.

Just before the patient’s death, a final hematocrit result was 9.0 g/
dL and did not show evidence of gross hemolysis. Additional specimens, 
including urine, were not available for evaluation before the time of 
death and posttransfusion. Phenotyping of the 3 emergently transfused 
blood showed 2 units positive for the C and E antigens (crossmatch-
incompatible). Because a transfusion reaction workup was not ordered, 
there was concern that transfusion of the incompatible units may have 
led to the death of the patient.

Questions for Consideration

1. How are massive transfusions different from routine blood 
transfusions?

2. What should have been done differently in the immediate clinical 
course of this patient, to better meet transfusion requirements?

3. How are anti-C and anti-E RBC antibodies addressed in the con-
text of massive transfusion?

4. What additional laboratory workup could include or exclude he-
molysis?

5. Should there be concern for a hemolytic transfusion reaction as 
the cause of death?

Discussion
When managing transfusions, it is critical to understand how massive 
transfusions differ from routine transfusions. Both are regulated through 
hospital transfusion services that are governed by the US Food & Drug 
Administration and either the College of American Pathologists, as in this 
case study, the American Association of Blood Banks (AABB), or both or-
ganizations. During routine, nonemergent circumstances, laboratory test-
ing is performed on all patients before they receive blood products. This 
practice ensures compatibility and supports proper identification of the 
patient’s ABO blood type. At a minimum, approximately 1 to 1.5 hours 
are usually required for a patient to receive crossmatch-compatible blood, 
including time to receive and perform the ABO/Rh type, antibody screen, 
and an immediate spin or electronic crossmatch (assuming a negative an-
tibody screen result). Any blood products emergently required before the 
completion of testing would be uncrossmatched, universal donor products 
(O positive RBCs and AB plasma).

However, during a massive transfusion, compatibility testing is not 
routinely performed, mainly because of time constraints in the blood 
bank in the preparation of blood products to be used for emergency 
transfusion and resuscitation of patients with acute and active mass 

hemorrhage. Much of the preparation time includes the thawing of fresh 
frozen plasma (up to 20 minutes) and the continued preparation and 
thawing of products that are directed by the clinical team managing the 
massive hemorrhage protocol.

In retrospect, the immediate clinical management of our pa-
tient could have been approached differently to meet transfusion 
requirements. Instead of waiting for C and E antigen negative units from 
the blood supplier, uncrossmatched universal donor products (O posi-
tive RBCs and AB fresh frozen plasma) could have been accepted. Given 
the patient’s low fibrinogen levels, units of cryoprecipitate that are rou-
tinely administered during our massive transfusion protocol could have 
been an appropriate course. Tranexamic acid (TXA) was not considered 
by the clinical team as a course of treatment units. Accepting universal 
donor products initially could save lives, and waiting for crossmatch-
compatible units during massive transfusions could lead to poor 
outcomes. Based on the CRASH-2 and WOMAN trials,3 early adminis-
tration of TXA in this patient with hemorrhage could have resulted in a 
more favorable outcome.

Research has shown that 15% to 20% of the White donor popula-
tion and 50% to 60% of Black populations are negative for both the C 
and E antigens.4 Given this prevalence, it can be difficult to address the 
presence of anti-C and anti-E RBC antibodies in the context of massive 
transfusions. It follows that if any given patient receives several rounds 
of O positive universal donor RBCs, then it would be likely that more 
than half of those units would be incompatible because they would con-
tain either the C or the E antigens.

Anti-C and anti-E are present usually from exposure to C and E anti-
gen positive RBCs, respectively, and they are typically acquired from prior 
transfusion(s) or pregnancies.5 Hemolysis caused by anti-C and anti-E is usu-
ally of delayed onset, meaning that these antigens are IgG in nature and do 
not usually cause immediate clinical consequences. Furthermore, during a 
mass hemorrhage event, a patient’s blood volume will undergo rapid turno-
ver because of exsanguination and replacement. Therefore, during such rapid 
turnover and transfusion, delayed hemolysis is not an immediate clinical 
concern. Hemolysis secondary to anti-C and anti-E may arise after acute re-
suscitation, in which routine transfusions of C and E antigen negative units 
would then be appropriate to boost endogenous RBC production. This factor 
becomes critical in the management of a patient’s subsequent anemia.

After a massive transfusion in the setting of known anti-C and anti-E, 
the blood bank usually requests C and E antigen negative units from the 
supplier and ensures crossmatch compatibility with the patient. During 
the next few days, the clinical team monitors serial hemoglobin and he-
matocrit, along with other signs of extravascular hemolysis. Transfusion 
support is subsequently provided on a routine and as-needed basis with 
the C and E antigen negative units received from the blood supplier.

Because the prevalence of C and E antigen  negative units in the 
O-positive donor population is low, an additional consideration would 
be to administer O negative RBC units as an alternative to antigen neg-
ative RBC units, when there is insufficient time to perform antigen typ-
ing. Furthermore, D-negative donors are likely to be C and E negative 
because of the r haplotype (dce) being the most common D  negative 
haplotype. However, in the case of our patient, we had only 4 units of 
O negative blood at the time, and those units are reserved for women 
aged ≤45 years (childbearing age) with unknown blood type. In addition, 
the timing of this patient’s case coincidentally occurred during peak 
COVID-19 events that drastically reduced blood donations.

TABLE 2 lists different types of RBC antibodies that can cause he-
molysis and that clinicians can use to help identify additional labora-
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tory tests that could rule in or rule out hemolysis. In our case study, as 
listed in TABLE 1, a comprehensive metabolic panel was ordered that 
included potassium, bilirubin, and creatinine. All were within normal 
limits. A direct antiglobulin test (DAT) performed by the blood bank was 
weakly positive with immunoglobulin polyspecificity. Additional tests 
that could have been ordered to better assess hemolysis include serial 
hemoglobin and hematocrits, lactate dehydrogenase (LDH), haptoglo-
bin, urine hemoglobin, and RBC elution studies. A posttransfusion type 
and screen and compatibility testing on returned units may have pro-
vided a better assessment of the clinical picture.

Based on the information presented in this case study, it is unlikely that 
a hemolytic transfusion reaction was the cause of death. Hemolysis was 
not identified in the posttransfusion specimen assayed for hemolysis and 
hemoglobin, and other related test values were within normal limits. How-
ever, a complete assessment to exclude hemolysis was not definitive be-
cause additional testing was not performed for haptoglobin or LDH or on 
posttransfusion urine specimens. Furthermore, although a positive DAT 
alone does not equate to hemolysis, it indicates that a patient has bound 
antibodies to RBCs.6 A positive DAT is not specific for hemolysis and often 
presents secondary to drug effects.7 In the absence of clinical or laboratory 
evidence of hemolysis after several days, most patients with anti-C, anti-E, 
and a positive DAT should raise suspicion for a delayed serologic (not he-
molytic) transfusion reaction. An additional specimen was not available to 
confirm the presence or absence of an eluate in this patient. To confirm a 
delayed serologic/hemolytic reaction, the presence of the offending anti-
body must be detected by RBC elution studies after the DAT.

In summary, the anti-C and anti-E RBC antibodies are IgG in nature and 
therefore do not cause intravascular hemolysis that is usually associated 
with IgM antibodies. Furthermore, IgM antibodies (mostly ABO) often lead 
to devastating clinical consequences and metabolic derangements.8 Because 
the patient in this case study decompensated during a few hours, the timing 
for extravascular hemolysis because of anti-C and anti-E would have been too 
soon for symptoms to develop. Furthermore, in patients in whom symptoms 
do develop, those symptoms should be mild to moderate and not consistent 
with the life-threatening symptoms observed in acute intravascular hemol-
ysis. A central factor when assessing patients with similar challenging trans-

fusion cases is to distinguish between acute and delayed hemolysis in roles 
for posttransfusion outcomes and assess whether the transfusion itself may 
have been a contributing factor.
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TABLE 2.  Different Types of RBC Antibodies That Can Cause Hemolysis5

Antibody Type IgM (mainly ABO) IgG (most other blood groups)

Hemolysis type Intravascular Extravascular (reticuloendothelial system of the spleen)

Clinical severity Severe to fatal Mild to moderate

Onset of symptoms Immediate Delayeda

Patient complaints or 
presentation

Fever, back pain, chills, shortness of breath, an “impending sense of doom,” 
confusion, jaundice.

