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ABSTRACT

Objective: Autosomal dominant polycystic kidney disease (ADPKD) is
the most common genetic kidney disease. Identifying mutated causative
genes can provide diagnostic and prognostic information. In this study,
we describe the clinical application of a next generation sequencing
(NGS)-based, targeted multi-gene panel test for the genetic diagnosis of
patients with ADPKD.

Methods: We applied genetic analysis on 26 unrelated known or
suspected patients with ADPKD. A total of 10 genes related to cystic
change of kidney were targeted. Detected variants were classified
according to standard guidelines.

Autosomal dominant polycystic kidney disease (ADPKD)

is the most commonly inherited kidney disease, with an
estimated incidence in the general population of 1 in 1000."
It is characterized by the progressive development of renal
and/or extrarenal cysts and accounts for approximately 5%
of patients who need dialysis or kidney transplantation.?
Mutations in polycystic kidney disease 1 (PKD1; 16p13.3),
encoding polycystin-1 (PC-1), and polycystic kidney dis-
ease 2 (PKD2; 4922.1), encoding polycystin-2 (PC-2), are
responsible for approximately 85% and 15% of ADPKD
cases, respectively.® The disorder is inherited with a varied
clinical expression, despite nearly 100% penetrance for mu-
tated PKD1 or PKD2.*

'Department of Laboratory Medicine, Pusan National University Hospital,
Busan, Korea, Biomedical Research Institute, Pusan National University
Hospital, Busan, Korea, *Department of Laboratory Medicine, Pusan Na-
tional University Yangsan Hospital, Yangsan, Korea, “Division of Nephrol-
ogy, Department of Internal Medicine, Pusan National University Hospital,
Busan, Korea, *Department of Laboratory Medicine, Dong-A University
College of Medicine, Busan, Korea

*To whom correspondence should be addressed. nkim@dau.ac.kr

Results: We identified 19 variants (detection rate: 73.1%), including
PKD1 (n = 18) and PKD2 (n = 1). Of the 18 PKD1 variants, 8 were
novel.

Conclusion: Multigene panel test can be a comprehensive tool in a
clinical setting for genetic diagnosis of ADPKD. It allows us to identify
clinically significant novel variants and confirm the diagnosis, and
these objectives are difficult to achieve using conventional diagnostic
tools.
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A simple diagnosis of ADPKD can be made if the affected
patient has enlarged kidneys with multiple bilateral cysts
and a positive family history. Renal imaging by ultra-
sonography, computed tomography (CT), or magnetic
resonance imaging (MRI) can detect renal cysts sensi-
tively. Age-dependent criteria, based on the number of
cysts, have been developed for individuals who have a
50% risk of developing ADPKD.>® However, imaging-
based diagnosis may be insufficient in some situations;
for such cases, genetic testing can be valuable to obtain
a definite diagnosis. These situations include young,
high-risk patients with insufficient renal imaging findings,
patients with unknown family history and clear findings

of multiple renal cysts, and young family members being
considered as donors for kidney transplantation.'® Genetic
testing is age-independent, and therefore is useful as a
confirmatory test.

In addition, ADPKD can be confused with several other
polycystic kidney diseases with different causative genes
but clinical similarity. Identifying whether a patient har-
bors mutations on PKD1 or PKD2 can provide prognostic

174  © American Society for Clinical Pathology 2020. All rights reserved. For permissions, please e-mail: journals.permissions @oup.com



information for assessing the risk of early-onset disease and
allow preimplantation genetic diagnostics to be performed.?
However, to date, most cases of ADPKD have been diag-
nosed through imaging techniques and clinical symptoms,
and limited information regarding the genetic spectrum of
Korean patients with ADPKD is available.'"™*

The emergence of next-generation sequencing (NGS)-based
targeted multi-gene panel test has revolutionized genetic
diagnostics, enabling differential diagnosis with a single test.
In this study, we describe the clinical application of NGS-
based targeted multi-gene panel test for genetic diagnosis of
patients diagnosed with or suspected to have ADPKD.

Materials and Methods

Patient Selection

We performed mutational analysis using peripheral blood on
26 unrelated known or suspected patients with ADPKD, who
had previously been diagnosed using imaging techniques
such as ultrasonography or CT, from September 2017 to June
2018, at Pusan National UniversityHospital. The biospecimens
and data used in this study were provided by the Biobank of
Pusan National University Hospital, a member of the Korea
Biobank Network. The study protocol was reviewed and ap-
proved by the Institutional Review Board of Pusan National
University Hospital, and informed consent was waived after
committee approval (1704-005-006).

Genetic Analysis and Interpretation

Genomic DNA was extracted from peripheral blood leuko-
cytes using the QuickGene DNA whole blood kit (Fuijifilm,
Tokyo, Japan). Considering the opinion of clinicians,
medical management guidelines from professional so-
cieties, known detection frequency, the patient samples
were tested with a custom multi-gene panel, targeting 10
genes (PKD1, PKD2, PKHD1, TSC1, TSC2, VHL, HNF1B,
NPHP1, NPHP3, and NPHP4) which are known to play a
role in polycystic kidney disease. The analytical perform-
ance of the custom panel showed an estimated NGS
analytical sensitivity of > 99.96% (lower limit of the 95%
Cl) and an estimated analytical specificity of > 99.99%
(lower limit of the 95% CI) for single nucleotide variant
detection and insertion/deletion variant detection (range
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1-15 nucleotides in length) cDNA libraries were generated
using a solution-based Agilent SureSelect target enrich-
ment system (Agilent Technologies, Santa Clara, CA)
according to the manufacturer’s instructions. Paired-end
sequencing was performed on a MiSeq (lllumina Inc, San
Diego, CA) platform. Obtained sequences were analyzed
using an in-house bioinformatics pipeline. All candidate
variants detected by NGS were confirmed by long-range,
nested polymerase chain reaction. Variants were sub-
jected to clinical interpretation using 2015 ACMG/AMP
guidelines for sequence variants classification. To con-
firm the pathogenicity of the variants, analysis of available
family members in the pedigree was carried out by direct
sequencing. Multiplexed ligation-dependent probe amp-
lification (MLPA) was also performed for all patients to
detect large genomic rearrangements such as deletions
and duplications.

Results

Among 26 patients with known or suspected ADPKD, we
identified 19 variants (detection rate: 73.1%), including 18
PKD1 variants and one PKD2 variant. We did not detect
any aberrant variants in other target genes. Five patients
(19.2%) were found not to harbor any clinically significant
variants, and 2 patients (7.7 %) harbored mutations in genes
other than target genes (LAMB2 ¢.3644C > G and PLCE1
€.6290G > A). These variants were detected in inciden-
tally captured off-target reads due to sequence variation
at the probe binding site, and are classified as “incidental
findings” because they associated with diseases unrelated
to the patient’s present condition. Of the 19 patients with
identified PKD1 or PKD2 variants, 12 were males, 7 were
females, with a mean age of 48.9 (22-67) years (Table 1).
“Pathogenic” or “likely pathogenic” variants were found in
15 patients; 14 PKD1 variants and 1 PKD2 variant. Among
the 14 PKD1 variants, 5 mutations were novel, including

4 frameshift, 1 missense, and 1 splice donor site variants.
Two known and 2 novel PKD1 variants of uncertain signifi-
cance (VUS) was also identified. All variants detected in the
present investigation were heterozygous. (Table 2).

Each candidate mutation was assessed for its
co-segregation with disease in the relevant available
family members (at least 1 normal and 1 available affected
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Table 1. Demographic, Phenotypic Information and Detected Variants in 26 Study Participants

Patient ID Sex Age Mutated Clinical significance Family history Phenotype Extrarenal
(years) gene of variant (Y/N) involvement

PO1 F 35 PKD1 Pathogenic NA HT -

P02 F 57 PKD1 Pathogenic Y ESRD Liver

P03 M 47 PKD1 Pathogenic Y CKD G3 Liver

P04 M 37 PKD1 Pathogenic Y CKD G3 Liver, seminal vesicle

P05 M 62 PKD1 Pathogenic Y CKD G3, HT Liver

P06 F 56 PKD1 Pathogenic N Normal Liver, pancreas

P07 M 37 PKD1 Pathogenic Y HT Liver, seminal vesicle

P08 M 56 PKD1 Pathogenic Y HU, HT Liver

P09 M 67 PKD1 Pathogenic Y ESRD Liver

P10 F 59 PKD1 Pathogenic NA ESRD Liver

P11 F 61 PKD1 LP NA HU, HT Liver

P12 M 43 PKD1 LP NA CKD G3 Liver

P13 M 45 PKD1 LP NA HT -

P14 M 32 PKD1 LP N Normal Liver

P15 F 60 PKD2 LP Y CKD G3 Liver

P16 M 63 PKD1 VUS Y Normal -

P17 M 22 PKD1 VUS Y HU Liver

P18 M 26 PKD1 VUS Y HT -

P19 F 64 PKD1 VUS Y Normal Liver, pancreas

P20 F 39 LAMBZ2 VUS Y Normal -

P21 F 29 PLCET VUS N Normal Liver, ovary

P22 M 45 - - N HU -

P23 F 53 - - Y Normal Liver

P24 F 59 - - Y PU -

P25 M 36 - - NA Normal Liver

P26 M 24 - - Y Normal -

LR, likely pathogenic; VUS, variant of uncertain significance; NA, not available; HT, hypertension,; ESRD, end-stage renal disease; CKD, chronic kidney disease; HU, hematuria.

member). However, available family members in pedigree
are limited and we could not obtain sufficient evidence for
the segregation analysis.

Discussion

In this study, we performed a comprehensive search

for mutations in a set of cystic change of kidney re-
lated genes, including PKD1 and PKD2 in 26 unrelated,
known, or suspected patients with ADPKD. We identified
19 variants (detection rate: 73.1%), including 18 PKD1
variants and one PKD2 variant. Previous studies have
shown that the variant detection rates varied depending
on the race of study participants or the combination of
test methods (Table 3).""'%7'® |n particular, in 2 studies
conducted based on NGS in Japan, the detection rate
was increased when MLPA was additionally performed.
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The fact that our study included not only patients
diagnosed with ADPKD but also those with suspected
ADPKD, could be a possible reason for our relatively low
detection rate. We performed long-range PCR to confirm
the sequencing results and MLPA to detect large gen-
omic rearrangement, but no additional abnormal findings
were detected.

We identified 4 variants of uncertain significance (VUS).
According to clinical interpretation using 2015 ACMG/
AMP guidelines for sequence variants classification,'® PS2
(de novo—both maternity and paternity confirmed—in a
patient with the disease and no family history) and PP1
(co-segregation with disease in multiple affected family
members with a gene definitively known to cause the dis-
ease) provide evidence for causative pathogenic mutations.
To clarify the clinical significance of the detected VUS using
PS2 and PP1, each candidate variants was assessed for
its co-segregation with the disease in the relevant available
family members. However, due to the limitation of available
family members in pedigree, parents test and segregation
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Table 3. Different Variant Detection Rates Depending on the Races and Methods in Previous Studies

Study Country Method Variant detection rate

Studies in which NGS was not used

Kim et al. (2000)"® Korea PCR, SSCP 6.59% (6/91)

Rossetti et al. (2007)'° USA. DHPLC, LR-PCR, DS 89.1% (180/202)

Hoefele et al. (2011) Germany LR-PCR, DS 64.5% (60/93)

Audrezet et al. (2012)*' France LR-PCR, DS, QFM PCR or Array-CGH 89.9% (629/700)

Yu et al. (2011)' China DHPLC, LR-PCR, DS 52.3% (34/65)

Choi et al. (2014)" Korea LR-PCR, DS, MLPA 90.0% (18/20)

Kurashige et al. (2015)' Japan LR-PCR, DS, g-PCR or MLPA 83.9% (135/161)

NGS-based methods

Rossetti et al. (2012)? US.A. LR-PCR, NGS 62.8% (115/183)

Tan et al. (2014)* USA. LR-PCR, NGS 64.0% (16/25)

Trujillano et al. (2014)% Spain NGS 83.3% (10/12)

Eisenberger et al. (2015)% Germany NGS 63.6% (35/55)

Mallawaarachchi et al. (2016)% Australia WGS, LR-PCR, DS 85.7% (24/28)

Kinoshita et al. (2016)’ Japan LR-PCR, NGS, MLPA 89.1% (90/101, NGS only)

93.1% (94/101, NGS + MLPA)

Mochizuki et al. (2019)* Japan NGS, DS, MLPA 86.5% (96/111, NGS only)
91.9% (102/111, NGS + DS + MLPA)

Wang et al. (2019)% China NGS, DS 89.4%

This study Korea NGS, LR-PCR, DS, MLPA 73.1% (19/26)

SSCP, single-strand conformation polymorphism, DHPLC, denaturing high performance liquid chromatography; LR-PCR, long range-PCR; DS, direct sequencing; NGS, next-generation

sequencing; QFM PCR, quantitative fluorescent multiplex PCR; Array-CGH, array-comparative genomic hybridization; q-PCR, quantitative PCR; MLPA, multiplex ligation-dependent probe

amplification; WGS, whole genome sequencing

analysis were insufficient for PS2 and PP1, and it is the limi-
tation of this study.

The mutation detection rate in this study was relatively
lower than those of most previous studies; we have found
that panel-based tests involving relevant genes in clinic-
ally diagnosed or suspected cases are useful for differ-
ential diagnosis and genetic confirmation. In suspected
patients with ADPKD, the possibility of a disease other
than ADPKD should be considered. The diseases to be
considered include the following: benign-appearing mul-
tiple benign simple cysts, medullary cystic kidney disease
and tuberous sclerosis showing autosomal dominant
inheritance, and autosomal recessive polycystic kidney
disease (ARPKD).**®" In many inherited polycystic kidney
diseases, the causative genes have been already identi-
fied. As NGS becomes cost-effective and clinically applic-
able, multi-gene panel analysis can be used to diagnose
confounding diseases that are not easily distinguished
from ADPKD based on conventional imaging techniques
or family history.

Understanding the genetic background of patients is also
useful for medical management and predicting prog-
nosis. Some early-onset ADPKD can be caused by the
co-inheritance of a mutation in another gene.***® Tuberous
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sclerosis complex gene 2 (TSC2) is located adjacent to
PKD1, and contiguous deletions of both genes induce se-
vere polycystic kidney disease in infancy or early childhood
with end-stage renal disease (ESRD).>**** In addition, gen-
etic analysis of ADPKD genes provides a reliable diagnostic
tool for young high-risk individuals under 40 years with
equivocal imaging results, who can be evaluated as poten-
tial living kidney donors.®

Patients with PKD2 mutations, compared to patients with
PKD1 mutations, present a milder clinical course consisting
of late onset of symptoms, longer life span, lower risk of
renal failure, and lower risk of adverse events.* Although
we could not compare the phenotype and prognosis be-
tween patients with PKD1 and PKD2 mutations in this
study, due to an insufficient number of patients with PKD2
mutations, hypertension and hematuria occur more com-
monly in patients with PKD7 mutations than in those with
PKD2, which is thought to be associated with a poor prog-
nosis in patients with PKD1 mutations. In addition, recent
studies have shown that truncated mutations (frameshifting,
nonsense, and splicing) rather than noncutting mutations
(miss sense and in-frame changes) in the PKD1 gene are
associated with adverse outcomes.® In this study, no signifi-
cant phenotypic differences were found between truncating
and nontruncating mutations. However, it was difficult to

www.labmedicine.com



make an accurate comparison because the medical rec-
ords of some patients did not indicate the time of onset,
duration, and degree of renal dysfunction. In future studies,
it is necessary to compare the prognosis of patients with
various classifications of ADPKD through more consistent
and structured evaluation and regular follow-up.