Mild to no symptoms, jaundice/itching within several days of trans-
fusion

Hyperkalemia Usually present Not present

Renal failure May be present Not present

Evidence of shock/DIC May be present Absent

Blood in urine Usually present May be present

Hemoglobin Decreased Decreased

Haptoglobin Decreased May be decreased

LDH Increased May be increased

Serum bilirubin Increased Increased

DAT Positive, specific for C3 (may also show IgG positivity) Sometimes positive, specific for IgG only

DAT, direct antiglobulin test; DIC, disseminated intravascular coagulopathy; LDH, lactate dehydrogenase
aUsually 3–14 days.
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ABSTRACT

We report on a term infant with clinically significant hemolysis and 

hyperbilirubinemia. Testing revealed ABO incompatibility between ma-

ternal type A and infant type AB. The maternal alloantibody screen was 

negative. The infant’s direct antiglobulin test was positive, and anti-B IgG 

was eluted off the infant’s red blood cells (RBCs). Testing of the mother’s 

plasma revealed a high anti-B titer. The infant was successfully treated 

with phototherapy and intravenous immunoglobulin. The bilirubin and he-

matocrit stabilized, and the infant was discharged home. This case was 

unusual because of its severity and unusual ABO constellation. Further-

more, this report is an exemplary educational case study on how effective 

collaboration between the clinical team and the blood bank laboratory 

is critical in reaching the correct diagnosis. In summary, the differential 

diagnosis of more unusual and atypical ABO-incompatible constellations 

must be considered when an infant presents with unexplained hemolysis.

Clinical History
A 39-week gestational age infant was born via vaginal delivery to a 30 
year old White multigravida mother. At age 20 hours, the infant devel-
oped clinically significant hyperbilirubinemia and anemia because of he-
molysis. The infant was transferred to the neonatology service for evalu-
ation and management of hyperbilirubinemia. The admission laboratory 
tests had shown a total bilirubin of 13.3 mg/dL at age 17 hours, which 
was in the high-risk zone (HRZ), and intensive phototherapy (PT) was 

started (TABLE 1). The hematocrit had initially decreased from 39% at 
age 3 hours to 29% at age 17 hours. The initial reticulocyte count was el-
evated to 12%, suggesting hemolysis and a high RBC turnover. The blood 
bank reported the mother’s ABO type as A with a negative alloantibody 
test. The infant’s ABO type was AB with a 1+ positive direct antiglobulin 
test (DAT). Both mother and child were RhD-positive. Because the vast 
majority of ABO-mediated hemolytic disease of the fetus and newborn 
(HDFN) in the literature describes mothers with type O giving birth to 
infants with type A or B, the care team considered this diagnosis less 
likely. Abdominal and cranial ultrasounds within 24 hours of birth re-
vealed no evidence of active hemorrhage. The Kleihauer-Betke test was 
negative within 24 hours of birth, essentially ruling out significant 
fetomaternal hemorrhage.

At age 24 hours, the bilirubin had risen to 14.9 mg/dL (exchange trans-
fusion threshold 16.5 mg/dL)1,2 despite intensive phototherapy. Intravenous 
immunoglobulin (IVIG) was administered because of laboratory evidence of 
hemolysis. Based on the hyperbilirubinemia severity, one of the differential 
diagnoses suspected by the team was minor blood group incompatibility (not 
covered by the maternal alloantibody screen). The PT was briefly discontinued 
at approximately age 62 hours because of reduced bilirubin levels to the low 
intermediate risk zone. However, PT was restarted at 80 hours because biliru-
bin increased again to the HRZ (above the PT treatment threshold). Repeat 
testing for alloantibodies against RBCs with less common “low  frequency” 
antigens was negative, ruling out this differential diagnosis. A smear to ex-
amine RBC morphology showed moderate anisopoikilocytosis and ruled out 
spherocytosis. However, an eluate from the infant’s RBCs revealed anti-B 
IgG antibodies, and the mother’s plasma revealed a high titer of 512. By age 
105 hours, the infant’s bilirubin levels decreased, the hematocrit stabilized 
at 27%, and the reticulocyte count decreased to 9% (TABLE 1). Therefore, 
PT was discontinued. On day 6, the infant was discharged home and we ad-
vised his mother to follow up with the pediatrician. In summary, our clinical 

TABLE 1.  Total Serum Bilirubin by Hours of Age

Hours of Age Total Serum Bilirubin Intervention

16 13.3 (HRZ) Started PT

24 14.9 (HRZ) Given IVIG

30 11.6 (HRZ) Stopped PT

80 15.2 (HIR) Restarted PT

105 12.2 (LRZ) Stopped PT

HIR, high-intermediate risk; HRZ, high-risk zone; LRZ, low-risk zone; PT, 
phototherapy.

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, 
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and laboratory evaluation established a diagnosis of HDFN resulting from 
isoimmunization based on ABO incompatibility between mother and infant.

Discussion
The case we describe here is unusual for 3 reasons; (i) HDFN occurring 
with a rare ABO configuration between mother and infant (A vs AB, 
respectively), (ii) high anti-B titers are unusual in White patients 
without an isohemagglutinin-stimulating event, and (iii) the disease 
severity. Mothers of infants with HDFN resulting from ABO incompat-
ibility are almost exclusively typed O. There are numerous case reports 
describing patients with severe HDFN with mothers typed as O with 
Anti-B, or mothers typed as B with anti-A-causing HDFN.3-8 Generally, 
mothers typed as O are far more likely to have anti-A, anti-B, or anti-
A,B IgG antibodies, which allow for transplacental passage.9,10 Although 
mothers with type A  and anti-B-induced HDFN have been described, 
they are exceedingly rare, involve patients of other races/ethnicities, or 
are not available in English-language publications.11-13

Research has shown that ABO-associated HDFN is usually mild 
because of low expression levels of the A  and B antigen on neonatal 
erythrocytes and the wide distribution of A- and B-expressing tissues in 
the body, allowing for relative neutralization of the antibodies.1 When 
severe ABO is observed, one or all alleviating factors are altered, eg, 
higher expression levels on RBCs based on race or ethnicity, or higher 
maternal antibody titers.1 For White patients, anti-A titers are usually 
higher than anti-B titers. This is true when comparing titers in mothers 
with group A with those in mothers with group B and both antibodies 
in mothers with group O. In addition, anti-A titers are usually higher in 
patients with group O than in those with group B, and similarly, anti-B 
titers are higher in patients with group O than in those with group A.14 
Therefore, in White patients with type A, anti-B titers should be the low-
est isohemagglutinin titers reported across all ABO groups. 

Notably, all ABO isohemagglutinins have the capacity to cause clini-
cal sequelae,15 and IgG isohemagglutinins can fix complement and cause 
intravascular and extravascular hemolysis.16 Anti-A,B has been reported 
to be the most clinically significant antibody in ABO HDFN: Infants’ 
RBCs that are coated by anti-A,B are more likely to require treatment 
compared to those coated by anti-A or anti-B.16

In newborns, early B1 B lymphocytes start producing mostly 
IgM anti-ABO isohemagglutinins without previous exposure to 
antigens. Later in life, B2 B lymphocytes make predominantly IgG 
ABO isohemagglutinins. The B2 B lymphocyte pathway requires the 
contribution of T lymphocytes and adaptive immunity and is trig-
gered by external antigens.15,17-22 The mother we describe in this case 
report had 3 previous pregnancies with the same partner. The natu-
rally occurring antibody was anti-B IgM, which usually predominates 
in group A  individuals. The infant’s father is AB, RhD-positive, and 
they had previous children, theoretically allowing for previous HDFN 
or fetomaternal hemorrhages. Therefore, previous pregnancies could 
theoretically have contributed by exposing the mother to B antigen–
expressing RBCs of the neonate, thereby facilitating the production 
of high-titer anti-B IgG antibodies by her immune system. Increased 
isohemagglutinin titers after incompatible ABO transfusions have 
been described in the literature. The high density of A or B antigens 
on erythrocytes allows for the adsorption of large amounts of the an-
tibody after ABO-incompatible transfusions, leading to titer decrease 
via the clearance of the antibody-coated incompatible RBCs. After a na-

dir, the levels increase, eventually exceeding the baseline.23-26 This phe-
nomenon has been described after the transfusion of as little as 4 mL 
of ABO-incompatible RBCs.27 However, it remains speculative whether 
there was fetomaternal hemorrhage in any previous pregnancies in this 
mother. Other possible explanations for increased ABO titers include 
the use of probiotics or previous vaccinations.28-31 The patient did not 
report any probiotic use or recent vaccinations. Finally, living on the 
African continent for a prolonged period of time has been discussed as 
a potential reason for higher anti-B titers, but it is unknown whether 
this is due to environmental or genetic factors.32-34 Still, the mother 
in this report is White and did not live outside of the United States, 
leaving the etiology of the high anti-B titer cryptic.