In conclusion, NGS-based multigene analysis can serve as
a comprehensive and cost-effective tool in a clinical setting
for genetic diagnosis of inherited renal diseases, including
ADPKD. The use of this technique will facilitate the identifi-
cation of many clinically significant novel variants and help
differentiate between several ADPKD-like diseases. These
objectives are difficult to achieve with conventional diag-
nostic protocols. LM
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ABSTRACT

An outbreak of COVID-19, caused by infection with SARS-CoV-2 in
Wuhan, China in December 2019, spread throughout the country
and around the world, quickly. The primary detection technique

for SARS-CoV-2, the reverse-transcription polymerase chain
reaction (RT-PCR)-based approach, requires expensive reagents
and equipment and skilled personnel. In addition, for SARS-CoV-2
detection, specimens are usually shipped to a designated laboratory
for testing, which may extend the diagnosis and treatment time of
patients with COVID-19. The latest research shows that clustered
regularly interspaced short palindromic repeats (CRISPR)-based

Coronaviruses (CoVs), with 4 major structural proteins
including spike, membrane, envelope, and nucleoprotein,
are positive-sense, single-strand RNA viruses." Before
SARS-CoV-2, there were 6 CoVs that were known to be
pathogenic to humans: HCoV-OC43, HCoV-NL63, HCoV-
HKU1, HCoV-229E, SARS-CoV, and MERS-CoV,**® with the
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approaches can quickly provide visual, rapid, ultrasensitive,

and specific detection of SARS-CoV-2 at isothermal conditions.
Therefore, CRISPR-based approaches are expected to be developed
as attractive alternatives to conventional RT-PCR methods for the
efficient and accurate detection of SARS-CoV-2. Recent advances in
the field of CRISPR-based biosensing technologies for SARS-CoV-2
detection and insights into their potential use in many applications
are reviewed in this article.

Keywords: SARS-CoV-2, 2019-nCoV, COVID-19, CRISPR, diagnosis

latter 2 being highly transmissible and pathogenic. SARS-
CoV-2 (previously named 2019-nCoV) is a new coronavirus
causing COVID-19, which was first observed in December
2019 in Wuhan, China.®’ As of August 17, 2020, based

on the data provided by the World Health Organization,
7,716,255 people were confirmed to be infected globally,
with 774,413 deaths. According to a response plan recently
shared by the US government with the New York Times,

the SARS-CoV-2 pandemic may continue for more than

18 months. According to this document, a “multi-wave
disease” may occur in the next year and a half. Therefore,
there is an urgent need for a point-of-care diagnosis method
that can be used for SARS-CoV-2 screening.

Currently, nucleic-acid-based tests have been widely used
as the standard method for the detection of SARS-CoV-2.
Metagenomic next-generation sequencing (MNGS) and
reverse-transcription polymerase chain reaction (RT-PCR)
are 2 molecular methods that are frequently used for the
diagnosis of SARS-CoV-2.5"" Originally used for the identi-
fication of this new viral species, MNGS is considered one
of the most important methods of detection. However, its
wider application is limited by its cost and longer detec-
tion time of nearly a day. Therefore, mNGS is not suitable
for large-scale screening for SARS-CoV-2.""'? In addition,
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RT-PCR assay for the detection of SARS-CoV-2 is faster
and more affordable in comparison than mNGS-based
approaches. Nevertheless, the need for a thermocycler for
RT-PCR-based diagnostics hinders its use in low-resource
settings and curbs the assay throughput. In addition, cur-
rently available RT-PCR kits are variable, offering sensi-
tivities ranging between 45% and 60%. Thus, in the early
course of an infection, repeat testing may be required to
reach a diagnosis.'® Consequently, RT-PCR and mNGS-
based approaches are not suitable for the point-of-care
diagnosis of SARS-CoV-2.

Aside from a lower demand for sophisticated temperature
controlling instruments, isothermal molecular methods

are advantageous beause of faster nucleic acid amplifica-
tion."*'® Clustered regularly interspaced short palindromic
repeats (CRISPR) is a biotechnologic technique well-known
for its use in gene editing. In addition, CRISPR has been
recently used for the in vitro detection of nucleic acids. The
latest research shows that CRISPR-based approaches can
rapidly and efficiently detect SARS-CoV-2 with high sensi-
tivity and specificity at isothermal conditions.'®'” Therefore,
CRISPR-based approaches, emerging as a powerful and
precise tool for SARS-CoV-2 diagnosis, are expected to

be used for SARS-CoV-2 screening in homes and primary
hospitals.

Efficient and Accurate Detection
of SARS-CoV-2

Rapid, effcient, and accurate identification of infectious dis-
eases is essential to optimize clinical care and guide infec-
tion control and public health interventions to limit disease
spread in both highly specialized medical centers and re-
mote health care settings. Many methods exist for detecting
nucleic acids, and each technology has different advan-
tages and limitations.'* 8?2 The ideal diagnostic test would
be inexpensive and accurate and would provide a result
rapidly, allowing for point-of-care use on multiple specimen
types without the need for technical personnel or sophis-
ticated equipment. Highly pathogenic viruses can emerge
in remote settings but can also spread globally (eg, Ebola
virus and Middle East respiratory syndrome coronavirus),
requiring a method that provides early rapid and accurate
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detection, limiting the spread of infectious diseases and
promoting timely care.?®

The CRISPR and CRISPR-associated (Cas) adaptive
immune systems contain programmable endonucleases
that can be used for CRISPR-based diagnostics.
Although some Cas enzymes target DNA, single-effector
RNA-guided RNases, such as Cas13a, can be repro-
grammed with CRISPR RNAs (crRNAs) to provide a
platform for specific RNA sensing. Upon recognition

of its RNA target, activated Cas13a engages in “col-
lateral” cleavage of nearby nontargeted RNAs, which
allows Cas13a to detect the presence of a specific

RNA in vivo by triggering programmed cell death or in
vitro by nonspecific degradation of labeled RNA. The
Specific High Sensitivity Enzymatic Reporter Unlocking
(SHERLOCK), based on nucleic acid amplification and
Cas13a-mediated collateral cleavage of a reporter RNA,
allows for real-time, rapid, and specific detection of the
target with attomolar (aM) sensitivity.'”**

Compared with the RT-PCR-based approach, CRISPR-
based approaches have the following advantages:
isothermal signal amplification obviating the need for
thermocycling, rapid turnaround time, single nucleotide
target specificity, integration with accessible and easy-
to-use reporting formats such as lateral flow strips, and
no requirements for complex laboratory infrastructure.'®
Therefore, CRISPR-based approaches are expected to
be used for the rapid, sensitive, and visual detection of
SARS-CoV-2.

Visualization and Portable
Onsite Detection of
SARS-CoV-2

Reducing the global infectivity of SARS-CoV-2 requires
efficient and accurate nucleic acid diagnostic tools.
However, the typical detection time for screening and
diagnosing patients with suspected SARS-CoV-2 has
been >24 hours, given the need to ship specimens
overnight to designated laboratories. In addition, testing
typically relies on expensive equipment and well-trained
personnel, all of which is not conducive to the rapid
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control of the epidemic.?* In such a backdrop, any
development toward ultrasensitive, cheaper, and port-
able diagnostic tests for the assessment of suspected
infection, regardless of the presence of qualified per-
sonnel or sophisticated equipment for virus detection,
could help advance the diagnosis of COVID-19.

Isothermal amplification methods, such as recom-
binase polymerase amplification®® and loop-mediated
isothermal amplification (LAMP),?® have been devel-
oped as attractive alternatives to the conventional PCR
method because of their simplicity, rapidity, and low
cost. However, there is still a challenge to develop these
methods into a reliable point-of-care diagnostic for
clinical applications because of nonspecific signals.
Notably, whereas CRISPR is a biotechnological tech-
nique well-known for its use in gene editing, it has been
recently used for the in vitro detection of nucleic acids,
thereby emerging as a powerful and precise tool for mo-
lecular diagnosis.®*%*

30,31

Lucia et al*® developed a Cas12-based diagnostic tool to

detect synthetic SARS-CoV-2 RNA sequences in a proof-of-
principle evaluation. The test proved to be sensitive, rapid,
and potentially portable. More important, the Cas12-based
diagnostic tool can provide visualization of the results.

Ding et al*® developed the All-In-One Dual Cas12a (AIOD-
CRISPR) assay for simple, rapid, ultrasensitive, one-step
approach for visual detection of SARS-CoV-2. In the
AlIOD-CRISPR assay, a crRNA pair is introduced to initiate
dual Cas12a detection, improving the detection of SARS-
CoV-2 nucleic acids (DNA and RNA) with a sensitivity of few
copies. Therefore, the AIOD-CRISPR assay has potential for
the development of next-generation point-of-care molecular
diagnostics.

Joung et al developed a simple chemical test that is suit-
able for point-of-care use in detecting SARS-CoV-2 in 1
hour, called STOPCovid (SHERLOCK Testing in One Pot).
This simplified test, STOPCovid, provides a sensitivity
comparable to RT-PCR-based SARS-CoV-2 tests and has
a limit of detection of 100 copies of viral genome input in
saliva or nasopharyngeal swabs per reaction. Using lateral
flow readout, the test returns results in 70 minutes. Using
fluorescence readout, the test returns results in 40 minutes.
Moreover, in their study, 12 positive and 5 negative results
from nasopharyngeal swabs were detected by STOPCovid
and by RT-PCR, meaning that STOPCovid and RT-PCR test
results were consistent with each other. Thus, STOPCovid

118  Lab Medicine 2021;52;116-121
DOI: 10.1093/labmed/Imaa101

can significantly aid “test-trace-isolate” efforts, especially
in low-resource settings, which is critical for long-term
public health safety and for effectively reopening society.?’
Therefore, the CRISPR-based approach is critical for virus
detection in regions that lack resources to use the currently
available methods.

Ultra-Sensitive Detection of
SARS-CoV-2

Clinical studies have shown that the viral titers of hospi-
talized patients can fluctuate day-to-day with no correl-
ation with the severity of the disease.®***’ In 24 various
specimens from patients in the recovery period, RNA was
detected as negative for both the N gene and the ORF1b
gene at several days after their readmission to the hos-
pital using a commercial kit whose lower limit of detec-
tion (LOD) was relatively high (500 copies/mL). However,
using a higher-sensitivity SHERLOCK kit with an LOD of
100 copies/mL, 75% of specimens were positive for the
S gene and 41.6% for ORF genes, suggesting that the
carrier status of the virus may exist in patients who have
recovered from COVID-19.%*? Therefore, more sensitive
RNA detection methods are required to detect and monitor
these patients.

The CRISPR-nCoV approach developed by Hou et al'’
showed near single-copy sensitivity for SARS-CoV-2 de-
tection and great clinical sensitivity with a shorter turn-
around time than RT-PCR. Broughton et al'® developed the
SARS-CoV-2 DETECTR lateral flow assay, which performs
simultaneous reverse transcription and isothermal ampli-
fication using LAMP followed by Cas12 detection, where

it can be visualized on a lateral flow strip with a limit of
detection of 10 copies/uL within 30 minutes. The CRISPR-
based SHERLOCK technique for the detection of COVID-19
developed by F. Zhang et al*® can detect COVID-19 target
sequences in a range between 20 and 200 aM (10-100
copies per pL of input) within 60 minutes using synthetic
COVID-19 virus RNA fragments. These ultrasensitive
CRISPR-based approaches, along with STOPCovid,?’

the AIOD-CRISPR assay,* and the Cas12a-based de-
tection system,?® can accurately and effectively monitor
and manage patients with COVID-19 during their recovery
period.

www.labmedicine.com



Highly Specific Detection of
SARS-CoV-2

Highly specific detection of SARS-CoV-2 is essential for the
control of the pandemic. Hou et al'" tested their CRISPR-
nCoV technique with DNA from human cells and a panel of
microbes including bacteria commonly found in respiratory
infections, human coronaviruses, other viruses commonly
found in respiratory infections, and other bacteria. None of
these interference specimens triggered a false positive re-
action. Their CRISPR-nCoV approach showed a sensitivity
of 100% by detecting all 52 SARS-CoV-2 positive results.
No false positives were found in any of the 62 negative re-
sults, including all the patients infected with human corona-
virus, suggesting CRISPR-nCoV as a promising molecular
assay for SARS-CoV-2 detection with great sensitivity and
specificity. "

The CRISPR-based DETECTR lateral flow assay (SARS-
CoV-2 DETECTR) developed by Broughton et al'® provides
a visual and faster alternative to the Centers for Disease
Control and Prevention SARS-CoV-2 real-time RT-PCR
assay. In their study, 11 respiratory swab specimens col-
lected from 6 patients who were PCR-positive COVID-19
and 12 nasopharyngeal swab specimens from patients
with influenza and common human seasonal corona-

virus infections and healthy donors were assessed by the
SARS-CoV-2 DETECTR. Relative to the RT-PCR results, the
SARS-CoV-2 DETECTR was 90% sensitive and 100% spe-
cific for detection of the coronavirus in the respiratory swab
specimens, corresponding to positive and negative pre-
dictive values of 100% and 91.7%, respectively.'® A recent
study by Patchsung et al*® showed that the SHERLOCK
assay has 100% specificity and 97% sensitivity in detecting
SARS-CoV-2. Therefore, the CRISPR-based approach is
expected to be used for specific point-of-care diagnosis of
SARS-CoV-2.

Rapid Detection of SARS-CoV-2

The establishment of the SARS-CoV-2 rapid method is

essential for responding to the outbreak of SARS-CoV-2.
The IgG/IgM test kit has a short turnaround time with no
specific requirements for additional equipment or skilled

www.labmedicine.com
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technicians, and it can be used as a point-of-care diag-
nosis method. However, the IgG/IgM test kit has a high
rate of false positives and is not suitable for clinical use
alone. It has been recommended that the IgG/IgM test kit
could likely remedy false negatives inherent in respiratory
swab specimens and could be administered as a com-
plementary option to RT-PCR.**** The CRISPR-based
approach requires only 40 minutes for the entire detection
process. However, the RT-PCR-based approach requires
approximately 1.5 hours for a completion run of the PCR
program. The mNGS method takes approximately 20
hours, which includes 8 hours of library preparation, 10
hours of sequencing, and 2 hours of bioinformatic ana-
lysis. Therefore, CRISPR-nCoV presents a significant
advantage in effective turnaround time over RT-PCR and
mNGS."" The Cas12-based lateral flow assay reported
by Broughton et al'® can be completed within 1 hour, as
can the CRISPR-based SHERLOCK technique for the
detection of SARS-CoV-2.%° As previously mentioned,
the STOP approach developed by Joung et al’” returns
results in 70 minutes using lateral flow readout and in 40
minutes using fluorescence readout. Therefore, a CRISPR-
based approach can be used for the rapid detection of
SARS-CoV-2.