The use of IVIG in ABO incompatibility occurs less often than in RhD 
incompatibility. There are conflicting reports in the literature regarding 
the efficacy of IVIG in preventing hemolysis in ABO HDFN.35 Although 
postnatal IVIG administration is linked to shorter hospitalizations 
and PT use, it has risks to consider, including hemolysis from anti-B 
antibodies.36 Research has shown that IVIG reduces hemolysis of neona-
tal erythrocytes, presumably by obstructing Fc receptor sites on reticu-
loendothelial cells. Thus, it prevents significant ongoing lysis of neonatal 
erythrocytes. In this patient’s case, there was a decrease in the reticu-
locyte count from 12% to 9% in 88 hours, but whether this occurred  
because of the disease’s natural progression or because of successful 
treatment with IVIG is unclear.

Laboratory Role in Diagnosis
The blood bank laboratory was critical in our staff reaching a diagnosis 
by providing the ABO type and antibody screen (including screening for 
low-frequency antibodies). Furthermore, we performed the DAT, the el-
uate, and a titer of anti-B.

We found the maternal anti-B IgG titer to be 512 by tube testing. 
A meta-analysis from 2015 showed that the level of maternal IgG anti-A 
or anti-B antibodies correlates with the risk of ABO HDFN.37 In general, 
a titer of 512 or higher was found to be very suggestive of HDFN. One 
review found that titers of 512 had a sensitivity of 90% and a speci-
ficity of 72% for predicting immunoglobulin treatment and severe 
hyperbilirubinemia.38 Previous research also established a significant 
link between maternal anti-B IgG titers, as seen in this case study, and 
hemolysis-induced hyperbilirubinemia, requiring treatment. Anti-B 
antibodies have also been reported to cause more severe hemolysis than 
anti-A antibodies.39 The laboratory workup showed a 1+ positive DAT. 
Contrary to RhD HDFN, patients with ABO HDFN can show very weak 
DATs with severe disease.40

There are very few case studies in the literature with a similar pres-
entation, but one study found an incidence of severe anti-B ABO incom-
patibility resulting in severe fetal anemia, necessitating intrapartum  
transfusion and early delivery because of recurrent anemia.3

Other reasons for the presentation can include erythrocyte mem-
brane defects such as spherocytosis, erythrocyte enzyme defects such 
as G6PD, and Gilbert syndrome. We ruled out spherocytosis through an 
RBC morphology smear. Research has shown that ABO antibodies oc-
cur naturally, and there was no trauma history, so the value of testing 
for fetomaternal hemorrhage was limited.41 Nevertheless, a Kleihauer-
Betke test was sent and reported as negative, essentially out significant 
fetomaternal hemorrhage. Gilbert syndrome was considered unlikely 
because of the presence of anemia and reticulocytosis.
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ABSTRACT

Ruminococcus gnavus (R. gnavus) is a gram positive anaerobe and a 

member of the normal intestinal flora of humans. Here, we present a case 

study of bloodstream infection caused by R. gnavus in an 85 year old 

man. We identified R. gnavus using target DNA sequencing. The patient 

was treated with intravenous meropenem and ceftriaxone based on 

antimicrobial susceptibility tests. He recovered well and was discharged.

Ruminococcus gnavus (R. gnavus) is an anaerobic, gram positive diplococ-
cus found in the human gut microbiome.1 A member of the Firmicutes 
division, R. gnavus is an early colonizer of the human gut and has been 
detected in more than 90% of human fecal specimens by metagenomic 
sequencing.1,2 Several studies have indicated that an increased relative 
abundance of R. gnavus is linked to inflammatory bowel diseases, such as 
Crohn disease.3,4 Recently, Henke et al5 found that R. gnavus synthesizes 
and secretes a complex glucorhamnan polysaccharide, which induces the 
secretion of inflammatory cytokines (tumor necrosis factor-α) by den-
dritic cells and is dependent on Toll-like receptor 4. Previously, colonized 
sites of R. gnavus were also reported in the blood, urogenital tract, gen-
ital tract, and joint fluid.6-9 Here, we report a case study of bloodstream 
infection caused by R. gnavus in an older adult male patient without an 
underlying gastrointestinal disease.

Case Study Presentation
An 85 year old male patient was referred to our hospital with fever. He 
had a history of hypertension for 20  years and type 2 diabetes melli-
tus (T2DM) for 16 years. One year earlier, he was treated for tubercu-
losis of the lumbar spine at the local hospital, but the specific course of 
treatment was unknown. The patient had no history of coronary heart 
disease; hepatitis; malaria; or lung, liver, kidney, brain, or any organ 
diseases.

On admission, the patient had a temperature of 38.4°C, multiple her-
pes around the mouth, and chills. He had no chest distress, shortness of 
breath, palpitations, nausea, vomiting, or abdominal pain. Blood tests 
revealed an elevated white blood cell (WBC) count of 18.3 × 109/L with 
85.7% neutrophils and a decreased lymphocyte count of 1.5 × 109/L. The 
hemoglobin level was 111 g/L, and the platelet count was 151 × 109/L. The 
levels of C-reactive protein (CRP) and procalcitonin (PCT) were increased 
to 111.6  mg/L and 59.162  ng/L, respectively. The levels of alanine 
aminotransferase (15 U/L), aspartate aminotransferase (22 U/L), and al-
bumin (36 g/L) were normal. He did not have hepatitis virus infections 
(hepatitis A, B, C, D, and E), HIV, or syphilis. Abdominal ultrasonography 
showed a slightly coarse gallbladder wall, a strong echo in gallbladder cav-
ity, and a gallbladder length diameter of approximately 10 nm. The patient 
had gallstones but no cholecystitis. He was diagnosed with infectious fe-
ver and gallstones, accompanied by hypertension and T2DM. 

Having presented with severe symptoms of infection with an un-
specified site of infection, the patient was empirically treated with intra-
venous piperacillin/tazobactam (4.5 g/quaque die 8 hours). In addition, 
2 sets of blood cultures were collected and cultured at 35°C for aerobic 
and anaerobic cultures (BD BACTEC, Becton Dickinson) before empiric 
treatment. Two anaerobic bottles tested positive after a 25-hour incuba-
tion, and specimens were then transferred to a blood plate and cultured 
at 35°C for 48 hours under anaerobic conditions. The cultured colonies 
were gray and small in size (FIGURE 1A). Gram stain revealed gram 
positive diplococci (FIGURE 1B). Nevertheless, we failed to identify the 
unknown pathogen using the French Meriere automatic microbiological 
analysis system (VITEK2-Compact). 

The target DNA sequences showed 99.89% homology with sequences 
of R.  gnavus isolates (GenBank accession number: NR_036800.1) 
compared with the NCBI GenBank using the BLAST server. Antimicrobial 
susceptibility tests in vitro for the clinical isolate were performed using 
a microbial drug sensitivity analyzer (ATB-EXPRESSION, bioMerieux, 
Ltd., France). The clinical isolate was susceptible to amoxicillin/clavulanic 
acid (minimum inhibitory concentration [MIC] ≤1 μg/mL), piperacillin 

(MIC ≤32 μg/mL), piperacillin/tazobactam (MIC ≤32 μg/mL), ticarcillin 
(MIC ≤64 μg/mL), ticarcillin/clavulanic acid (MIC ≤32 μg/mL), cefoxitin 
(MIC ≤16 μg/mL), cefotetan (MIC ≤16 μg/mL), imipenem (MIC ≤4 μg/
mL), meropenem (MIC ≤4 μg/mL), clindamycin (MIC ≤2 μg/mL), chlo-
ramphenicol (MIC ≤8  μg/mL), and penicillin (MIC 1  μg/mL, interme-
diate), and resistance to trimethoprim-sulfamethoxazole, levofloxacin 
(MIC ≥16 μg/mL), and metronidazole (MIC ≥ 8 μg/mL). 

Based on the results of antimicrobial susceptibility tests, the patient 
was switched to intravenous meropenem (1 g/quaque die 8 hours) and 
ceftriaxone (1 g/quaque die) for anti-infection treatment, accompanied 
by symptomatic supportive treatment for hypertension and diabetes 
mellitus. The WBC, CRP, and PCT levels returned to normal after 11 days 
of intake of the anti-infection treatment (TABLE 1). The patient’s con-
dition improved and he was discharged. The patient did not relapse dur-
ing the subsequent 3-month follow-up.