Conclusion

The rapid spread of SARS-CoV-2 is clearly a major
concern for countries across the world. Infection with
COVID-19 can be diagnosed using an RT-PCR-based
approach, but inadequate access to reagents and equip-
ment has slowed disease detection. The CRISPR-based
approaches, such as STOP, SHERLOCK, and DETECTR,
can provide highly sensitive, efficient, and specific de-
tection of SARS-CoV-2 using multiple types of speci-
mens (saliva, nasopharyngeal swab, respiratory swab,
oropharyngeal swab, and bronchoalveolar lavage fluid).
In addition, CRISPR-based lateral flow assay for the de-
tection of SARS-CoV-2 is rapid, low-cost, and portable.
Aside from the lower demand for sophisticated tem-
perature controlling instruments, isothermal molecular
methods are advantageous because of their faster nucleic
acid amplification. These key traits of the CRISPR-based
method are critical for viral detection in regions that may
lack resources for currently available methods.
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On May 8, 2020, the first CRISPR test for SARS-CoV-2
was approved in the United States. This new diag-

nostic kit was based on an approach codeveloped by
CRISPR pioneer Feng Zhang at the Broad Institute of

the Massachusetts Institute of Technology and Harvard
University in Cambridge, Massachusetts. The diagnostic
kit will be used to test for the novel coronavirus in labora-
tories that are certified to provide clinical test results. We
believe that more CRISPR-based approaches will be ap-
proved for clinical testing of SARS-CoV-2 in the future. LM
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ABSTRACT

In the past few years, interest has increased in cell-derived
microparticles (MPs), which are defined by their size of from 0.1

to 1 um, and can be derived from various cell types, including
endothelial cells, leukocytes, red blood cells (RBCs), and platelets.
These MPs carry negatively charged phosphatidylserine (PS) on their

surfaces and proteins packaged from numerous cellular components.

MPs that have been shed by the body can play important roles in
the pathophysiology of diseases and can affect various biological
systems. Among these systems, the immune components have been
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shown to be modulated by MPs. Therefore, understanding the roles
of MPs in the immune system is crucial to developing alternative
therapeutic treatments for diseases. This review describes the
effects of MPs on various immune cells and provides plausible
potential applications of the immune-modulating properties of MPs in
clinical medicine.

Keywords: laboratory, microparticle, quantitation, flow cytometry,
immune cell, immune modulation

The immune system is composed of heterogeneous cell
populations. These immune cells are relatively quies-
cent in the steady state but share the ability to respond
to infection, inflammation, and other perturbations. The
responses mounted by immune cells typically involve
changes in the expression of large numbers of genes
and result in the acquisition of new functions, including
high-output production of cytokines, lipid mediators,
tissue-remodeling enzymes, and toxic gases, as well as
the ability to migrate through tissues and undergo cellular
division.

In addition to responding to pathogens, accumulated
evidence'™ has shown that these immune cells can

be modulated by other agents or drugs. Cell-derived
microparticles (MPs) are cytoplasmic fragments
originating from various cell types upon activation or
apoptosis induction. Recent findings have demonstrated
that MPs can alter various immune cells by triggering bio-
chemical and molecular factors, as well as transcription
ones, resulting in activation and repression of immune
functions. Understanding these complex interactions be-
tween MPs and immune cells is important to developing
alternative therapeutic interventions and to treating
diseases.
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This review article first provides a brief overview of MP
characterizations and their biological functions. Next, the
effects of MPs on various immune cells, including gran-
ulocytes, monocytes, dendritic cells (DCs), and lympho-
cytes, are addressed. Finally, this review will discuss the
potential application in clinical medicine of the immune-
modulating abilities of MPs.

Characterizations and Biological Functions of
MPs

MPs are submicron-sized (average, <1 pm) membrane frag-
ments. MPs are released from various cells, including red
blood cells (RBCs), platelets, endothelial cells, and leuko-
cytes, on activation or apoptosis induction. The results of

in vitro studies®® have demonstrated that MPs release can
also be induced by inflammation cytokines, transcription
inhibitors, and cellular stress inducers.

In the past few years, several studies have examined the
mechanism of MP formation, leading to improved under-
standing of the roles of various biological molecules in the
MP-release process. These molecular processes have been
previously reviewed.®'® In normal physiological circum-
stances, phospholipids are asymmetrically distributed in
the inner and outer plasma membranes. Phosphatidylserine
(PS) and phosphatidylethanolamine (PE) are predominately
expressed in the inner leaflet of the plasma membrane,
whereas phosphatidylcholine (PC) and sphingomyelin (SP)
are enriched in the outer surface of the plasma membrane.
This asymmetrical distribution is regulated by an active
process that involves several enzymes. The expression of
PS and PE on the outer surface of the membrane is con-
trolled by the flippase enzyme, which transports PS and PE
back to the inner leaflet."” When the cells are activated, the
asymmetrical distribution is disrupted by an enzyme called
floppase, an ATP-dependent transporter of PS from the
inner leaflet to the outer leaflet of the plasma membrane.

Also, the scramblase enzyme is a bidirectional nonspecific
lipid transporter. This enzyme is activated by the accumu-
lation of Ca2+ in the intracellular compartment, leading to
the gradient-dependent distribution of phospholipids in the
plasma membrane."" The increase of intracellular Ca?* influx
is also associated with changes in the permeability of mito-
chondria and the activation of protease enzymes, including
caspase and calpains, for example. The activation of these
enzymes results in cytoskeleton reorganization, cellular
contraction and, finally, membrane blebbing (bulging) in
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the form of vesicles or MPs. The existence of these cyto-
skeletal changes has been supported by the findings of a
study'? that show the cleavage of the cytoskeleton during
apoptosis and MP release due to ROCK-1 activation and
the Rho/GTP pathway. Knowing this molecular mechanism
might increase pharmacological control of MP release in
pathological circumstances.

Given the importance of MPs in clinical medicine and the
interest in MP research, various methods have been de-
veloped to quantitate and characterize MPs."*'* In sum-
mary, these approaches can be classified as physical or
biochemical analysis. Biochemical analysis can be used to
determine the protein composition of the MPs—an example
of this approach is immunoblotting.'® In contrast, physical
analysis can be used to determine the size distribution and
concentration of MPs in clinical specimens. Examples of
tools used in this method of physically characterizing MPs
include the electron microscope (EM),'®"” dynamic light
scattering (DLS),'® nanoparticle tracking analysis (NTA),"
and capture-based assay.?%?’

Of the current approaches to MP analysis, flow cytometry
is the most commonly used in routine clinical laboratories.
This approach is based on the principle of intercepting

a cell in a hydrodynamic focusing chamber with a laser.
This interception creates 3 signals: forward scatter (FSC),
side scatter (SSC), and fluorescent (FL). The FSC and SSC
relate to the size and internal complexity of a cell, respect-
ively. The FL relates to the binding of antibody-conjugated
fluorescent dye and its specific target on the cell. To identify
the origin of MPs, a specimen might be diluted and then
incubated with the antibody of interest. An MP gate is es-
tablished using size-standard beads. Then, to eliminate the
noise signal and debris from the instrument and the spe-
cimen, a threshold is applied. Further, the concentration of
MPs can be obtained relative to reference microbeads that
have a known concentration.

Although flow cytometry can analyze at a rate of 1000 par-
ticles per minute, the flow cytometry analysis of MPs has
several limitations. First, the low expression of the antigen
of interest on the MPs might decrease its sensitivity, and the
detection of MPs is based on the availability of commercial
antibodies in the market.

Second, the cost of reference microbeads is relatively high,
especially in resource-scarce settings, which limits their
application in routine laboratories. Given this issue, previous
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study reports®?2® have proposed an affordable approach to
quantitating MPs using flow cytometry.

Third, MPs with a size less than 1 um might be below the
sensitivity of the analysis. This suggestion is supported by
the findings of a study® that show the limitations of conven-
tional flow cytometry when detecting MPs that had sizes
larger than 500 nm. Also, such small particles might be
detected as a single particle when they are close together,

a phenomenon known as the swarm effect,?® which results
in underestimation of the concentration of MPs in a clinical
specimen. Finally, flow cytometry detects MPs based on the
binding between PS and annexin V. Due to heterogeneity of
MPs, the expression of PS on the surface of MPs can vary
from high to low, or even negative.?

Considering this heterogeneity, authors such as McEntire
et al*’have proposed alternative reagents for identifying
MPs. These coauthors detected MPs in blood products
using 3 different principles. Their results showed that MP
quantitation using annexin V was similar to that using
bio-maleimide. However, higher MP concentrations were
detected using lactadherin than using conventional annexin
V. More studies are needed to confirm the appropriateness
of the use of these reagents for MP quantitation in clinical
specimens.

In addition to physical characteristics and biochemical and
protein composition, MP function can also be assessed
using an assay based on the analysis of the tissue factor
(TF) expressed on the surface membrane. The MPs are
captured using an anti-tissue factor antibody coated on a
plate. In the presence of Ca*" and phospholipids, FVIla and
TF complexes are formed, leading to the transformation of
FX into FXa. Then, a chromogenic substrate is added to
measure the activity, which is directly proportional to that of
the TF on the surface of the MPs. Several investigations®>°
have reported applying this approach in clinical laboratories.

Although there are many approaches to determining the
concentration of MPs, several issues must be considered.
Many types of anticoagulants are used in routine labora-
tories. Shah et al*® found that blood specimens collected
in heparin showed increased MP concentrations, com-
pared with those collected in sodium citrate. Connor et a
demonstrated that MP concentrations were higher in blood
collected in sodium citrate than in that collected in EDTA.
Collectively, these reports suggest the effects of anticoagu-
lants on MP quantitation.

|31
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In MP analysis, platelets and plasma must be separated to
avoid activating the platelets, which might lead to higher
MP concentrations. For this purpose, centrifugation must be
applied. Examining PMP using flow cytometry showed that
the MP concentrations were higher in platelet-poor plasma
(PPP) than in platelet-free plasma (PFP),*? suggesting that
the use of different centrifugation speeds during preparation
might affect the concentration of MPs. To increase the ac-
curacy and reliability of the results, it is recommended that
MPs be analyzed in fresh specimens,® which helps to avoid
changes in the concentrations and physical characteris-
tics of the released MPs. However, in some circumstances,
MP analysis must be performed with stored specimens,
which might have been prepared using various processes.
One study report® stated that MP concentrations were in-
creased 10-fold in frozen-thawed PPP. The effect of storage
on MP quantitation is also supported by study results® that
found that storing PFP at 80°C for 4 weeks markedly af-
fected the concentration of MPs and their size distribution.
Other factors that contribute to preanalytical and analytical
analysis of MPs have previously been reviewed.'*3®

In recent years, an increasing amount of literature®=° has
been published on the roles of MPs on disease pathophysi-
ology. Due to highly expressing annexin-V binding sites

and tissue factors, the procoagulant ability of MPs is well
documented. Also, MPs are capable of interacting with
other cells to participate in thrombosis, inflammation, and
angiogenesis.*>*? In neuroscience, Geiser et al*® reported a
potential pathophysiological link between elevated con-
centrations of platelet-derived MPs and cerebrovascular
infarction in patients with prosthetic heart valves. In addition
to these studies, during the past few years, many more data
have become available on the ability of MPs to modulate
the immune cells. Figure 1 summarizes these potential ef-
fects of MPs on various leukocytes.

Effects of MPs on Various Cell Types in the
Immune System

Granulocytes

Neutrophils are the most abundant type of white blood
cell (WBC) in the peripheral-blood circulation. They play
an essential role in first-line protection against bac-
terial infections. Neutrophils are also phagocytic cells,
which contain a vast array of microbicidal molecules.
Accumulated evidence suggests various roles of MPs in
the functions of granulocytes. Martin et al***°> showed
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Schematic overview of the influence of microparticles (MPs) on immune cells.

that PS-exposing MPs (PMPs) could bind to PR3 pro-
tein, which is a family of neutrophil-derived proteases,
resulting in an increased respiratory burst in neutrophils.
Xie et al*® also found increased soluble CD40 Ligand
(sCD40L) in PMPs isolated from platelet concentrate —
these PMPs could prime the N-formyl-met-leu-phe
(fMLP)-activated polymorphonuclear (PMN) respiratory
burst.

A study report by Forlow et al*” states that PMPs can
enhance the binding of neutrophils to other neutrophils
that are already bound to the surface of the flow chamber.
The molecular mechanism has been thought to be me-
diated by the interaction between the P-selectin on the
platelet and the P-selectin-glycoprotein ligand 1 on the
neutrophil, suggesting that PMPs can promote cell inter-
action by inducing adhesion molecules. Apart from these
modulation activities, Xie et al*® demonstrated that PMPs
obtained from PFP primed the PMN respiratory burst
activated by fMLP. Also, the role of MPs in neutrophil
activation has been mentioned in connection with de-
compression sickness,*® a systemic disorder due to gas
bubbles in the blood.

www.labmedicine.com

Monocytes

Monocytes and macrophages serve 3 important functions in
the immune response: phagocytosis, antigen presentation,
and cytokine production. The results of a study by Niessen
et al*® have shown that MPs can induce the phagocytic
function of monocytes and the secretion of proinflammatory
cytokines thought the signal transducer and activator of
transcription (STAT) pathway.

Barry et al®® demonstrated that PMPs can increase adhe-
sion between monocytes and endothelial cells through the
interaction of intercellular adhesion molecule 1 (ICAM-1)
and macrophage antigen 1. Further, MPs derived from
platelets and the arachidonic acid isolated from these
MPs can increase the chemotaxis of U937 monocytic
cells. Both effects can be inhibited by GF 109203X, which
blocks the protein kinase C signaling agents, suggesting
that this interaction is mediated by the protein kinase C
pathway.®® Further investigation revealed that the MPs
reduced the release of the proinflammatory cytokines
tumor necrosis factor (TNF)-a, interleukin (IL)-8, and IL-10
induced by zymosan A and lipopolysaccharide (LPS) in a
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dose-dependent manner. Blocking the binding of the PS ex-
posed on the surface of the MPs to its receptors on macro-
phages inhibited the release of TNF-a but not that of the
other cytokines. In contrast, neutralizing the antibodies to
transforming growth factor (TGF)-f blocked the release of
TNF-a, IL-8, and IL-10, suggesting that the anti-inflamma-
tory effects of MPs were mediated by a second mediator,
namely, TGF-a.%’

Ismail et al®® examined the roles of MPs in differentiating
naive monocytes, demonstrating that macrophage-derived
MPs transferred microRNA to monocytes and induced dif-
ferentiation of the macrophages. This role of MPs has been
confirmed by Saha et al,*®* who found that MPs derived from
alcohol-treated monocytes increased the surface expression
of CD68 (a macrophage marker) and the M2 markers CD206
(@ mannose receptor) and CD163 (a scavenger receptor), the
secretion of IL-10 and TGF-f, and phagocytic activity, all of
which suggested the ability of MPs to program monocytes
to M2 macrophages. Sadallah et al®* studied the capability
of MPs purified from platelet concentrates and demon-
strated that these MPs reduced the secretion of TNF-a and
the IL-10 of the LPS- or zymosan A-activated macrophages.

Natural Killer (NK) Cells

Another cell type in the innate immune system is NK cells.
These cells play an important role in immunity to viral in-
fections and tumors by secreting cytokines and cytolytic
activity. Several study reports have documented the roles of
MPs and exosomes in the functioning of NK cells. Clayton
et al®® investigated the effects of tumor-derived exosomes
on NKG2D, an activating receptor for NK cells, and dem-
onstrated the ability of exosomes to downregulate the
expression of NKG2D molecules on the surface membranes
of NK cells and the mediation of this mechanism through
TGF-B. Further study isolated tumor-derived exosomes
from patients who had acute myelogenous leukemia and
examined their immune-regulatory functions. The results
demonstrated the ability of the exosomes to decrease

the cytotoxic activity of the NK cells isolated from healthy
donors, induce Smad phosphorylation, and downregulate
NKG2D receptor expression.>®

The results of the recent study by Sadallah et al®’ also dem-
onstrated that platelet-derived exosomes reduced the ex-
pression of NKG2D, NKp30, DNAM-1, and CD107a and the
production of interferon (IFN)—y. Collectively, these studies
suggested the roles of exosome-mediated immune evasion
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in tumors. Further study®® revealed that neutrophil-derived
MPs inhibited production of IFN-y and TNF-a but induced
the secretion of TGF-b1 by NK cells activated by IL-2/IL-12
and mediated by PS interaction.

Dendritic Cells

Of the antigen-presenting cells (APCs), the DCs are the
most important, due to their enhanced ability to stimulate
naive T cells.®® DCs are activated through the recognition

of pathogenic antigens by receptors that recognize cell
surface patterns, including toll-like receptors and those that
sense intracellular pathogens (nucleotide oligomerization
domain [NOD]-like receptors).®*®" Angelot et al®® showed
that incubating endothelial MPs (EMPs) with plasmacytoid
DCs resulted in upregulation of costimulatory molecules and
secretion of IL-6 and IL-8, suggesting the ability of EMPs to
induce maturation of plasmacytoid DCs and production of
proinflammatory cytokines. A study report on the effects of
MPs on plasmacytoid DCs revealed that EMPs induced the
maturation of plasmacytoid DCs and the secretion of IL-6
and IL-8. Also, the same study results®® showed that EMPs
induced naive CD4 T-lymphocytes to proliferate and pro-
duce IFN-y and TNF-a.

A report on a study of the role in the immune system of MPs
isolated from patients who had systemic lupus erythema-
tosus® revealed that MPs increased the production of IL-6,
TNF, and IFN-a in plasmacytoid and myeloid DCs. A recent
study® reported that the differentiation of monocytes to
DCs that was induced by IL-6 and granulocyte-macrophage
colony-stimulating factor (GM-CSF) was altered by MPs
isolated from platelet concentrate. These study find-

ings also reported that the immature DCs expressed less
human leukocyte antigen-DP (HLA-DP), human leukocyte
antigen-DQ (HLA-DQ), and human leukocyte antigen-DR
(HLA-DR), and CD80 in presenting the MPs, suggesting that
MPs modulate DC activity.

Lymphocytes

T- and B-lymphocytes are important parts of adaptive im-
munity. T-lymphocytes can be further classified into CD4+
and CD8+ T-lymphocytes. CD4+ T-lymphocytes play a role
in regulating the immune response, including activating
CD8+ T-lymphocytes and macrophages, maturing plasma
cells and memory B cells, and recruiting PMN cells by
releasing cytokines. The roles of MPs in the activation, pro-
liferation, and cytokine release of lymphocytes have recently
been proposed.
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Yari et al®* collected PMPs from platelet concentrate and
found during a coculture experiment that they could in-

duce CD27, CD86, and immunoglobulin production of the
B-lymphocyte cell line, suggesting that PMPs can activate
B-lymphocytes. Messer et al®® examined the ability of MPs

to induce cytokine release, demonstrating that MPs isolated
from the synovial fluid of patients who had rheumatoid arth-
ritis could induce B-lymphocyte activation factor. This study
also demonstrated that the MPs isolated from cells treated
with actinomycin D could not induce the factor that activated
B-lymphocytes. The results of a study®® examining the roles of
EMPs in acute graft-vs-host disease (@GVHD) demonstrated
that the injection of EMPs deficient in microRNA-155 into
aGVHD mice attenuated the exacerbation of aGVHD manifest-
ations and the differentiation of abnormal T-lymphocytes.

However, the results of a study that compared the
immunomodulatory effects of mesenchymal stromal cells
(MSCs) on peripheral-blood mononuclear cells®” showed
their inability to inhibit in-vitro proliferation of T-lymphocytes
induced by phytohemaggutinin (PHA), compared with MSC
and antibody formation of B-lymphocytes, suggesting

that MPs have less in-vitro immunomodulation ability than
MSCs. The findings of a study comparing the immunosup-
pressive potency of MPs derived from bone-marrow MSC
and adipose-tissue MSC® found that both MPs failed to
suppress lymphocyte proliferation. A study report by Shen
et al® stated that MPs derived from apoptotic human PMN
neutrophils suppressed CD25 (IL-2Ra)"*® CD127 (IL-7Ra)**®
Th-lymphocyte proliferation and secretion of IL-2. This
report also suggested that the suppression activity of MPs
is mediated by downregulation of IL-2 and the IL-2R ex-
pression and signaling process. Budoni et al’® examined
the influence of MPs on B-lymphocytes and demonstrated
that MPs isolated from MSCs inhibited the B-lymphocyte
proliferation and differentiation that are induced by stimu-
lating the peripheral-blood mononuclear culture system with
CpG, which suggests that MPs derived from MSCs exert an
immunosuppressive effect on B-lymphocytes. Considering
these dual roles of MPs, their immunomodulation activity
merits further study.

A number of studies, such as one by Del Fattore et al,”’
have also demonstrated that MPs have an apoptosis-
inducing activity. These coauthors discovered that MPs are
derived from MSCs that are derived from bone marrow-in-
duced apoptosis in CD3 T-lymphocytes. Also, these inves-
tigators observed the increased apoptosis and proliferation
of regulatory T cells (Tregs).
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Wieckowski et al’® addressed the role of tumor-derived MPs
in immune cells, finding that such MPs expressed Fas ligand
molecules on their surface membranes. Also, the study report
demonstrated that these MPs could promote the expansion
of regulatory T-lymphocytes and could induce the apoptosis
of CD8+ T-lymphocytes. The apoptosis-inducing ability of
MPs was confirmed by Huber et al,”® who showed that MPs
derived from colorectal cancer could induce T-lymphocyte
apoptosis through the Fas/Fas L-mediated pathway. This
apoptosis-inducing activity of MPs was confirmed by Kim JW
et aI,74 who showed that MPs isolated from patients with oral
cancer could induce apoptosis in the activated T-lymphocytes
through the Fas/Fas-L mechanism and caspase-3 activation.
This finding suggests that the MPs had an immune escape
mechanism.

It is important to note that in addition to being affected by
other MPs, leukocytes can be stimulated to induce MP
release. However, the precise mechanism of MP release

in leukocytes is not yet fully understood. Various stimu-
lating agents have been reported to induce MP release in
leukocytes. According to the findings of one study,”® that
the incubation of neutrophils with antineutrophil cytoplasmic
antibodies induced the release of neutrophil-derived MPs.
These MPs expressed antineutrophil cytoplasmic antibody
(ANCA) autoantigens proteinase 3 and myeloperoxidase,
and could promote the generation of thrombin.

Given that C#* is important for MP shedding, Pintanga et
al”® found that incubating isolated neutrophils with 2 u m

of calcium ionophore A23187 for 20 minutes resulted in the
release of PMNs. These MPs expressed CD66b and CD66L,
which could induce endothelial cell damage by means of a
myeloperoxidase-mediated mechanism.

In the case of monocytes, Wen et al’” demonstrated that an
endotoxin induced the release of monocyte-derived MPs at
varying phenotypes and with high messenger RNA (mRNA)
contents related to TNF, IL-6, and IL-8. CEM lymphocyte
and THP-1 are cell lines commonly used in various labora-
tories as in-vitro models of lymphocytes and monocytes,
respectively. Messer et al®® found that treatment with a
combination of PHA, phorbol myristate acetate (PMA), and
actinomycin-D induced the release of CEM-lymphocyte-de-
rived MPs, suggesting that the factors that induce leuko-
cyte activation might also induce MP release. However,
MPs isolated using this in-vitro induction could not in-
duce the release of B cell-activating factor, thymic stroma
lymphopoietin, or secretory leukocyte protease inhibitor,
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a result that indicates the different biological roles of MPs
induced in vitro and in vivo.

Potential Implications of the
Immune-Modulating Activity of MPs for
Clinical Medicine

Cardiovascular Diseases

In the past few years, more research’®’® has focused on
the roles of MPs in the pathophysiology of thrombosis.
The findings of several studies have demonstrated that
the level of MPs is associated with various factors that
contribute to cardiovascular disease (CVD). A study that
sought to evaluate MPs in patients with obesity who had
no other vascular risk factor found higher concentrations of
MPs in these patients than in the control individuals.® This
result was supported by those of Stepanian et al,?’ who
quantitated the MPs in women with severe obesity women
and found higher concentrations of PMPs, EMPs, and
neutrophil-platelet aggregation in this group.

Hypertension is a well-known contributing factor to CVD.
The findings of a study that compared the MPs in pa-

tients with hypertension revealed significantly higher levels
of EMPs and PMPs in the groups with severe hyperten-
sion, as well as a correlation between MP level and blood
pressure.®? Another study publication that examined the
MP levels in people with hypertension who had type 2
diabetes® reported that the levels of PMPs and monocyte-
derived MPs in these patients was higher than in the control
groups.

Regarding MPs and metabolic syndrome, Diamant et al®
characterized the MPs in patients with well-regulated type
2 diabetes and found that they exhibited significantly in-
creased LMPs and PMPs. Further, there was a correlation
between the number of MPs and body mass index (BMI),
fasting plasma glucose, insulin, and serum HDL cholesterol
levels.

Hyperlipidemia is also an important contributing factor to the
pathophysiology of CVD. A study report on the evaluation

of the effects of lipid-lowering treatment on MP concen-
trations® revealed that MP levels in patients who were
receiving statins were lower than those in control groups and
that these MPs were shed from platelets, endothelia, and
leukocytes, suggesting an association between lipedema
and MP concentrations in the pathogenesis of CVD.
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Age is another factor associated with changes in coagula-
tion and has been found to increase the incidence with CVD
complications.®®®” Forest et al®® compared the MP levels of
elderly people and young people and found that the elderly
people in stable condition had lower levels of EMPs than
those in the controls. However, elderly people who had infec-
tions had increased EMPs, suggesting that changes in MP
levels in elderly people are associated with various stimuli.

In addition to MPs from platelets and endothelia, recent
research findings have suggested that plasmacytoid DCs
play an important role in the progression of atherosclerosis
by exerting both pro- and anti-inflammatory cytokine func-
tions. One study report® suggested that the PMPs exert an
anti-inflammatory effect of plasmacytoid DCs by triggering
liver X receptors (LXRs), which are nuclear receptors that
regulate innate immune responses.

The Framingham risk score (FRS) is a common tool for
predicting the risk level of CVD.%° A study report®’ has sug-
gested 6 risk factors that contribute to CVD: age, sex, total
cholesterol, high-density lipoprotein cholesterol (HDL-C),
current or past smoking, and systolic blood pressure. The
FRS has also been applied to evaluate the risk of CVD in
metabolic syndrome.*? Also, the findings of another study®
demonstrate the clinical application of the FRS in evaluating
patients who have metabolic syndrome. Considering the
association between MPs and the parameters in the FRS,
adding MP levels as a component of the FRS might in-
crease the reliability and accuracy of the FRS for assessing
the risk of CVD. Finally, the FRS can be useful for clinicians
to use in deciding on preventive medical treatments for indi-
viduals at risk for future cardiovascular events.

Transfusion Medicine

One of the most common post-transfusion complications

is transfusion-related acute lung injury (TRALI). TRALI has
been shown to be associated with several factors. A case
report study by Rizk et al’® described a 23-year-old man
with TRALI after intravenous immunoglobulin (IVIG) infusion
that used a rapid infusion procedure. This patient devel-
oped noncardiogenic pulmonary edema after 6 hours, and
granulocyte-associated immunoglobulin (Ig)G was detected
in the blood at 14 weeks and 27 weeks after the infusion.
Also, another study report® revealed that a patient who had

received a high dose of IVIG had experienced TRALI.
A multicenter study in France by Baudel et al®® suggested
that the increased use of IVIG is associated with TRALI. In
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addition to I9G, a complement system has been suggested
to contribute to TRALI. Dry et al’ characterized TRALI in an
animal model of complement (C5a) and antibody-induced
lung injury. Strait et al®® demonstrated that the activation of
macrophages and complement was involved in the patho-
genesis of TRALI in a mouse model.

Several study reports have suggested an association
between stored RBCs and the TRALI complication. This
theory has been further supported by the findings of
various studies. Tung et al®® demonstrated that sheep
developed TRALI after transfusion with stored PRBCs
but that the sheep that received saline infusion did not
develop TRALI. Another study'?® examined the mech-
anism of TRALI associated with blood storage in a mouse
model; its results suggested that plasma and lipids from
stored blood products produced pulmonary damage and
TRALI. This suggestion was further supported by Silliman
et al,’® in whose study rats received plasma prepared
using the whole-blood method or the apheresis method
and stored for various numbers of days. The results
showed that plasma from day 5 of storage caused lung
injury but that rats transfused with plasma from day 0
showed no abnormalities. Further, lipid extracts from day
5 of storage induced lung injury in rats, but lipid extracts
from day 0 induced no injury, suggesting that lipids gen-
erated during plasma storage contribute to TRALI compli-
cations in an animal model.

In the past few years, several study reports, including Jy

et al,’®" have demonstrated increases in various MPs in
stored blood products. The results of other studies'?%1%
demonstrated that these increases were time-dependent: 0
for the first 10 days, a steep increase from days 10 through
15, and few changes at days 35 through 56 of storage.

Several studies have examined the composition of the
MPs released during storage. An immunoblotting study by
Kriebardis et al'® showed that the constitution of the RMP
membrane included abundant IgG, lipid raft proteins, and
other proteins related to the apoptosis pathway. Miller et
al'® also demonstrated that autologous IgG preferentially
binds to RMPs.