Discussion
After 2 infections with R.  gnavus in humans were first reported by 
Hansen et al in 2013,10 there have been 11 patients with R. gnavus in-
fection reported. Of the 11 patients, 6 had bloodstream infections.6,10–13 
Here, we report the seventh patient with bloodstream infection 
attributed to R. gnavus and the first reported patient in China. TABLE 
2 shows a comparison between our patient and previous patients with 
bloodstream infection caused by R. gnavus. The mean age of the patients 
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ABSTRACT

Ruminococcus gnavus (R. gnavus) is a gram positive anaerobe and a 

member of the normal intestinal flora of humans. Here, we present a case 

study of bloodstream infection caused by R. gnavus in an 85 year old 

man. We identified R. gnavus using target DNA sequencing. The patient 

was treated with intravenous meropenem and ceftriaxone based on 

antimicrobial susceptibility tests. He recovered well and was discharged.

Ruminococcus gnavus (R. gnavus) is an anaerobic, gram positive diplococ-
cus found in the human gut microbiome.1 A member of the Firmicutes 
division, R. gnavus is an early colonizer of the human gut and has been 
detected in more than 90% of human fecal specimens by metagenomic 
sequencing.1,2 Several studies have indicated that an increased relative 
abundance of R. gnavus is linked to inflammatory bowel diseases, such as 
Crohn disease.3,4 Recently, Henke et al5 found that R. gnavus synthesizes 
and secretes a complex glucorhamnan polysaccharide, which induces the 
secretion of inflammatory cytokines (tumor necrosis factor-α) by den-
dritic cells and is dependent on Toll-like receptor 4. Previously, colonized 
sites of R. gnavus were also reported in the blood, urogenital tract, gen-
ital tract, and joint fluid.6-9 Here, we report a case study of bloodstream 
infection caused by R. gnavus in an older adult male patient without an 
underlying gastrointestinal disease.

Case Study Presentation
An 85 year old male patient was referred to our hospital with fever. He 
had a history of hypertension for 20  years and type 2 diabetes melli-
tus (T2DM) for 16 years. One year earlier, he was treated for tubercu-
losis of the lumbar spine at the local hospital, but the specific course of 
treatment was unknown. The patient had no history of coronary heart 
disease; hepatitis; malaria; or lung, liver, kidney, brain, or any organ 
diseases.

On admission, the patient had a temperature of 38.4°C, multiple her-
pes around the mouth, and chills. He had no chest distress, shortness of 
breath, palpitations, nausea, vomiting, or abdominal pain. Blood tests 
revealed an elevated white blood cell (WBC) count of 18.3 × 109/L with 
85.7% neutrophils and a decreased lymphocyte count of 1.5 × 109/L. The 
hemoglobin level was 111 g/L, and the platelet count was 151 × 109/L. The 
levels of C-reactive protein (CRP) and procalcitonin (PCT) were increased 
to 111.6  mg/L and 59.162  ng/L, respectively. The levels of alanine 
aminotransferase (15 U/L), aspartate aminotransferase (22 U/L), and al-
bumin (36 g/L) were normal. He did not have hepatitis virus infections 
(hepatitis A, B, C, D, and E), HIV, or syphilis. Abdominal ultrasonography 
showed a slightly coarse gallbladder wall, a strong echo in gallbladder cav-
ity, and a gallbladder length diameter of approximately 10 nm. The patient 
had gallstones but no cholecystitis. He was diagnosed with infectious fe-
ver and gallstones, accompanied by hypertension and T2DM. 

Having presented with severe symptoms of infection with an un-
specified site of infection, the patient was empirically treated with intra-
venous piperacillin/tazobactam (4.5 g/quaque die 8 hours). In addition, 
2 sets of blood cultures were collected and cultured at 35°C for aerobic 
and anaerobic cultures (BD BACTEC, Becton Dickinson) before empiric 
treatment. Two anaerobic bottles tested positive after a 25-hour incuba-
tion, and specimens were then transferred to a blood plate and cultured 
at 35°C for 48 hours under anaerobic conditions. The cultured colonies 
were gray and small in size (FIGURE 1A). Gram stain revealed gram 
positive diplococci (FIGURE 1B). Nevertheless, we failed to identify the 
unknown pathogen using the French Meriere automatic microbiological 
analysis system (VITEK2-Compact). 

The target DNA sequences showed 99.89% homology with sequences 
of R.  gnavus isolates (GenBank accession number: NR_036800.1) 
compared with the NCBI GenBank using the BLAST server. Antimicrobial 
susceptibility tests in vitro for the clinical isolate were performed using 
a microbial drug sensitivity analyzer (ATB-EXPRESSION, bioMerieux, 
Ltd., France). The clinical isolate was susceptible to amoxicillin/clavulanic 
acid (minimum inhibitory concentration [MIC] ≤1 μg/mL), piperacillin 

(MIC ≤32 μg/mL), piperacillin/tazobactam (MIC ≤32 μg/mL), ticarcillin 
(MIC ≤64 μg/mL), ticarcillin/clavulanic acid (MIC ≤32 μg/mL), cefoxitin 
(MIC ≤16 μg/mL), cefotetan (MIC ≤16 μg/mL), imipenem (MIC ≤4 μg/
mL), meropenem (MIC ≤4 μg/mL), clindamycin (MIC ≤2 μg/mL), chlo-
ramphenicol (MIC ≤8  μg/mL), and penicillin (MIC 1  μg/mL, interme-
diate), and resistance to trimethoprim-sulfamethoxazole, levofloxacin 
(MIC ≥16 μg/mL), and metronidazole (MIC ≥ 8 μg/mL). 

Based on the results of antimicrobial susceptibility tests, the patient 
was switched to intravenous meropenem (1 g/quaque die 8 hours) and 
ceftriaxone (1 g/quaque die) for anti-infection treatment, accompanied 
by symptomatic supportive treatment for hypertension and diabetes 
mellitus. The WBC, CRP, and PCT levels returned to normal after 11 days 
of intake of the anti-infection treatment (TABLE 1). The patient’s con-
dition improved and he was discharged. The patient did not relapse dur-
ing the subsequent 3-month follow-up.

Discussion
After 2 infections with R.  gnavus in humans were first reported by 
Hansen et al in 2013,10 there have been 11 patients with R. gnavus in-
fection reported. Of the 11 patients, 6 had bloodstream infections.6,10–13 
Here, we report the seventh patient with bloodstream infection 
attributed to R. gnavus and the first reported patient in China. TABLE 
2 shows a comparison between our patient and previous patients with 
bloodstream infection caused by R. gnavus. The mean age of the patients 

with bloodstream infection caused by R. gnavus was 77.5 years. Fever 
and abdominal pain were the most common initial symptoms; however, 
the patient in the study carried out by Gren et al13 was asymptomatic. 
R. gnavus was susceptible to most antibiotics, and no natural resistance 
was observed. The effect of anti-infection treatment was relatively good; 
however, 2 patients died, which may have been related to their underly-
ing disease, immune function, and timely and accurate diagnosis of the 
pathogen.

In our patient, R. gnavus was isolated from his bloodstream without 
any injury to the gastrointestinal tract. Our patient was similar to a pa-
tient reported by Kim et al6 who had no gastrointestinal damage and/
or tumor. However, R. gnavus infection had occurred in these 2 patients 
likely because of a weakened immune system resulting from old age and 
long-term underlying diseases. The other previously reported 5 patients 
with bloodstream infection also presented with an immunocompro-
mised state, indicating that weakened immunity may be a risk factor for 
bloodstream infection by R. gnavus.10-13 

Several studies have suggested an increased relative abundance of 
R. gnavus and decreased richness of Bacteroides and Faecalibacterium in 
patients with T2DM.14,15 The mechanism underlying the increased rel-
ative abundance of R. gnavus may be involved in the production of an 
inflammatory polysaccharide with a resultant increase in tumor necrosis 
factor-α.5 The intestinal ecology of patients with T2DM has been signifi-
cantly altered. Similar to findings in most previously reported case stud-
ies, our clinical isolate was susceptible to most types of antibiotics. The 
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FIGURE 1. Cultured colonies and cultured microscopic morphology. A. Colony morphology cultured on anaerobic agar at 35°C 
for 48 hours. B. Gram stain morphology of bacteria under oil objective (×1000).