In addition, the findings of a proteomic study by Bosman et
al'% demonstrated many complements, including fragments
of C1q, C1r, C1s, C3, C4, and C9, on the RMPs. Pasini et
al'” suggested the potent proinflammatory effect of RMPs
in the presence of immunoglobulin and complement. The
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results of a study in a murine transfusion model transfused
with RMPs'%® suggested a thrombin-dependent mechanism
of complement activation by RMPs. Further, Gasser et al'%
reported that LMP could bind to RBCs in a C-dependent
fashion, leading to complement activation by the classical
pathway and the capture of RBC via CR1. Collectively,
these data suggest the potential contribution of IgG, com-
plement, stored RBCs, and RMPs in TRALI complications.

Despite being poorly understood, the mechanisms of
TRALI have been attributed to MPs. The results from 2
studies''®""" showed that CD40 ligand (CD40L) was a pri-
marily platelet-derived proinflammatory mediator found in
soluble CD40L (sCD40L) and in cell-associated forms in
transfused blood. Ahn et al''? suggested that increased MP
presentation in platelet concentrates is a potential cause of
TRALI due to the high expression of CD40L molecules on
the surface membranes of MPs. Considering the associ-
ation of MPs with post-transfusion complications, routine
monitoring and quantitation of MPs in blood products might
be necessary to minimize complication reactions (Figure 2).

Infectious Diseases

Many studies have suggested a relationship between MPs
and infectious diseases. Esser et al''® reported that MPs
could carry unpacked viral genome and other viral proteins
that need to replicate in the target cells. The findings of
another study''* also demonstrated that MPs could carry
chemokine receptor 5 (CCR5) on their surface membranes
and could transfer these molecules to CCR5-deficient
peripheral-blood mononuclear cells, resulting in infection with
macrophage-tropic HIV-1. A recent study that examined the
composition of MPs coated with HIV-1 demonstrated the
presence of envelope glycoprotein 120 (gp120) and the ability
of MPs derived from HIV-1 to bind with galectin-1.""° Gan
and Gould'"® reported an inhibitory budding signal (IBS) from
the HIV group-specific antigen (Gag) protein. They also dem-
onstrated that this IBS impaired the budding of CD63 and
several other viral and nonviral exosome and microvesicle
(EMV) proteins. These findings suggest the ability to inhibit
viral release via MPs. Considering these observations, treat-
ment with MP-release inhibitors might be useful to reduce the
severity of infectious diseases.

Allergic Diseases

It is well known that the pathophysiology of asthma in-
volves inflammation and cytokine release. The progression
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of the disease is established by epithelial cells that orches-
trate an inflammatory response to external stimuli. The
findings of a study examining the mechanism of commu-
nication between epithelial and inflammatory cells''” have
suggested the role of exosomes in the pathophysiology of
asthma. In this study report, Kulshreshtha et al demonstrate
that epithelial-derived MPs obtained from asthmatic mice
induced the proliferation and chemotaxis of undifferenti-
ated macrophages and that the proliferation of monocytes
and the alleviation of asthmatic features were inhibited by
GW4869, an exosome-production inhibitor. Further inves-
tigation using Rab27a/Rab27b double-knockout mice''®
supported the role of exosomes in lung epithelial cells.
Although further studies are needed on the molecular
mechanisms and roles of MPs and exosomes in this patho-
physiologic phenomenon, the current accumulated data
suggest that inhibiting the release of MPs or exosomes
could be useful in the therapeutic treatment of patients who
have asthma and other inflammatory diseases.

Pre-Eclampsia

Pre-eclampsia is a complication of pregnancy that is char-
acterized by high blood pressure, protein in the urea, and
edema. The disease is a common cause of maternal and
fetal mortality worldwide."'® Research findings'® suggest
that activation of innate immunity plays an important role
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in the pathophysiology of this disease. This suggestion

was supported by study reports'?'~'?® showing increased
numbers of activated monocytes in pregnant women. Also,
changes in the surface expression of CD54 and CD11c

and increased intracellular proinflammatory cytokines were
demonstrated in pregnant women.'?*'?> Compared with
monocytes in healthy controls, monocytes from patients with
pre-eclampsia showed an increase in the intracellular reactive
oxygen species IL-1b, IL-6, and IL-8.'%>"® However, the pre-
cise molecular mechanisms of the inflammatory response in
pre-eclampsia during pregnancy remain poorly understood.

Considering the etiology of inflammation in women with
pre-eclampsia, Messerli et al'?” suggested that placental
syncytiotrophoblast-derived MPs activated monocytes. This
activation resulted in the upregulation of CD54 expression and
increased production of IL-8, IL-6, and IL-1b in a time- and
dose-dependent manner. Therefore, the detection of placental
syncytiotrophoblast-derived MPs might be an early surrogate
marker of pre-eclampsia, and inhibition of the interaction be-
tween syncytiotrophoblast-derived MPs and monocytes might
prevent this complication of pregnancy.

Cancer

In the past few years, research interest in the role of MPs in
the pathophysiology of cancer has increased dramatically.
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Study reports suggest a link between MPs and thrombosis
complications, ®'?° the development of drug resistance'**"*’
and metastasis,'** tumor angiogenesis,'** tumor-cell sur-
vival,"** and evasion of immune surveillance in cancer.”>'®
Apart from these roles in the pathophysiology of cancer,
MPs have been suggested for potential application in the
therapeutic treatment of patients with cancer patients.
Zhang H et al'*® showed that MPs could transfer antigens
to DCs, resulting in the induction of protective, adaptive
immune responses against the delivered antigen, sug-
gesting that MPs have the abilities to deliver antigens and
target DCs. These results suggested that DNA fragments
in tumor-derived MPs signal to DCs to produce type |
interferon and that this interferon is responsible for tumor-
derived MPs inducing DC maturation via the upregulation
of CD80, CD86, and MHC II. After taking up these tumor-
derived MPs, the DCs underwent maturation, presented
tumor-antigen peptides, and stimulated T cells toward Th1
effector T cells, suggesting that tumor-derived MPs induce
T cell-dependent antitumor activity.

This suggestion is supported by findings from various

clinical studies. El Andaloussi et al"®’ examined the
immunotherapeutic effect of tumor-derived MPs in treating
colon cancer. In this Phase 1 trial, tumor-derived MPs showed
the ability to induce an antigen-specific anticancer cytotoxic

www.labmedicine.com

T-lymphocyte response in patients. Likewise, DC-derived
MPs showed the capacity to prime and restore the functions
of T cells and NK cells in patients who had non-small-cell
lung cancer."® One study'*® evaluated the antitumor activity
of MSC-derived MPs. Its results showed that these MPs has
the ability to induce apoptosis and cell-cycle arrest in various
tumor cell lines and to inhibit tumor growth in vivo. Although
further studies are required to address the full potential of their
clinical application in treating cancer, these data highlight that
tumor-derived MPs could function as a novel, cell-free cancer
vaccine due to their small size, lack of toxicity, target specifi-
city, and tolerance by host cells (Figure 3).

Summary

Overall, it is clear that MPs modulate various immune cells
through complex molecular mechanisms. These inter-
actions might result in activation or suppression of the
immune system. Understanding of the immunomodulating
activity of MPs might provide an alternative approach to
treating diseases and minimizing transfusion complications,
thus benefiting patients and transfusion recipients in the
future. LM
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ABSTRACT

Objective: Because of the rapidly emerging SARS-CoV-2 pandemic
and its wide public health challenges, rapid diagnosis is essential
to decrease the spread. Antigen-based rapid detection tests are
available; however, insufficient data about their performance are
available.

Methods: The lateral-flow immunochromatographic BIOCREDIT
COVID-19 antigen test was evaluated using nasopharyngeal swabs in a
viral transport medium from patients with confirmed infection, contacts,
and exposed healthcare professionals at Fayoum University Hospital

in Egypt. Test performance was determined in comparison to the
SARS-CoV-2 real-time reverse-transcription polymerase chain reaction
(RT-PCR) test.

In late 2019, a cluster of patients with a viral pneumonia of
unknown etiology was reported in Wuhan, Hubei Province,
China.” This new viral pneumonia, COVID-19, caused by
the novel SARS-CoV-2, spread rapidly and developed into
a global pandemic within 3 months of its initial detection.?*
The current gold standard and the recommended diagnostic
method for the diagnosis of COVID-19 is the detection

of viral RNA in respiratory tract specimens by real-time
reverse-transcription polymerase chain reaction (RT-PCR),

Abbreviations:

RT-PCR, reverse-transcription polymerase chain reaction; WHO, World
Health Organization; RAD, rapid antigen detection; NP, nasopharyngeal;
Ct, cycle threshold.

Clinical Pathology Department, Faculty of Medicine, Fayoum University
Hospital, Fayoum, Egypt

*To whom correspondence should be addressed.
abdelraziks0@hotmail.com

Results: Three hundred ten specimens from 3 categories—patients
with confirmed diagnoses of COVID-19, contacts, and exposed
healthcare professionals—were included; 188 specimens were RT-PCR-
positive, from which 81 were detected by rapid antigen test. Overall
sensitivity was 43.1%. Sensitivity was significantly higher in specimens
with high viral loads.

Conclusion: Poor sensitivity of the BIOCREDIT COVID-19 test does not
permit its use for diagnosis, and it can only be used in conjunction with
RT-PCR for screening.

Keywords: antigen-based rapid test, COVID-19, RT-PCR, SARS-CoV-2

which was introduced in January 2020 and is applied using
World Health Organization (WHO) protocols.*®

Several factors may limit the use of RT-PCR, eg, the avail-
ability of skilled trained laboratory personnel familiar with
molecular techniques, the need for special equipment, and
a specific laboratory infrastructure with safety measures and
equipment. Moreover, molecular tests are costly and often
time-consuming, creating a burden especially for countries
with low resources.’

There is a strong need for rapid and easy-to-perform tests,
particularly in countries with limited access to molecular-
level assessments.® A rapid antigen detection (RAD) test for
SARS-CoV-2 can be interpreted without specialized equip-
ment, and results can be available within 30 minutes. The
RAD tests can thereby decrease the workload in labora-
tories and hospitals and improve the turnaround time for
results. However, the WHO has noted that the role of RAD

e46 © American Society for Clinical Pathology 2020. All rights reserved. For permissions, please e-mail: journals.permissions @oup.com



tests in antigen detection for SARS-CoV-2 requires further
evaluation, and the tests are not recommended for clinical
diagnosis.®?

The aim of this study was to assess the performance of the
BIOCREDIT COVID-19 Ag test as a frontline test in com-
parison to the molecular RT-PCR technique to evaluate the
potential of its use during the peak period of the pandemic,
especially in high-risk symptomatic populations such as
healthcare workers, reducing the need for expensive mo-
lecular confirmatory testing.

Materials and Methods

Patient Selection

This study was performed at Fayoum University Hospital

in Egypt and was approved by the Fayoum University
Research ethics committee, which is a member of the
Egyptian Network Research Ethics Committee. The study
included 310 specimens: 160 from patients who tested
positive for SARS-CoV-2 by RT-PCR and 150 from exposed
healthcare workers and patient contacts. Specimens were
all collected during May 2020.

Specimens

Nasopharyngeal (NP) specimens were obtained using
flocked NP swabs and transported to the laboratory

in universal viral transport media (UTM-RT System,
Copan Diagnostics, Murrieta, CA) within 1 to 2 hours of
collection.

RT-PCR for SARS-CoV-2

The RT-PCR technique used the SARS-CoV-2/SARS-CoV
Multiplex real-time PCR detection kit, DNA technology in
the instrument RT-PCR DTlite 4 (Russia), and the extraction
was done using the LabTurbo 48C (Taiwan).

BIOCREDIT COVID-19 Ag

PCR-characterized specimens (universal transport medium
with swabs) were kept at 4°C and tested within 24 hours

by the BIOCREDIT COVID-19 Ag, which is a lateral-flow
immunochromatographic assay that uses a dual-color system
for the qualitative detection of the SARS-CoV-2 antigen from

www.labmedicine.com
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NP swab specimens. The recommended specimen volume of
the BIOCREDIT COVID-19 Ag kit was 90 to 150 pL. To unify
the specimen volume, a 100 pL specimen volume average
was used.

Statistical Analysis

All statistical calculations were done using SPSS soft-
ware version 18 under Windows 7. Qualitative data were
statistically expressed in the form of frequency and per-
centages. Numerical data were statistically represented in
terms of range, mean, and standard deviation. The Pearson
2 and t-test were used for comparing categorical vari-
ables. A probability value (P value) >.05 was considered
significant.

Results

A total of 310 specimens were included. Of those, 188
were RT-PCR-positive for SARS-CoV-2 RNA, and 122 were
RT-PCR-negative. Among tested patients, 59.4% were men
and the median age was 42 years. Positive specimens from
patients were taken during the initial phase of the disease
with a median duration of symptoms of 3 days. The median
cycle threshold (Ct) value of positive RT-PCR specimens
was 20.2 (range, 15.8-32.3) (Table 1).

The overall sensitivity of the evaluated RAD test was 43.1%.
The sensitivity was significantly increased in the sub-

group of specimens with Ct values <25.5, indicating high
viral loads (Table 2). All false negative results according to
the RAD test (n = 107) corresponded to specimens with

Table 1. Demographic and Laboratory Features
of Included Patients

All PCR-Positive PCR-Negative

Total 310 188 122
Sex

Male 184 (59.4) 103 (54.8) 81 (66.4)

Female 126 (40.6) 85(45.2) 41 (33.6)
Age (y), median 42 42 42
Ct value

Median 20.2

Range 15.8-32.3

Mean 22

Ct, cycle threshold of RT-PCR; PCR, polymerase chain reaction. Data represent

absolute numbers (%).
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Table 2. Performance Characteristics of RAD Test for the Presence of SARS-CoV-2 in 188 RT-PCR-Positive

Specimens
All Specimens High-Viral-Load Specimens
Ct Value Number of Specimens Ct Value Number of Specimens
Mean Range Tested Positive Sensitivity Mean Range Tested Positive Sensitivity
22 15.8-32.3 188 81 43.1% 18 15.8-25.5 76 71 93.4%

specific RT-PCR, and normal viral load specimens are those with Ct values >28.0.

Ct, cycle threshold; RAD, rapid antigen detection; RT-PCR, reverse-transcription polymerase chain reaction. High-viral-load specimens are those with Ct values <25.5 for SARS-CoV-2—

RT-PCR Ct values >28. All specimens that tested positive
according to the RAD test tested positive according to
RT-PCR testing.

Discussion

Different diagnostic test manufacturers have developed
rapid tests based on SARS-CoV-2 protein detection in re-
spiratory specimens.” The analytical performances of rapid
antigen tests depend on different factors including the viral
load, the quality of the specimen, and the setting of the
people tested.