A B

TABLE 1.  Results of Laboratory Examination During 11 Days of Disease Course

December 4 December 5 December 8 December 11 December 14

WBC (×109/L) 18.3 12 4.3 4.3 4.2

Neu (×109/L) 15.7 10.0 2.4 2.1 2.1

CRP (mg/L) 111.6 76.8 6.2 3.2 1.5

PCT (ng/L) 59.162 22.500 4.459 0.708 0.157

CRP, C-reactive protein; Neu, neutrophil; PCT, procalcitonin; WBC, white blood cell.
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patient was treated based on the results of antimicrobial susceptibility 
tests. Initial empirical anti-infective therapy is insufficient for the treat-
ment of unknown pathogens. If the treatment is not adjusted in time, 
then it may lead to an imbalance of the flora in the patient, resulting in 
secondary infections and consequences.

Because traditional culture and automatic microbiological analysis 
cannot cover all bacteria and fungi, especially several rare pathogens, 
new technologies such as target DNA sequencing and matrix-assisted 
laser desorption ionization–time-of-flight mass spectrometry (MALDI-
TOF MS) have revolutionized the accuracy and timeliness of the iden-
tification of unknown pathogens. Previous studies have indicated 
that MALDI-TOF MS may be an alternative method for identifying 
R.  gnavus9-13,16 and that it is accurate for direct pathogen identifica-
tion from positive blood cultures and may reduce the turnaround time 
to identification.17 An index score of 2 obtained in the above analysis 
indicated definite identification of the pathogens.17 Moreover, target 
DNA sequencing is recommended because it is very fast and accurate in 
identifying rare pathogens, although it is considerably more expensive. 
Our patient was diagnosed promptly and had a better prognosis using 
this technology.

In conclusion, we report the first patient with a bloodstream  
infection caused by R. gnavus in China. Clinicians should be able to sus-
pect infections with rare pathogens, even in unconventional coloniza-
tion sites. Clinical laboratories should comprehensively use various 
methods to help clinicians accurately identify pathogens, especially rare 
pathogens.
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ABSTRACT

Objective: Insulinomas are rare in the post-bariatric surgery setting. 

The differential diagnosis for hypoglycemia is broad, requiring labo-

ratory testing to verify endogenous hyperinsulinemic hypoglycemia. 

Selective arterial calcium stimulation testing (SACST) can help localize 

abnormal insulin production. We describe a patient with histologically 

confirmed insulinoma after bariatric surgery diagnosed with the aid of 

SACST.

Methods: We present a 67 year old woman with a history of 

Roux-en-Y bypass surgery who presented with endogenous 

hyperinsulinemic hypoglycemia. Initially, no pancreatic lesion was 

identified radiologically. We pursued SACST to localize the source 

of insulin production.

Results: The SACST successfully localized the source of 

hyperfunctioning islet cells to the pancreatic tail with absolute insulin 

values in a range consistent with insulinoma. Additional radiologic stud-

ies showed a small tumor in the pancreatic tail. Pathology showed a 

well-differentiated neuroendocrine tumor, compatible with insulinoma.

Conclusion: This case study illustrates the usefulness of SACST for 

the diagnosis and localization of insulinoma.

Clinical History
A 67 year old woman with a history of Roux-en-Y bypass surgery ap-
proximately 15 years earlier without complications presented with year-
long episodes of severe hypoglycemia. She experienced autonomic and 
neuroglycopenic symptoms, including fatigue, weakness, mental fog, 
headaches, and diaphoresis; the patient also experienced episodes of 
confusion and syncope associated with hypoglycemia. Her overall pat-
tern of hypoglycemia was predominantly postprandial, although fasting 
hypoglycemia was also observed. She ate frequently to prevent these 
symptoms and experienced an almost 50-pound weight gain over a year. 
Her glucose levels were monitored with a home blood glucose meter be-
fore formal endocrinology evaluation. Her hypoglycemia progressively 
worsened to daily values as low as 30 to 40 mg/dL. At values less than 
30 mg/dL, the patient experienced tremors, headaches, and diaphoresis. 
She frequently took sugar tablets to increase her glucose with improve-
ment of her symptoms. Based on the above clinical features, the patient 
met the criteria for Whipple’s triad—symptoms of hypoglycemia, verifi-
cation of low glucose at time of symptoms, and resolution of symptoms 
with elevation of glucose.

The patient’s symptoms worsened to the point that she presented to 
the emergency department after an episode of unconsciousness that re-
quired glucagon injection. Spurred by this deterioration, she underwent 
multiple studies regarding her hypoglycemia. A 72-hour fast was nota-
ble for inappropriately high insulin (8.3  μU/mL) and proinsulin (111 
pmol/L) with low blood glucose (29 mg/dL). Factitious causes of hypo-
glycemia were considered unlikely given a normal C-peptide (1.3 ng/mL) 
and negative sulfonylurea screen. In addition, insulin antibodies were 
negative and β-hydroxybutyrate levels were 1.7 mmol/L. In combination, 
these results highlighted the likelihood of endogenous hyperinsulinemic 
hypoglycemia and raised a differential diagnosis including insulinoma, 
noninsulinoma pancreatogenous hypoglycemia syndrome (NIPHS), and 
post–gastric bypass hypoglycemia.

Although insulinomas are rare in patients with a history of gas-
tric bypass surgery, imaging studies were pursued to rule out this 
possibility, given her symptoms. Neither magnetic resonance 
cholangiopancreatography of the pancreas nor magnetic resonance im-
aging of the abdomen identified a localized process or mass to explain 
the symptoms. Given the lack of focal findings, increasing consideration 
was given to diffuse processes.

In an attempt to rule out an insulinoma, the patient underwent se-
lective arterial calcium stimulation testing (SACST). The SACST findings 
suggested a localization of hyperfunctioning islet cells to the pancreatic 
tail (TABLE 1 and FIGURE 1). With this additional information, alter-
native imaging studies were pursued, including computerized tomog-
raphy (CT) with intravenous contrast, which showed a 0.8 cm nodular 
focus of hyperenhancement in the proximal pancreatic tail.

Given the SACST and CT results, surgical management was pursued 
for a suspected insulinoma. Intraoperative findings indicated a 1 cm tu-
mor on the anterior-superior surface of the pancreatic tail. The tumor 
was enucleated, and intraoperative pathological examination confirmed 
the presence of a neoplasm.

Histologic sections revealed a well-circumscribed but unencapsulated 
proliferation of relatively monotonous epithelioid cells growing in 
trabecular cords and small nests separated by hyalinized stroma 
containing acellular, pale pink proteinaceous material and scattered 
microcalcifications. The neoplastic cells were characterized by ample eo-
sinophilic and slightly granular cytoplasm. The nuclei were round and 
contained stippled chromatin, inconspicuous nucleoli, and frequent 
pseudonuclear inclusions (FIGURE 2A and 2B). No mitotic figures 
were identified. Immunohistochemical stains showed diffuse positiv-
ity for synaptophysin and insulinoma-associated protein 1 (INSM1) 
(FIGURE 2C and 2D), supporting neuroendocrine cell origin. In ad-
dition, the pink proteinaceous material was positive by Congo Red, 
confirming the presence of amyloid deposition. The estimated prolifera-
tion index based on a manual count of the Ki-67 immunostain was <2%. 
These findings were consistent with a well-differentiated neuroendo-
crine tumor, World Health Organization grade 1, and given the patient’s 
clinical symptoms was compatible with an insulinoma. However, be-
cause the specimen was an enucleation of the tumor, there was little 
nonneoplastic pancreatic tissue to evaluate background islet density or 
features of nesidioblastosis.

Discussion
Evaluation of potential hypoglycemia in a patient with history of bari-
atric surgery may be more complicated compared to routine evaluations 
but still includes initial verification that symptoms are truly linked to 
hypoglycemia. If glucose values are normal at the time of symptoms, 
then hypoglycemia is unlikely, and dumping syndrome or cardiovascu-
lar causes of symptoms should be considered. Once a hypoglycemic dis-
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ABSTRACT

Objective: Insulinomas are rare in the post-bariatric surgery setting. 

The differential diagnosis for hypoglycemia is broad, requiring labo-

ratory testing to verify endogenous hyperinsulinemic hypoglycemia. 

Selective arterial calcium stimulation testing (SACST) can help localize 

abnormal insulin production. We describe a patient with histologically 

confirmed insulinoma after bariatric surgery diagnosed with the aid of 

SACST.

Methods: We present a 67 year old woman with a history of 

Roux-en-Y bypass surgery who presented with endogenous 

hyperinsulinemic hypoglycemia. Initially, no pancreatic lesion was 

identified radiologically. We pursued SACST to localize the source 

of insulin production.