Rapid tests have different advantages, including low cost,
short turnaround time, simple noncomplicating test per-
formance, and the lack of a need for special equipment or
skills compared with molecular techniques.™®

In this study, we assessed the performance character-
istics of the rapid antigen test BIOCREDIT COVID-19

Ag for detecting SARS-CoV-2 in respiratory specimens
and compared the results with RT-PCR testing. Our data
indicated that (i) RAD testing for SARS-CoV-2 had a
lower sensitivity than RT-PCR testing, (ii) negative results
could not exclude the possibility of SARS-CoV-2 infec-
tion with confidence, and (iii) therefore, results should

be confirmed by further RT-PCR testing. We also noted
that the RAD test can detect SARS-CoV-2 with a high
viral load (Ct <25.5), but the sensitivity declines substan-
tially when the viral load decreases with Ct values >28,
which is often the case in patients with COVID-19. In this
study, the overall sensitivity of the BIOCREDIT COVID-19
Ag test was 43.1%. A similar study revealed an overall
sensitivity of 30.2% in 106 SARS-CoV-2 RT-PCR-positive
specimens.®

e48  Lab Medicine 2021;52;e46-e49
DOI: 10.1093/labmed/Imaa104

Although the RAD test was positive for corresponding
RT-PCR-confirmed COVID-19 infection, we recommend
checking the specificity more by using the RAD test for
other viruses that could cross-react with other human cor-
onaviruses, eg, severe acute respiratory syndrome corona-
virus (SARS-CoV) and the Middle East respiratory syndrome
coronavirus, which can each cause severe acute respira-
tory illnesses because of their genetic relationship with
SARS-CoV-2.

Conclusion

In summary and based on our data, the application of the
RAD test alone in clinical settings is not recommended in
favor of continued molecular diagnostics and should not
be considered for use in the screening of asymptomatic
individuals or for population-based surveillance studies.
However, the balance between cost, turnaround time, ease
of performance, and sensitivity in adopting an antigen-
based assay should be considered in symptomatic patients
with a high pretest probability of having COVID-19. The
use of these tests should be considered when there is a
need for immediate clinical decisions and infection control
measures, and negative results in this scenario should be
confirmed with a laboratory-based molecular test. LM
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ABSTRACT

A female patient aged 65 years with blood group A with relapsed
lymphoma had thrombocytopenia; leukocyte-reduced group O
prestorage pooled platelet concentrates (PPLTs) were transfused
without adverse events. She was discharged home, but 1.5 hours later
she returned with fever and dark urine. Hypotension and tachycardia
developed; she was admitted to the intensive care unit. Post-
transfusion blood and urine samples were obtained. Serial dilutions
from 5 donor testing tubes and a simulated PLT pool were performed
and read at immediate spin and IgG. Testing confirmed an acute
hemolytic transfusion reaction (AHTR): elevated lactate dehydrogenase

Patient History

A female patient aged 65 years weighing 52 kg with blood
group A and with relapsed lymphoma had thrombo-
cytopenia (5,000 platelets/pL; normal range 150,000
platelets/puL-450,000 platelets/pL); irradiated, leukoreduced
pooled platelet concentrates (PPLTs) (5 group O donors)
were transfused in 47 minutes. The patient had no ad-
verse events (AEs) and was discharged home but 1.5 hours
later returned with fever (103°F), rigors, dyspnea, cough,
chest pressure, nausea, and diarrhea. Hypotension and

Abbreviations

PPLT, pooled platelet concentrates; AHTR, acute hemolytic transfusion
reaction; AE, adverse event; ICU, intensive care unit; RBCs, red blood
cells; IS, immediate spin.
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“Department of Pathology and Laboratory Medicine, Moffitt Cancer
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OneBlood, St. Petershurg, Florida
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(996 U/L; normal range 135 U/L—225 U/L) and undetectable
haptoglobin (<10 mg/dL; normal range 30 mg/dL—200 mg/dL) levels.
Urinalysis showed dark amber urine but no significant quantity of

red blood cells. At 37°C the simulated pool and donor number 5 had
high-titer anti-A. As a precaution, the donor was permanently deferred.
Research has shown that PLT-associated AHTR has occurred with
apheresis platelets but is very rare with whole blood—derived PLTs.

Keywords: hemolysis, antibodies, transfusion practice, transfusion
reactions

tachycardia developed; she was transferred to the inten-
sive care unit (ICU). The differential diagnosis of this patient
presenting with AE shortly after transfusion included febrile
nonhemolytic transfusion reaction, transfusion-transmitted
infection, transfusion-related acute lung injury, and an acute
hemolytic transfusion reaction (AHTR).

A transfusion reaction investigation was initiated. Testing
confirmed an AHTR (Figure 1): elevated lactate de-
hydrogenase (996 U/L; normal range 135 U/L-225 U/L),
undetectable haptoglobin (<10 mg/dL; normal range

30 mg/dL-200 mg/dL), prolonged prothrombin time
(18.3 sec; normal range 10.2 sec-12.9 sec), international
normalized ratio (1.5; normal range 0.8-1.1), Activated
partial thromboplastin time (47.3 sec; normal range 25.1
sec—-36.5 sec), no evidence of infection in blood or urine
cultures, and urinalysis showing dark amber urine with
“large” blood on dipstick but only 0-2 red blood cells
(RBCs)/high-powered field. The pretransfusion hemo-
globin of 8.9 g/dL fell to 7.5 g/dL, and the initial platelet
count of 5,000/pL increased to 27,000/pL. The patient
developed lactic acidosis (lactate 7.0 mmol/L; normal

202 ©American Society for Clinical Pathology 2020. All rights reserved. For permissions, please e-mail: journals.permissions @oup.com
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Figure 1

Sample Tubes Before and After Transfusion-Pretransfusion plasma
(EDTA) (left), the initial post-transfusion plasma sample (center)
and a recollected specimen due to concerns about possible
preanalytical error and traumatic venipuncture (right). The center
tube shows significant hemoglobinemia that decreased in the right
tube collected approximately three hours later.

Table 1. Titer Testing of Donors of Pool and

Simulated Pool

Unit Test Anti-A Anti-B

Simulated Pool IS 256 128

Simulated Pool 37°C 2048 256
Donor 1 IS 32 32
Donor 1 37°C 512 128
Donor 2 IS 128 128
Donor 2 37°C 256 512
Donor 3 IS 128 16
Donor 3 37°C 128 16
Donor 4 IS 64 16
Donor 4 37°C 32 16
Donor 5 IS 256 256
Donor 5 37°C 4096 512

IS, immediate spin.
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range 0.5 mmol/L-2.0 mmol/L). The secretor status of the
patient was not determined, and A1 typing was not per-
formed. The platelet bag had been discarded and was not
available for testing. Serial dilutions (with saline) from the
5 donor test tubes and a simulated platelet pool were pre-
pared and read at immediate spin and IgG (1 hour at 37°C
incubation). At 37°C, the simulated pool and donor 5 had
high-titer anti-A (Table 1). This first-time 16-year-old male
donor was permanently deferred as a precaution.

The patient spent 4 days in the ICU requiring extensive
support, including 48 hours of pressors. After 1 day in a
standard unit, she was discharged home in stable con-
dition. She continued with additional cycles of chemo-
therapy as an outpatient but her lymphoma continued to
progress. She and her family decided on hospice care
about 3 weeks after her reaction. She died 1 day after hos-
pice care was begun.

Discussion

This patient presented with fever and many other signs/
symptoms about 1.5 hours after a platelet transfusion.
Febrile transfusion reactions include serious reactions such
as acute hemolysis and bacterial contamination. Immediate
action is required and includes stopping the transfusion to
limit the amount of potentially harmful blood and sending
samples to the blood bank to investigate for acute hem-
olysis. The patient’s vital signs should be carefully moni-
tored for additional evidence of infection, such as the
presence of tachycardia.'?

Group ABO-incompatible platelets are routinely provided
because of their efficacy, short shelf life, and rarity of
these hemolytic events. When platelets are not ABO iden-
tical, donor platelets may be incompatible with recipient
antibodies, eg, group A platelets to a group O recipient.
Platelets do express weak A and B antigens, but the
resulting post-transfusion platelet increment is usually
adequate, although not as high as ABO-identical plate-
lets. A patient with group O receiving group A platelets
may have a post-transfusion increment of approximately
25,000 uL-30,000/pL over baseline value in contrast to
an increment of 30,000 pL—-35,000/uL with ABO-identical
platelets.® Donor platelets may be plasma-incompatible

Lab Medicine 2021;52;202-204 203
DOI: 10.1093/labmed/Imaa056



Case Study

with recipient RBCs, eg, group O platelets to a recipient
with group A. Physicians must be aware of the potential
risk of AHTR because of platelet transfusion. An AHTR

is rare and is mostly associated with RBC transfusions
with clerical error as the underlying etiology. During fiscal
years 2013 to 2017, there were 32 fatalities (both ABO and
non-ABO etiologies) reported to the U.S. Food and Drug
Administration.*

Severe AHTRs have occurred rarely and are often associ-
ated with donor high-titer anti-A. A review of the literature
found 23 published cases of AHTR, all involving the trans-
fusion of group O PPLTs to a recipient with group A or AB.
In PPLT-associated AHTRs, anti-A titers ranged from 32 to
16,000, with a mean titer of 512.° Donor anti-A and anti-B
titers are not routinely performed.® These reactions have
been seen previously and have almost always occurred in
apheresis platelets. The risk of a clinically significant AHTR
after ABO-incompatible platelet transfusion has ranged
from 1 in 47,800 (0.0021%) at the Japanese Red Cross
during an 8-year period’ to 1 in 9000 (0.01%) at a large
cancer treatment hospital in the United States.® One study
screened 124 group O PPLTs for anti-A and anti-B by both
standard tube and manual gel tests.® Mean anti-A and
anti-B titers in group O PPLTs were, respectively, 16 and 8
by tube and 64 and 32 by gel (P <0.0001). Gel titers were 1
to 2 dilutions higher than tube and sensitive to reagent red
cell lots. With the use of at least 64 as a critical titer, 60% of
group O PPLTs tested by gel would be considered high-titer.
The study concluded that anti-A and anti-B titers in the
group O PPLTs studied were comparable to those reported
in group O single donor platelets and generally significantly
lower than titers reported in AHTR. In addition, the study
suggested that a critical direct agglutinin titer of 64 for
identifying high-titer units by gel is too low and should be
increased to 128 or higher.’

Research has shown that AHTRs resulting from platelet
transfusion are rare events and have almost exclusively
been seen in apheresis platelets with a single donor with a
high-titer ABO antibody. This AHTR resulting from pooled
platelets was clearly a rare event. Leukoreduced pooled
platelets contain 4 to 6 whole blood-derived platelets.
Titers of anti-A/AB in 100 unselected group O donors with
an arbitrarily chosen high titer of 64 for IgM and a titer of
256 for IgG were 28% and 39%, respectively, which were
categorized as dangerous levels.’ If one of the donations
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has a high-titer anti-A or anti-B, it should be diluted by the
plasma from the other donors. A report of the transfusion of
10,251 leukoreduced pooled platelets revealed no reports
of hemolysis. ™

Thorough evaluations of AE need to consider even rare
etiologies. This was the second AHTR because of platelets
in 32 years of this hospital’s operation, with 12,195 platelet
transfusions conducted in 2018. The first event, in 1997,
occurred with apheresis platelets. Both events occurred in
smaller-sized recipients. This hospital’s 2 AHTR events may
have been prevented by (i) restricting ABO-incompatible
plasma volumes in smaller-sized adults (eg, volume re-
duction or use of additive solution); (ii) donor anti-A titer
screening; or (iii) avoiding transfusing group O platelets

to recipients who are not group O. As a precaution, in our
hospital we are now volume-reducing ABO-incompatible
plasma in platelets to be transfused to all patients who
weigh less than 60 kg. LM
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ABSTRACT

Objective: Laboratory professionals must communicate effectively on an
interprofessional team. It is the responsibility of Medical Laboratory Science
(MLS) programs to teach communication. The structured communication
tool Situation, Background, Assessment, and Recommendation (SBAR) is
one way to promote effective communication.

Methods: Students participated in a case-based simulation
activity on the importance of teamwork/communication and the
use of SBAR and completed a pre/post survey on communicating
interprofessionally.

Results: Students reported increased confidence and competence with
interprofessional communication after the activity with 4 of 5 questions

It is imperative that laboratory professionals of all back-
grounds have a strong voice on the multidisciplinary patient
care team. This includes participation on diagnostic man-
agement teams, interprofessional education,? and patient
care simulation.®

It is vital that laboratory professionals communicate effect-
ively with colleagues outside of the laboratory. Inefficient
or ineffective communication among team members has
already been identified as a significant contributing factor
to adverse events.* This is not new information. In 1999,
the Institute of Medicine [now the National Academies of
Science, Engineering, and Medicine (NASEM)] released a
report Too Err Is Human: Building a Safer Health System,
which disclosed that as many as 98,000 people die each
year from medical error. This number is now up to 250,000
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demonstrating a statistically significant increase in scores post SBAR
instruction.

Conclusions: Our study demonstrates that SBAR is a suitable
communication tool that can be used to increase our MLS students’
confidence and competency in interprofessional communication.
Educators should use this communication tool to empower MLS
students to be effective members of the healthcare team.

Keywords: SBAR, simulation, medical laboratory science,
communication, interprofessional, teamwork, TeamSTEPPS

deaths per year.® Of these deaths, 80% are due to commu-
nication errors.* More recently, in 2015, an NASEM report,
Improving Diagnosis in Healthcare, firmly recommended an
increased collaboration among medical professionals to de-
crease diagnostic error.®

Today’s healthcare requires complex processes and sys-
tems and even well-intended, highly skilled professionals
are vulnerable to error. In order to improve safety and
quality and to decrease human errors, in 2005, the Agency
for Healthcare Research and Quality collaborated with

the Department of Defense to develop Team Strategies

and Tools to Enhance Performance and Patient Safety
(TeamSTEPPS). TeamSTEPPS is built upon an evidence-
based framework composed of 4 teachable, learnable com-
petencies: communication, leadership, situation monitoring,
and mutual support.”

The tool Situation, Background, Assessment, and
Recommendation/Request (SBAR) is within the com-
munication competency of TeamSTEPPS. Some insti-
tutions have added an “I” at the beginning of SBAR,
where the “I” stands for identify (Figure 1). Each person
using the SBAR tool should first begin their interaction
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Introduction
Name and where you are calling from.

Situation
S Briefly state the patient’s name, medical record
number, and the reason for the call.

Background
Give relevant clinical/technical details.

Assessment
A Put it all together (current situation, risks, and
needs). What is your assessment?

Recommendation
Be clear in what you are requesting or recommending.

Figure 1

Standardized Communication Tool Situation, Background,
Assessment, Recommendation (SBAR)

by introducing themselves. According to the American
Hospital Association, SBAR is a standardized way of
communicating critical information that requires imme-
diate attention and action concerning a patient’s condi-
tion. SBAR is simple and effective.®®

It is the responsibility of Medical Laboratory Science (MLS)
programs to teach effective communication, as much as it
is their responsibility to teach microscopy, antibody identifi-
cation, polymerase chain reaction (PCR), or other cognitive
and psychomotor skills. Learning and practicing these skills
while in school will foster strong, effective interprofessional
communication in practice. The purpose of this study was
to determine if the use of the standardized communication
tool, SBAR, would increase student’s self-perception of
confidence and ability to communicate with healthcare pro-
fessionals outside the laboratory.