Results: The SACST successfully localized the source of 

hyperfunctioning islet cells to the pancreatic tail with absolute insulin 

values in a range consistent with insulinoma. Additional radiologic stud-

ies showed a small tumor in the pancreatic tail. Pathology showed a 

well-differentiated neuroendocrine tumor, compatible with insulinoma.

Conclusion: This case study illustrates the usefulness of SACST for 

the diagnosis and localization of insulinoma.

In an attempt to rule out an insulinoma, the patient underwent se-
lective arterial calcium stimulation testing (SACST). The SACST findings 
suggested a localization of hyperfunctioning islet cells to the pancreatic 
tail (TABLE 1 and FIGURE 1). With this additional information, alter-
native imaging studies were pursued, including computerized tomog-
raphy (CT) with intravenous contrast, which showed a 0.8 cm nodular 
focus of hyperenhancement in the proximal pancreatic tail.

Given the SACST and CT results, surgical management was pursued 
for a suspected insulinoma. Intraoperative findings indicated a 1 cm tu-
mor on the anterior-superior surface of the pancreatic tail. The tumor 
was enucleated, and intraoperative pathological examination confirmed 
the presence of a neoplasm.

Histologic sections revealed a well-circumscribed but unencapsulated 
proliferation of relatively monotonous epithelioid cells growing in 
trabecular cords and small nests separated by hyalinized stroma 
containing acellular, pale pink proteinaceous material and scattered 
microcalcifications. The neoplastic cells were characterized by ample eo-
sinophilic and slightly granular cytoplasm. The nuclei were round and 
contained stippled chromatin, inconspicuous nucleoli, and frequent 
pseudonuclear inclusions (FIGURE 2A and 2B). No mitotic figures 
were identified. Immunohistochemical stains showed diffuse positiv-
ity for synaptophysin and insulinoma-associated protein 1 (INSM1) 
(FIGURE 2C and 2D), supporting neuroendocrine cell origin. In ad-
dition, the pink proteinaceous material was positive by Congo Red, 
confirming the presence of amyloid deposition. The estimated prolifera-
tion index based on a manual count of the Ki-67 immunostain was <2%. 
These findings were consistent with a well-differentiated neuroendo-
crine tumor, World Health Organization grade 1, and given the patient’s 
clinical symptoms was compatible with an insulinoma. However, be-
cause the specimen was an enucleation of the tumor, there was little 
nonneoplastic pancreatic tissue to evaluate background islet density or 
features of nesidioblastosis.

Discussion
Evaluation of potential hypoglycemia in a patient with history of bari-
atric surgery may be more complicated compared to routine evaluations 
but still includes initial verification that symptoms are truly linked to 
hypoglycemia. If glucose values are normal at the time of symptoms, 
then hypoglycemia is unlikely, and dumping syndrome or cardiovascu-
lar causes of symptoms should be considered. Once a hypoglycemic dis-

order has been confirmed, the differential diagnosis may be broad and 
includes endogenous hyperinsulinemia, cortisol deficiency, drug or alco-
hol effects, illness, malnourishment, or tumor production of insulin-like 
growth factor.1 Investigation of a suspected imbalance of insulin and 
glucose may use a mixed-meal test or 72-hour fasting study, which can 
aid in the establishment of endogenous hyperinsulinemia as the cause 
of hypoglycemia. The etiology of endogenous hyperinsulinemia includes 
a β-cell tumor (insulinoma), use of a β-cell secretagogue (sufonylurea), 
insulin autoimmune hypoglycemia, NIPHS, and post–gastric bypass hy-
poglycemia.1

Research has shown that NIPHS is a rare syndrome that shows dif-
fuse histologic features of nesidioblastosis including β-cell hypertrophy, 
islets with enlarged and hyperchromatic nuclei, and increased islets bud-
ding from the periductular epithelium. Patients with NIPHS never have 
insulinomas but do have postprandial hypoglycemia (2–4 hours after a 
meal) with virtually no episodes of fasting hypoglycemia.2 The histologic 
finding of nesidioblastosis has also been seen in patients with a history 
of gastric bypass surgery; although it shares similar features with NIPHS, 
it is considered a separate clinical entity.3-6 The hypoglycemic pattern in 
those with the clinical syndrome of post–gastric bypass hypoglycemia is 
also typically postprandial. However, in contrast to NIPHS, patients with 
post–gastric bypass hypoglycemia may rarely have fasting hypoglycemia 
and can also have associated insulinoma, as seen in this patient.2 Both 
post–gastric bypass hypoglycemia and NIPHS should have postprandial 
hyperinsulinemic hypoglycemia, negative radiologic localization, positive 
(multifocal) SACST, and histologic findings of nesidioblastosis. These pan-
creatic findings may be diffuse, in contrast to a single insulinoma.

Notably, insulinomas in patients with a history of gastric bypass sur-
gery are rare.7 Presentations and patterns of hypoglycemia are mixed, in-
cluding some patients with hypoglycemia that occurs exclusively during 
fasting periods (56%), some with hypoglycemia that occurs exclusively 
during postprandial periods (22%), and some with hypoglycemia during 
both periods (22%).7 Although these mixed patterns may not provide a 
specific diagnostic clue, note that the presence of fasting hypoglycemia 
in a patient after bariatric surgery is atypical. This tendency should raise 
suspicion for autonomous secretion by an insulinoma or other tumor.

Laboratory Role in Diagnosis
A diagnosis of endogenous hyperinsulinemia is established by showing 
inappropriately high serum insulin concentrations during a spontane-
ous or induced episode of hypoglycemia. In hyperinsulinemia, the pro-
longed fast results in hypoglycemia because of a defect in a patient’s abil-
ity to maintain normoglycemia secondary to an excess of insulin. This 
finding is confirmed with measurements of low blood glucose (<55 mg/
dL) and inappropriately high insulin (>3  μU/mL) and proinsulin (>5 
pmol/L) levels. Insulin also has antiketogenic effects and causes plasma 
β-hydroxybutyrate values to be lower (<2.7 mmol/L). In patients with 
exogenous insulin, C-peptide levels will be low (<0.2 nmol/L) and proin-
sulin will be <5 pmol/L. Insulin antibodies are measured to exclude insu-
lin autoimmune disease, and a sulfonurea screen is performed to exclude 
factitious disease resulting from oral hypoglycemic agents.1

After endogenous hyperinsulinemia is established, noninvasive im-
aging studies such as abdominal ultrasound and CT with intravenous 
contrast can identify an insulinoma in many patients. However, a nega-
tive imaging study does not exclude insulinoma and additional studies 
such as endoscopic ultrasonography or SACST may be useful.

TABLE 1.  Hepatic Vein Insulin Levels Measured After 
Selective Arterial Calcium Stimulation of Indicated 
Pancreatic Arterial Supplies

Insulin (μU/mL)