Materials and Methods

Study Population and Data Collection

Eighteen students taking the Blood Bank course from the
UAB Clinical Laboratory Science program were included in
this study. Data were collected using a modified confidence
scale (C-Scale) survey with 5 questions related to confidence
and competence in interprofessional communication. '°

Modifications were made to focus the questions on com-
munication rather than using the term “task” in the original

www.labmedicine.com
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C-Scale survey. Participants could choose from a Likert
scale (strongly agree, agree, neutral, disagree, and strongly
disagree) for their answers to each question. The survey
was administered before and after a brief, case-based
simulation. A unique identifier was added to the pre- and
postsurveys to allow for comparison of results before and
after the simulation activity.

Case-Based Simulation

The case-based simulation was incorporated into the
student’s regularly scheduled course. The activity lasted about
1 h, including a 30 min didactic session on the importance of
effective teamwork and communication, a 10 min case-based
activity, and a 20 min structured debriefing. Objectives of the
didactic session were to: 1) describe the impact of effective
teamwork and communication on patient safety, 2) discuss
the standardized communication tool, SBAR, and 3) apply
SBAR to a common clinical situation. During this portion of
the session, reports from the Health and Medicine Division of
the NASEM were shared with the students. Additional litera-
ture and media was used to demonstrate the growing body of
literature focusing on teamwork and communication.

After this didactic teaching, students were given a brief
patient case and asked to write what they would say to the
nurse during a phone call in response to the situation:

You receive a specimen for Monica Jones, MRN
1732937, for a PT/PTT, and it is only filled halfway.
This is the second recollect you have had to contact
the nurse about today for this same test on the same
patient. The first time sent the blood for the PT/PTT in
a purple top tube. How would you communicate the
need for a recollected specimen to this nurse?

Students shared their responses with a partner and a few
students, then shared their answers with the class. After this
first iteration with the simulated case, students were taught
the basics of TeamSTEPPS with an emphasis on the SBAR
tool. Students were provided with an opportunity for brief
deliberate practice with the instructor, and then presented
with the same case and asked to respond with an SBAR.
Following the second iteration of SBAR use, a structured
debriefing was used to explore use of the tool.

After the case-based simulation, students completed the
post survey. The survey assessed the student’s satisfaction
and confidence with their ability to communicate effectively
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before and after the training. Understanding how well the
students receive the training is the first step in analyzing
learning effectiveness.

Data Analysis

In order to evaluate the reliability of the survey questions,
Cronbach’s Alpha was calculated. The data was tested
and found to not be normally distributed, therefore me-
dian and range were calculated for all 5 questions pre and
post scores. Additionally, the Wilcoxon signed-rank test
was used to assess differences in median values for the
student’s scores pre and post SBAR instruction. Statistical
significance was set at 0.05 and all data analysis was per-
formed using SAS (version 9.4).

Results

The overall raw Cronbach’s Alpha (reliability) score for the
pre-test survey was 0.848. Based on the overall Cronbach’s
Alpha score and on the individual Cronbach’s Alpha scores
if each question was removed from the survey (range 0.762-
0.837), the survey questions demonstrated good internal
consistency in that, collectively, they measure the construct
of communication effectiveness (Table 1).

All students completed both surveys (100% response
rate). Based on the Wilcoxon signed-rank test, the scores

Table 1. Cronbach’s Alpha Score for Pre-Survey
to Assess Competence and Confidence in
Interprofessional Communication of Medical
Laboratory Sciences (MLS) Students (n = 18)
Survey Question Cronbach’s
Alpha if Question
Deleted
Q1 | am confident that my 0.837
communication would be effective
Q2 | feel that | performed the activity ~ 0.805
without hesitation
Q3 My communication would convince 0.833
the nurse | was competent
04 | felt sure of myself as | completed  0.831
the activity
Q5 | feel satisfied with my performance 0.762
a > 0.9, excellent, 0.9 > o = 0.8 good, 0.8 > a. > 0.7, acceptable, below 0.7 is poor.
Overall Cronbach’s Alpha = 0.848;
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increased for all questions after SBAR instruction, and there
was a statistically significantly increase in the scores after
SBAR instruction for 4 out of the 5 questions (P < .007).
However, the p-value for question #2 (“I feel that | per-
formed the activity without hesitation”) was only marginally
statistically significant at 0.058 (Table 2). The student’s
reported an increased perception of confidence and ability
to communicate with healthcare professionals outside the
laboratory after participating in the case-based simulation.

Discussion

Standardized communication has been used in nursing

and allied health programs for many years,'"'> however
there is a paucity of information on incorporating it into
Medical Laboratory Science programs. We reviewed the
literature and found an abstract that reported on communi-
cation between the laboratory team and the end user, but
no communication tools were included.'® There were also
studies looking at the clinical information communicated
through electronic health records,'*'® however this does not
parallel he verbal communication we evaluated in this study.
Clinicians have reported on which critical results should be
reported to the care team have, but fall short of providing
recommendations on how to communicate effectively.'®"
There were also articles on building relationship outside of
the laboratory, but these did not focus on tools that could
be used to effectively communicate patient information.'®

Evaluation of the standardized communication tool, SBAR,
is underutilized in the laboratory profession. In addition to
organizing communication, one advantage of using SBAR
is that it concludes with “recommendation.” This empowers
laboratory staff to speak up and make requests in an organ-
ized manner. SBAR is succinct, yet provides detail. A variety
of healthcare professionals use SBAR to frame patient care
conversations as it has been shown to promote effective
communication, improve patient safety, and increase pro-
vider satisfaction.®° The laboratory should adopt the use of
structured communication tools as well.

SBAR is a tool within the greater TeamSTEPPS platform.
American Hospital Association is responsible for the
TeamSTEPPS Master Trainer course during which parti-
cipants learn about SBAR. A publication in Patient Safety
and Quality Healthcare from the Chief Medical Officer of
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Laboratory Sciences (MLS) Students (n =
(2017)

Table 2. Difference Competence and Confidence scores in Interprofessional Communication of Medical
18) Before and After Learning SBAR Communication Tool

Survey Question Median Pre Median Post Wilcoxon Rank Test
(range) (range) P-value
Q1 I'am confident that my communication would be effective 4 (3-5) 5 (4-5) 0.000
Q2 [ feel that | performed the activity without hesitation (2-5) 5 (4-5) 0.058
Q3 My communication would convince the nurse | was competent (3-5) 5 (3-5) 0.001
Q4 1 felt sure of myself as | completed the activity (3-5) 5 (4-5) 0.011
Q5 | feel satisfied with my performance 4(3-5) 5 (4-5) 0.005

Data was found to not be normally distributed, therefore a non-parametric test, Wilcoxon Rank Test, was used to assess differences in median values for the student’s scores pre and
post SBAR instruction; SBAR = Situation, Background, Assessment, and Recommendation/Request.

Press Ganey Associates discussed SBAR as an evidence-
based practice that can enhance communication skills and
improve outcomes.'® In the current study, we observed a
statistically significant (P < .05) change in the median scores
pre/post learning SBAR with 4 of the 5 questions related to
confidence and competence in interprofessional communi-
cation. However, the change in median scores for question
2 were marginally significant (P = .058). This is anticipated
since the students completed the survey after minimal
practice with the SBAR tool. To increase proficiency, the
program should provide opportunities to apply this new
knowledge in an interprofessional setting.

The current study presents many strengths. To our know-
ledge, this is the first study teaching SBAR in a MLS class-
room and therefore preparing students to communicate in
the same manner that their peers in other health profes-
sions program are being taught to communicate. We had
100% participation in this study and utilized a survey with
good internal consistency (overall Cronbach’s Alpha score
of 0.848).

As with any research study, our study also has limitations.
First, students might seem overconfident based on the
scores in the pre-survey. Since the necessity of effective
interprofessional communication is commonly discussed in
class, it may have influenced the student’s confidence as
they have been told before that effective interprofessional
communication is important. Perhaps since we talk about it,
students feel they have been prepared. Second, our study
was conducted in one medium size MLS program in one state
in the USA, therefore our results might not represent all MLS
students. Lastly, we did not objectively measure how well

www.labmedicine.com

students performed SBAR in their communication. Our data
represents the subjective measure of how the students felt
about their competence of using SBAR and not the objective
measure of how well they performed SBAR. We acknowledge
that if we are going to expect our students to communicate
well interprofessionally, we need to provide adequate edu-
cation and multiple opportunities for them to practice using
their newly acquired skills. Interprofessional simulation is an
evidence-based method to accomplish this goal.

In conclusion, our study, in a medium-sized MLS program
demonstrates that SBAR is a suitable communication tool
that can be used to increase MLS students’ confidence
and competence in interprofessional communication. SBAR
is an effective and underutilized communication tool that
can improve interprofessional communication between the
laboratory and other healthcare professionals. Therefore,
educators should incorporate standardized communica-
tion tools into MLS curricula to empower students to be
effective members of the healthcare team. LM

Acknowledgements

We would like to thank Lucio Olivera, MS for his work on the
figures and the University of Alabama at Birmingham (UAB)
Biostatistics, Epidemiology and Research Design (BERD)
team for their guidance in the statistical analysis.

Author’s Contributions
Ana Oliveira: Data analysis, manuscript writing.

Michelle Brown: Project design, data collection, manuscript
writing.

Lab Medicine 2021;52;136-140 139

DOI: 10.1093/labmed/Imaa061



Management & Administration

References

-

140

. Graber ML, Rusz D, Jones ML, et al. The new diagnostic team.

Diagnosis (Berl). 2017;4(4):225-238.

. Brown MR, Bostic D. Strengthening the clinical laboratory with

simulation-enhanced interprofessional education. Am Soc Clin Lab Sci.
2016;29(4):237.

. Watts P, Langston SB, Brown M, et al. Interprofessional education:

a multi-patient, team-based intensive care unit simulation. Clin Simul
Nurs. 2014;10(10):521-528.

. Joint Commission on Accreditation of Healthcare Organizations. Joint

Commission Center for transforming healthcare releases targeted solutions
tool for hand-off communications. Jt Comm Perspect®. 2012;32(8):1-3.

. Makary MA, Daniel M. Medical error-the third leading cause of death in

the US. BMJ. 2016;353:i2139.

. National Academies of Sciences, Engineering, and Medicine. Improving

Diagnosis in Health Care. Washington, DC: National Academies Press; 2015.

. Weld LR, Stringer MT, Ebertowski JS, et al. TeamSTEPPS improves

operating room efficiency and patient safety. Am J Med Qual.
2016;31(5):408-414.

. De Meester K, Verspuy M, Monsieurs KG, Van Bogaert P. SBAR improves

nurse-physician communication and reduces unexpected death: a pre and
post intervention study. Resuscitation. 2013;84(9):1192-1196.

. Muller M, Jurgens J, Redaélli M, Klingberg K, Hautz WE, Stock S.

Impact of the communication and patient hand-off tool SBAR on patient
safety: a systematic review. BMJ Open. 2018;8(8):022202.

Lab Medicine 2021;52;136-140
DOI: 10.1093/labmed/Imaa061

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

Grundy SE. The confidence scale: development and psychometric
characteristics. Nurse Educ. 1993;18(1):6-9.

Brust-Sisti LA, Sturgill M, Volino LR. Situation, background,
assessment, recommendation (SBAR) technique education enhances
pharmacy student communication ability and confidence. Curr Pharm
Teach Learn. 2019;11(4):409-416.

Weinstein AR, Dolce MC, Koster M, et al. Integration of
systematic clinical interprofessional training in a student-faculty
collaborative primary care practice. J Interprof Care. 2018;32(1):
104-107.

Biasioli B, Maconi C, Cappelletti P, et al. Laboratory reporting of
peripheral blood counts in Italy and evidence based medicine. Int J Lab
Hematol. 2014;36(s1):30-131.

Brousseau G. Integrated clinical information system. Medinfo. 1995;8 Pt
1:459.

Mohammadzadeh N, Safdari R. The intelligent clinical laboratory as
a tool to increase cancer care management productivity. Asian Pac J
Cancer Prev. 2014;15(6):2935-2937.

Genzen JR, Tormey CA. Pathology consultation on reporting of critical
values. Am J Clin Path. 2011;135(4):505-513.

Coffin CM, Spilker K, Lowichik A, et al. Critical values in pediatric
surgical pathology: definition, implementation, and reporting in a
children’s hospital. Am J Clin Pathol. 2007;128(6):1035-1040.
Freeman V, Finley J. Building and maintaining healthy relationships
across the health professions. Am J Clin Pathol. 2012;138(suppl_2)
:A210.

Merlino J. Communication: a critical healthcare competency. Published
2017. Accessed 05 March 2020, Last Accessed 28 July 2020.

www.labmedicine.com



Reproduced with permission of copyright owner. Further reproduction
prohibited without permission.



Cell-Derived Microparticles in Blood Products
from Thalassemic Blood Donors

Egarit Noulsri, PhD,”® Surada Lerdwana, BSc,? Duangdao Palasuwan, PhD,’

Attakorn Palasuwan, PhD*

Laboratory Medicine 2021;52:150-157

DOI: 10.1093/labmed/Imaa041

ABSTRACT

Objective: To determine the number of cell-derived microparticles (MPs)
in blood products obtained from donors who have thalassemia.

Methods: Packed red blood cells (PRBCs), plasma, and platelet
concentrate (PC) were prepared according to routine procedures. We
used flow cytometry to quantitate the concentration of MPs.

Results: The results of a comparison of MP levels in unprocessed
whole blood showed that the concentration of all MPs in the donors
without thalassemia trait (n = 255) was higher than in donors with
thalassemia trait (n = 70). After processing, increased concentrations of

Cell-derived microparticles (MPs) are small vesicles re-
leased from various cells on activation, on injury, or when
undergoing apoptosis.' These MPs are characterized
based on their intracellular origin and are released by red

Abbreviations:

MP, microparticle; RMP, red blood cell-derived microparticle; PMP.
platelet-derived microparticle; LMP. leukocyte-derived microparticle;
EMPs, endothelial cell-derived microparticles; PS, phosphatidylserine; TF,
tissue factor; TRALI, transfusion-related acute lung injury; DVT, deep vein
thrombosis; BC, buffy coat; RBC, red blood cell; PRBC, packed red blood
cell; PC, platelet concentrate; PPP, platelet-poor plasma; FFP, fresh frozen
plasma; SAGM, saline, adinine, glucose, and mannitol; WBCs, white
blood cells; PCR, polymerase chain reaction; PBS, phosphate-buffered
saline; RT, room temperature; FSC, forward scatter; SSC, side scatter; FL,
fluorescent; HbE, hemoglobin E; SEA, Southeast Asian; Hb, hemoglobin;
MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; RDW, red-blood-cell
distribution width; HCT, hematocrit
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MPs were documented in both groups. Among the blood components,
PRBC showed higher platelet-derived MP concentrations in donors with
thalassemia than in donors without thalassemia. However, PC showed
higher concentrations of total MPs in donors without thalassemia than in
donors with that condition.