0 Sec 30 Sec 60 Sec 90 Sec
120 
Sec

Specimen site      

 GDA 15.9 22.2 19.7 20.0 21.6

 PHA 28.8 21.0 22.1 22.3 21.7

 SMA 24.1 18.8 19.6 18.1 18.2

 Proximal SA 21.2 35.0 63.0 47.2 63.0

 Distal SA 18.1 62.5 96.6 109 97.7

GDA, gastroduodenal artery; PHA, proper hepatic artery; SA, splenic ar-
tery; SMA, superior mesenteric artery.
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FIGURE 1. Insulin values normalized to prestimulation (0 seconds) value for each arterial stimulation. Testing was considered 
positive at a 2- to 3-fold increase over baseline. GDA, gastroduodenal artery; PHA, proper hepatic artery; SA, splenic artery; 
SMA, superior mesenteric artery.
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FIGURE 2. Histologic examination of the tumor revealed a monotonous proliferation of epithelioid cells growing in trabecular 
cords and ill-defined nests separated by hyalinized stroma containing acellular, pale pink proteinaceous material with scattered 
microcalcifications (A). The tumor cells contained round nuclei with stippled chromatin, inconspicuous nucleoli, and frequent nuclear 
pseudoinclusions (B). Immunohistochemical stains showed diffuse positivity for synaptophysin (C) and insulinoma-associated 
protein 1 (INSM1) (D) (hematoxylin-eosin, original magnification × 100 [A] and × 400 [B]; original magnification × 200 [C, D]).
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FIGURE 2. Histologic examination of the tumor revealed a monotonous proliferation of epithelioid cells growing in trabecular 
cords and ill-defined nests separated by hyalinized stroma containing acellular, pale pink proteinaceous material with scattered 
microcalcifications (A). The tumor cells contained round nuclei with stippled chromatin, inconspicuous nucleoli, and frequent nuclear 
pseudoinclusions (B). Immunohistochemical stains showed diffuse positivity for synaptophysin (C) and insulinoma-associated 
protein 1 (INSM1) (D) (hematoxylin-eosin, original magnification × 100 [A] and × 400 [B]; original magnification × 200 [C, D]).
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A SACST entails cannulation of the femoral vein and artery with a 
sampling catheter to the right hepatic vein for measurement of insu-
lin and an injection catheter to introduce a calcium gluconate solu-
tion sequentially into different pancreatic arterial supplies.8,9 Calcium 
gluconate is an insulin secretagogue and stimulates insulin release from 
insulinomas or islet hypertrophy, but notably not from normal β cells. An 
increase in venous insulin over baseline occurs when calcium gluconate 
is introduced to the arterial supply of the region of hyperfunctioning 
islets.10 An increase of at least 2 to 3 times the basal hepatic venous 
insulin concentration is considered positive.11 If the result is positive 
in a single artery or region, then a focal abnormality (insulinoma or fo-
cal nesidioblastosis) is likely; if the increase occurs in multiple arteries, 
then the patient more likely has a diffuse process (NIPHS or post–gas-
tric bypass hypoglycemia), multiple insulinomas, or an insulinoma in a 
watershed area fed by 2 arteries.12 In 1 series of 237 patients with an 
insulinoma, the sensitivity of SACST for the localization of insulinoma 
was 93%.13 However, because nesidioblastosis may be concentrated in 1 
region of the pancreas or, conversely, multiple insulinomas in a single 
patient can occur, correlation is still required. The absolute magnitude 
of insulin measurements may also be informative; higher peak insulin 
is observed with insulinoma compared to NIPHS or post–gastric by-
pass hypoglycemia. One report concluded that a maximum hepatic ve-
nous insulin concentration cutoff of >91.5 μU/mL was 95% specific for 
insulinoma.11

This current case study illustrates the usefulness of the SACST, with 
both the presence and localization of the insulinoma correlating to other 
laboratory and radiologic findings. The location of the tumor correlated 
with the distal (watershed) positivity of the SACST and the peak insu-
lin concentration was 109 μU/mL, consistent with an insulinoma. Note 
that insulin levels (in our institution, plasma insulin is measured on 
a Siemens Immulite 2000 XPi) are susceptible to enzymatic degrada-
tion if hemolysis is present and can potentially hinder interpretation if 
specimens are poorly collected.

As described above, the surgical enucleation specimen revealed a 
well-differentiated neuroendocrine tumor, World Health Organization 
grade 1, consistent with an insulinoma. Although not pursued for this 
patient, in some scenarios a partial pancreatectomy may be considered 
instead of enucleation in patients with a history of gastric bypass to per-
mit the evaluation of diffuse β-cell hyperplasia or the histologic features 
of nesidioblastosis.

Patient Follow-Up
The patient experienced overall improvement but not complete resolu-
tion of symptoms after tumor enucleation. She gradually developed pre-
dominantly postprandial hypoglycemia, with glucose values usually in 
the range of 60 mg/dL (compared to 40 mg/dL preoperatively), but with 
some fasting hypoglycemia as well. Proinsulin levels showed partial nor-
malization at 44 pmol/L. Residual insulinoma is a diagnostic possibility, 
because the tumor was removed via laparoscopic enucleation without 
margin assessment. In addition, a more diffuse pancreatic dysfunction 
such as post–gastric bypass hypoglycemia may now be unmasked. The 

patient is continuing monitoring with a plan for a repeat 72-hour fast 
and possible second surgery.

As seen in this case study, hypoglycemia evaluation in patients with 
a history of bariatric surgery may be particularly complex. In conjunc-
tion with other testing, SACST is a useful laboratory method to evalu-
ate for insulinoma, and it provides information regarding localization of 
hyperfunctioning islets; the magnitude of insulin values may augment 
the distinction between focal and diffuse processes.
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ABSTRACT

This case report concerns a 71 year old female patient who had a very low 

glycosylated hemoglobin (HbA1c) despite having a high level of fasting 

blood glucose. The patient had a decreased erythrocyte count, elevated 

red blood cell indices, and a reticulocyte count with no evidence of he-

moglobinopathy. She reported receiving hydroxychloroquine treatment 

for systemic lupus erythematosus. Subsequent laboratory investigations 

revealed hemolysis with formation of cold agglutinin. Because cold 

agglutinins can interfere with HbA1c assays, the specimens were 

reanalyzed after warming. The complete blood count results improved, 

but the HbA1c result did not change. In patients in whom medications 

and/or medical conditions may interfere with HbA1c levels, alternative 

measures of glycemic control, such as fructosamine, could be beneficial.

Glycosylated hemoglobin (HbA1c) is extensively used for the screening, 
diagnosis, and monitoring of diabetes mellitus. It reflects an individual’s 
glycemic control over the past 8 to 12 weeks and correlates with the de-
velopment of diabetic complications. The measurement of HbA1c does 
not require patients to be fasting, and it has high preanalytical stability. 
In addition, it is more convenient in clinical practice than other meas-
ures such as fasting blood glucose or a glucose tolerance test.

Research has shown that HbA1c is formed from the posttranslational 
addition of glucose to the N-terminal valine of the beta chain of he-
moglobin A  through an Amadori rearrangement.1 Application of 
HbA1c as a glycemic control indicator relies on glycation efficiency, 

which is determined by the integrity of globin chains and the life span 
of erythrocytes. Therefore, HbA1c may give false results in certain 
conditions (TABLE 1), thus warranting alternative methods to diag-
nose and monitor diabetes.

Apart from the hematologic and genetic conditions mentioned in 
TABLE 1, the use of certain drugs affecting the red blood cells (RBCs) 
may also cause a false HbA1c result (TABLE 2). This report highlights 
the limitations of using HbA1c as a diagnostic tool in a patient with he-
molytic anemia further complicated by the formation of cold agglutinin. 
Furthermore, this report indicates that an HbA1c finding needs to be 
interpreted in the context of a clinical situation.

Case Presentation
We received a blood specimen from a 71 year old female patient to in-
vestigate the HbA1c level and found it to be 3.4% as printed in a chro-
matogram (FIGURE 1). The fasting blood glucose was 5.8  mmol/L 

TABLE 1.  Conditions in Which HbA1c Is Not A Reliable 
Indicator of Glycemic Status

Scenario Conditions Mechanism

False decrease in 
HbA1c level 

Pregnancy Increased erythropoietin/
decreased RBC survival2,3

Erythropoietin use Reticulocytosis4

Hemolytic anemia Decreased erythrocyte sur-
vival5

Chronic kidney disease Anemia, use of erythropoietin, 
uremia, and transfusion6

Liver cirrhosis/chronic hepatitis 
and alcoholic liver disease

Anemia of chronic disease, low 
albumin, gastrointestinal bleed, 
and hypersplenism7

Acute/chronic blood loss Reduction in life span of RBCs

Hemoglobinopathies Reduction in life span of RBCs

Myelodysplastic syndrome Reduction in life span of RBCs, 
frequent blood transfusion8

False increase in 
HbA1c level

IDA Malondialdehyde (increased 
in IDA) enhances glycation of 
hemoglobin9,10

Folate/vitamin B
12

 deficiency Prolonged life span of 
erythrocytes11

Postsplenectomy Prolonged life span of 
erythrocytes11

Chronic alcohol consumption Formation of HbA1-AcH com-
pound12

HbA1-AcH , hemoglobin-acetaldehyde; HbA1c, glycosylated hemoglobin; 
IDA, iron deficiency anemia; RBCs, red blood cells.
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(3.89–5.55 mmol/L). The blood specimen was analyzed in a Bio-Rad D-10 
variant II Beta Thalassemia Short Program mode for the percentage de-
termination of hemoglobin A2, F, and A1c and for the detection of any 
abnormal hemoglobin. Hemoglobinopathy was not detected. The speci-
men was also investigated using alternative methods for HbA1c analysis. 
The result was 3.1% and 3.3% using nephelometry (MISPA i3, Agappe 
Diagnostic, Switzerland) and the boronate affinity chromatography 
method, respectively (NycoCard HbA1c test, Axis-Shield, Oslo, Norway).

Because the patient’s HbA1c was very low and was discordant with 
the plasma blood glucose in 3 different assay platforms, a reason for the 
false low HbA1c was investigated. The complete blood count (CBC) test 
and examination of the peripheral blood smear (PBS) was done as per 
the established laboratory protocol. The patient had decreased hemo-
globin, a reduced RBC count, and an increased mean corpuscular hemo-
globin concentration (MCHC), mean corpuscular volume (MCV), and 
mean corpuscular hemoglobin (MCH) (TABLE 3). A PBS examination 
revealed clusters of RBCs. The presence of cold agglutinin was suspected 
and the tube was incubated at 37ºC for 30 minutes. The MCHC and MCH 
results after incubation were corrected, but the RBC and MCV results 
were only slightly corrected (TABLE 3). The repeat PBS examination af-
ter incubation revealed ansiopoikilocytosis and mild hypochromia along 
with few macrocytes and microspherocytes. Considering the possibility 
of hemolysis, a detailed patient history was taken.

The patient was diagnosed with systemic lupus erythematosus (SLE). 
She received hydroxychloroquine and steroid treatment. She also had a 
hemolytic picture in the PBS; therefore, the other markers of hemolysis 
were assessed. High levels of lactate dehydrogenase, reticulocyte count, 
and total and indirect bilirubin along with a positive direct antiglobulin 
test (DAT) confirmed the presence of hemolysis (TABLE 3). Her renal 
function test, glucose-6-phosphate dehydrogenase activity, and thyroid 

TABLE 2.  Drugs Affecting RBCs Where HbA1c Is Not 
A Reliable Indicator of Glycemic Status

Scenario Name of Drugs Mechanism

False  
decrease in 
HbA1c level

Dapsone Oxidation of hemoglobin to methemoglobin, 
reduced erythrocyte survival, and increased 
erythrocyte destruction13

Ribavirin/interferon-α Shortened survival of erythrocytes14,15

Nucleoside analogue 
antiretroviral agents

Subclinical hemolysis16

High dose of vitamins 
C and E

Competitive inhibition of glycosylation17

Hydroxyurea Shift in hemoglobin pattern from HbA to HbF18

HbA, hemoglobin A; HbA1c, glycosylated hemoglobin; HbF, hemoglobin 
F; RBCs, red blood cells.

FIGURE 1. HPLC chromatogram. HPLC, high-performance 
liquid chromatography.
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TABLE 3.  Laboratory Results

Parameters
Result Reference Interval/

UnitBefore Incubation After Incubation

Hemoglobin 8 8.4 13.5–16.9 g, %

RBC count 190 220 440–560 G/L

MCV 115.5 110.9 81.8–95.5 fL

MCH 43.3 37.6 27–32.3 pg

MCHC 37.5 33.9 32.4–35 g/dL

Platelet count 161 161 150–450 G/L

Reticulocyte count … 4.8 Up to 2%

PCV 22.4 25.4 42%–52%

ESR 6 0–22 mm/h

Total bilirubin 39.33 5.13–32.49 μmol/L

Direct bilirubin 4.68 0.0–5.13 μmol/L

AST 25 17–59 U/L

ALT 32 10–45 U/L

ALP 348 98–279 U/L

LDH 393 100–210 U/L

FBG 5.8 3.89–5.55 mmol/L

Fructosamine 311 205–285 μmol/L

Vitamin B
12

301.2 138.01–614.75 
pmol/L

Vitamin D 56.41 74.88–249.6 nmol/L

Iron 16.3 13–31 μmol/L

Ferritin 269.2 21.81–274.66 μg/L

Serum folate 22.66 6.25–45.32 nmol/L

ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate 
transaminase; BG, fasting blood glucose; ESR, erythrocyte sedimentation 
rate; LDH, lactate dehydrogenase; MCH, mean corpuscular hemoglobin; 
MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpus-
cular volume; PCV, packed cell volume; RBC, red blood cell.
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function test were normal. The patient’s family history did not include 
hematologic disorders.

Studies have shown that HbA1c monitoring in patients with hemo-
lytic anemia may be unreliable. Therefore, other markers such as plasma 
glucose and the fructosamine level should be used as an alternative 
measure in such patients. The serum fructosamine level was found to be 
higher in our patient (TABLE 3). Interpretive comments about the un-
reliability of HbA1c for monitoring glycemic status and advice on testing 
for plasma glucose or the serum fructosamine level were added in the 
report for this patient.

Discussion
Patients with undetectable HbA1c are rarely reported. Patients with he-
moglobinopathy, shortened erythrocyte life span, and rapid RBC turn-
over may have a low HbA1c level because of an inefficient and lowered 
degree of glycation. However, this lower HbA1c does not indicate good 
glycemic control.

In hemoglobinopathy, the hemoglobin variants and increased fetal 
hemoglobin concentration affect the quantification of HbA1c according 
to high-performance liquid chromatography (HPLC). The separation of 
hemoglobin fragments in HPLC is based on molecular charge; thus, a 
hemoglobin variant molecule can migrate with HbA1c and create a false 
reading, making an estimation of the fraction of HbA1c unreliable. In 
addition, some forms of hemoglobinopathy make RBCs more suscepti-
ble to hemolysis, which decreases their life span. Consequently, the time 
available for the glycosylation of hemoglobin chains is decreased. Thus, 
hemoglobinopathies should be ruled out in patients with a very low 
HbA1c. Hemoglobinopathy in our patient was ruled out by analyzing 
the blood specimen in a Bio-Rad D-10 variant II Beta Thalassemia Short 
Program mode.

There are several case reports of falsely low HbA1c levels in patients 
with hemolytic anemia.19,20 Cold agglutinin as a cause of false low HbA1c 
in hemolytic anemia is rarely reported.21

The CBC test using automated hematology analyzers may show 
a low RBC count but high RBC indices if the specimen contains cold 
agglutinins. When the tube was incubated at 37ºC for 30 minutes, the 
CBC results seemed to be corrected (TABLE 3). However, HbA1c was 
undetectable even after the specimen was warmed. Note that our pa-
tient had SLE and was receiving hydroxychloroquine treatment; the for-
mation of cold agglutinins in individuals with autoimmune disorders 
such as SLE and rheumatoid arthritis has been observed.22,23 Cold 
agglutinin-induced hemolytic anemia as a primary presentation in SLE 
has also been reported.24

These cold agglutinins form secondary to the underlying dis-
ease, such as SLE-caused RBC agglutination and extravascular he-
molysis, the pathophysiology of which is based on the molecular 
mimicry of foreign antigens. Cold agglutinin activates the classi-
cal complement pathway, leading to complement component (C3b) 
deposition on the surface of RBCs, which are later phagocytosed. 
Autoimmune hemolytic anemia may occur in 10% of patients with 
SLE.25 However, cold antibody–mediated hemolytic anemia is rare 
in SLE.26,27 Our patient had features of hemolytic anemia, such as 
high lactate dehydrogenase, reticulocytosis, a positive DAT, and 
unconjugated hyperbilirubinemia. Thus, we attributed the hemol-
ysis secondary to cold agglutinin syndrome resulting from SLE to a 
false low HbA1c in this patient.

In hemolysis, hemoglobin exposed to glycation has a lower percent-
age and causes a false decrease in test results regardless of the method. 
Our patient had similar results in her HbA1c when it was analyzed using 
the ion exchange-HPLC, nephelometry, and boronate affinity chroma-
tography platforms. All these methods are National Glycohemoglobin 
Standardization Program–certified methods traceable to the Diabetes 
Control and Complications Trial reference method.

Fructosamine refers to proteins that are nonenzymatically glycated 
via ketoamine linkages at the N-amino terminal. Albumin is a major 
plasma protein; therefore, fructosamine primarily reflects glycated albu-
min. In addition, fructosamine indicates recent glycemic status because 
the half-life of albumin is 2 to 3 weeks. The index patient had a higher 
fructosamine level (TABLE 3).

Hemolytic disorders should be considered when evaluating an in-
compatible HbA1c result. Clinicians need to be aware of the limitations 
of HbA1c testing. Relying heavily on the results of HbA1c testing with-
out cautious interpretation in light of the relevant clinical context may 
cause over- or undertreatment of diabetes. It is advisable to evaluate all 
laboratory findings and communicate with laboratory personnel when 
an HbA1c result is found to be misleading.

Conclusion
Levels of HbA1c below the lower limit of the reference range should ac-
company interpretive comments that such a measurement could result 
from the breakdown of erythrocytes or the presence of abnormal he-
moglobin.
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an HbA1c result is found to be misleading.
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CORRECTION

Due to a production error, an outdated list of the board of editors was placed in the January 2022 issue of Laboratory Medicine. The current board 
of editors appears in the March 2022 issue and can also be accessed online at https://academic.oup.com/labmed/pages/Editorial_Board. We regret 
the error.
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