Conclusions: Our results suggest little influence of thalassemia-trait
status on changes in MP concentrations in blood components.

Keywords: 3-thalassemia, transfusion donor, microparticle, quantitation,
flow cytometry, laboratory

blood cell-derived microparticles (RMPs), platelet-derived
microparticles (PMPs), leukocyte-derived microparticles
(LMPs), and endothelial cell-derived microparticles (EMPs).2
Study results®>® have suggested that MPs can participate in
the coagulation pathway by expressing negatively charged
phospholipids, phosphatidylserine (PS), and tissue factor
(TF) on their surface membranes. Other study reports®’
have also suggested that MPs can modulate immune
response.

In transfusion medicine, MPs have been suggested as
contributing to post-transfusion complications (for ex-
ample, transfusion-induced thrombotic complications and
transfusion-related acute lung injury [TRALI)).%"" Further
study results'®'* have suggested that MP levels are related
to the quality of blood products. These results suggest
that transfusions containing increased numbers of MPs
might contribute to deep vein thrombosis (DVT), pulmonary
embolism, and TRALI. These MP-related post-transfusion
complications might be minimized or prevented by several
proposed approaches, including routine screening for MPs
in blood products and filtering blood components after
preparation.’®"” Given the roles of MPs in blood transfu-
sion, it is necessary to examine the factors associated with
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the release of MPs in blood components prepared in routine
transfusion laboratories.

Several factors are suggested as being associated with
increased levels of MPs in blood components. The results
of a study by Noulsri et al'® showed different concen-
trations of PMPs in platelet products prepared using
platelet-rich plasma, buffy coat (BC), and apheresis
instruments, suggesting the effects of blood-component
preparation procedures on the release of MPs. The results
of further study of the factors causing increased levels

of MPs in blood components'® have also suggested that
donor factors and processing and storage are associated
with the concentrations of MPs in blood components
prepared in routine transfusion laboratories. Regarding
transfusion donors, those who have asymptomatic thal-
assemia, an inherited red blood cell (RBC) disorder, gen-
erally are eligible to donate for transfusion.'®?° Given that
there is a high prevalence of donors with thalassemia in
certain areas of our country, Thailand, the variability asso-
ciated with donor-provided abnormal RBCs could be at-
tributed to changes in MP levels during blood-component
preparation. However, little information is available re-
garding the levels of MPs in the blood products prepared
from donors with thalassemia.

In the current study, we screened transfusion donors to iden-
tify those who had thalassemia and quantitated the numbers
of MPs in their blood products, including packed red blood
cells (PRBCs), platelet concentrate (PC), and plasma. We did
so because we believe that knowing the factors that con-
tribute to the release of MPs in blood products is important
for managing quality in transfusion laboratories.

Materials and Methods

Reagents and Antibodies

We obtained fluorescent conjugated monoclonal anti-
bodies, annexin V-FITC, CD41-APC, CD235a-PE, CD45-
PerCP, and 10 x annexin V-binding buffer for use in our
study. CountBright beads were purchased from Thermo
Fisher Scientific Inc. In addition, we purchased polystyrene
12-mm x 75-mm tubes and size-standard beads of 1 ym for
use in our study.

www.labmedicine.com
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Transfusion Donors, Specimen Collection, and
Complete Blood Count Analysis

This study was approved by the Institutional Review Board
of Siriraj Hospital, Mahidol University School of Medicine,
Bangkok, Thailand (COA no.359/2016). Written consent was
obtained from donors after the procedure was explained

in detail, including the time it would take and its possible
hazards and benefits. After informed consent was obtained,
blood specimens were collected and processed using

the standard procedure of the Department of Transfusion
Medicine, Faculty of Medicine, Siriraj Hospital, Mahidol
University.

The whole blood specimens were drawn into blood-
collection tubes containing 3.2% sodium citrate and then
subjected to complete blood count determination using
a Siemens ADVIA 2120i hematology analyzer (Siemens
Healthcare GmbH), which was routinely calibrated as re-
commended by the manufacturer.

Blood Component Preparation and Specimen
Collection

Figure 1 summarizes the overall processes of blood-
component preparation and specimen collection. Briefly,
whole-blood units were collected into triple blood-collecting
systems (JMS Triple Blood Bag; CPD-SAGM Solution; JMS
Singapore Pte. Ltd.). Then, each whole-blood unit was cen-
trifuged at 3100g for 10 minutes to separate it into 3 layers.
The top layer was the platelet-poor plasma (PPP), which
was transferred to a satellite bag and stored as fresh frozen
plasma (FFP) in a freezer at 20°C or less.

The bottom layer was the PRBCs, which were transferred
to another bag attached. A solution of saline, adinine, glu-
cose, and mannitol (SAGM) was added to the RBCs, and it
was stored in a cold room at 4°C. The middle layer was the
BC, which contains platelets and white blood cells (WBCs).
Briefly, 4 bags of the BC from the same ABO blood group
were pooled together and centrifuged at g for 6 minutes

at 22°C, along with 1 empty satellite bag. The platelet
concentrate was transferred into an empty platelet-storage
bag, and the tubing was sealed.

Specimens were taken from heat-sealed segments immedi-
ately after preparation and before storage. The contents of
each segment were transferred to a 0.5-mL microcentrifuge
tube and then mixed. Next, the specimens were analyzed
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Figure 1

Schematic diagram summarizing the overall experimental design. On collection from transfusion donors, whole blood units are processed
according to routine laboratory procedures to prepare packed red blood cells (PRBCs), platelet concentrates (PCs), and fresh plasma.
Specimens of unprocessed donor whole blood are subjected to molecular characterization of thalassemia and hematology analysis. The
specimens from whole blood and blood products are evaluated using flow cytometry to determine the concentrations of microparticles
(MPs) and their origins. For quantitation using flow cytometry, the MP gate is first identified according to forward scatter (FSC) and side
scatter (SSC) characteristics (R-1). Then, the gated MPs are analyzed on annexin V vs SSC to determine MPs that test positive for annexin
V (R-2), and these populations are defined as total MPs. The MPs that test positive for annexin V are plotted on the histogram of CD235a-
PE, CD45-PerCP, and CD41a-APC to determine the numbers of red blood cell-derived microparticles (RMPs) (H-3), leukocyte-derived
microparticles (LMPs) (H-4), and platelet-derived microparticles (PMPs) (H-5), respectively.

for concentrations of MPs using flow cytometry within 2
hours after the completion of blood-component processing.

Thalassemia Screening

Hemoglobin typing was performed using HPLC (Variant
Hemoglobin Testing System; Bio-Rad Laboratories, Inc.).
Multiplex Gap—polymerase chain reaction (PCR) was used
to detect o -globin gene variants. Reverse dot-blot hybrid-
ization was used to detect -globin gene mutations.

Flow Cytometry Analysis of MPs

The specimens were diluted to 1:100 using phosphate-
buffered saline (PBS). Then, 5 pL of each diluted spe-
cimen was incubated with 3 pL of annexin V-FITC, 5 pL
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of CD41-APC, 5 pL of CD235a-PE, 5 L of CD45-PerCP,
and 20 pL of 1 x annexin-V binding buffer for 15 min-

utes in the dark at room temperature (RT). Next, 300 pL

of annexin-V binding buffer was added to the tube. We
analyzed the stained specimens using a FACSCalibur flow
cytometer (Becton, Dickinson and Company) equipped with
dual 75-mW blue lasers (488 nm) and 40-mW red lasers
(640 nm).

The forward scatter (FSC), side scatter (SSC), and fluor-
escent (FL) parameters were set at logarithmic scale. The
threshold was set at FSC to exclude debris and noise. The
data were acquired and analyzed using CellQuest software
version 4.0 (Becton, Dickinson and Company). The flow
cytometer was optimized and calibrated using CaliBrite
beads and FACSComp software (Becton, Dickinson and
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Company). The MP gate was established on FSC vs SSC
according to 1-pym size standard beads (Figure 1). The
annexin V vs SSC dot plot was used to identify MPs that
tested positive for annexin V from the previously gated MPs.
The events of RMPs, PMPs, and LMPs were determined on
histogram plots of CD235a-PE, CD41a-APC, and CD45-
PerCP, respectively. The concentrations of MPs per micro-
liter were calculated as described previously.'”

Statistical Analysis

The data were analyzed and graphed using GraphPad Prism
software, version 5.0.1 (GraphPad Software). All results were
expressed as mean, SE, and range. Linear regression was
used to determine the association between measured and
expected MP concentrations. Statistical significance between
the 2 groups was determined using a Student t-test. A P-value
of less than .05 was considered statistically significant.

Results

Characteristics of Donors with Thalassemia
and Hematological Parameters

Our results showed that the prevalence of donors with thal-
assemia was 21.5%. The mean (SE) ages of the donors with

Science

and without thalassemia were 34.9 (11.9) and 36.3 (11.8)
years, respectively. The most common type of thalassemia
was hemoglobin E (HbE)-related abnormality (14.4%). Also,
8.6% of a-thalassemia abnormality was associated with
3.7-kb deletion, 4.2-kb deletion, and Southeast Asian (SEA)
deletion. Table 1 summarizes the hematology parameters
of the donors with and without thalassemia. Overall, the
hematology indices of the donors with thalassemia differed
significantly from those of the donors without that condi-
tion. These parameters were RBCs, hemoglobin (Hb), mean
corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration
(MCHC), and red-blood-cell distribution width (RDW). In
contrast, there were no significant differences in HCT and
WBCs between the 2 groups.

Accuracy and Reliability of MP Quantitation
Approach

To address the accuracy and reliability of our MP quanti-
tation, the whole-blood specimens were diluted to 1:10,
1:100, 1:1000, 1:10000, and 1:100000. The total number
of platelets in each diluted specimen was determined. The
results showed r? of 0.98 and a P value of less than .001
between the measured concentrations of platelet and their
expected values (Figure 2).

To establish the MP gating, we incubated whole-blood
specimens with A23187 to induce MP release. Then,

Table 1. Hematology Parameters of Tranfusion Donors with and withoutThalassemia

Analyte Mean (SE) (Minimum-Maximum) PValue
Donors with Thalassemia (n = 70) Donors without Thalassemia (n = 255)

RBCs (x 106/uL) 4.8 (0.5) 5.4(0.5) <.001?
(3.9-6.3) (4.3-7.1)

Hemoglobin (g/dL) 13.6 (0.9) 13.9(1.2) .02%
(11.5-15.6) (11.2-18.4)

Hematocrit (%) 416 (2.8) 42.3(3.5) 12
(35.9-47.4) (35.3-53.7)

MCV (fL) 76.7 (5.8) 87 (4.9) <.001?
(57.2-86.5) (60.9-95.7)

MCH (pg) 25.1(1.9) 28.7(1.8) <.001?
(19.5-28.5) (18.4-32.9)

MCHC (g/dL) 32.6 (0.8) 32.9(0.9) 012
(30.1-34.6) (30.2-35.9)

RDW (%) 14.8 (1) 13.6 (0.9) <.001?
(12.717.7) (11.8-17.3)

WBCs (x 103/uL) 75(1.7) 7.2(1.6) .21
(4.2-12.5) (3.7-13.9)

RBCs, red blood cells; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red-blood-cell distribution width;

WBC, white blood cells.

“Indicates a significant difference between the donors who have and do not have thalassemia.
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Regression analysis of observed platelet counts (x-axis) and
expected platelet counts (y-axis) according to dilutions.

the treated specimens and untreated control specimens
were analyzed using flow cytometry. The percentage of
MPs in whole blood treated with A23187 was signifi-
cantly higher than in the control specimens (33% vs 6%).
To address the specificity of the annexin V binding for

the identification of MPs, whole-blood specimens were
incubated with A23187 to induce MP release. Then, the
treated specimens were determined for MP quantitation in
the presence and absence of calcium buffer. Our results
showed that the percentages of MPs with and without

1 x annexin V-binding buffer were 47% and less than 1%,
respectively.

MP Levels in Unprocessed Whole Blood and
Blood Products from Donors with and without
Thalassemia

Comparison of MP levels in unprocessed whole blood
showed that the levels of MPs, RMPs, and PMPs in donors
without thalassemia were significantly higher than those
levels in donors with the condition (Table 2). However, we
observed no difference between the groups in the concen-
trations of LMPs, which were lower than for the other com-
ponents quantitated. The data also showed that RBCs were
the main source of MPs in unprocessed whole blood.

In the blood products, the analysis of PRBCs showed
that the concentration of PMPs was significantly higher in

donors with thalassemia than in those without the condition.

In contrast, analysis of the PC showed that the concen-
tration of total MPs was higher in donors without thalas-
semia than in donors with the condition. Examination of the
fresh plasma showed no significant difference between the
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groups of donors in concentrations of total MPs, PMPs, and
RMPs.

Discussion

In the current cross-sectional study, we identified transfu-
sion donors who had thalassemia and quantitated their MP
concentrations in a routine transfusion laboratory. To our
knowledge, the current study is the first reported in the lit-
erature to analyze the effects on the release of MPs of blood
donors with thalassemia. The results suggest that the thal-
assemia status of blood donors has little effect on the levels
of MPs in the blood products prepared in such laboratories.

In the current study, the prevalence of donors with thalas-
semia was 21.5%. However, Nuinoon et al’’ examined the
frequency of the a -thalassemia 1 trait, the (3 -thalassemia
trait, and the HbE-related syndrome in southern Thailand.
They found that the overall frequency of blood donors with
thalassemia was 12.9% and that the highest frequency was
that of heterozygous HbE without o. -thalassemia (5.2%).
These findings indicate that in Thailand, the frequency of
transfusion donors with thalassemia varies in geographic
distribution. Our findings showed that the RDW was
higher in donors with than in those without thalassemia,
suggesting a variation in size of the RBCs in donors with
thalassemia. This finding was similar to those of previous
studies, which showed increased RDW values in patients
with asymptomatic thalassemia and that the ranges of
RDW were similar to those observed in our study.”"** Also,
our findings showed no difference between the groups in
the number of WBCs. This finding may be explained by
the pathophysiology of asymptomatic thalassemia dis-
ease, which shows no abnormality of WBCs in number or
function.?

Our results regarding fresh whole blood showed that

the total numbers of MPs, RMPs, and PMPs in donors
without thalassemia were higher than in donors with thal-
assemia, suggesting that asymptomatic thalassemia has
less effect on MP release. After preparation, we found a
significant change in only 2 of the 12 parameters meas-
ured. First, the numbers of PMPs were higher in PRBCs
prepared from donors with thalassemia than in donors
without the condition. Second, the total numbers of MPs
were higher in PC prepared from donors without than
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Table 2. Total Concentrations of Analytes in the Fresh Whole Blood, PRBCs, PC, and FP of Tranfusion
Donors with and without Thalassemia
Analyte Mean (SE) (Minimum-Maximum) PValue
Donors with Thalassemia (n = 70) Donors without Thalassemia (n = 255)
Fresh Whole Blood
Total MPs 24,180 (833) 27,590 (697) .02
(11,643-46,736) (6930-86,667)
RMPs 11,200 (386) 12,690 (281) .012
(4990-20,203) (3659-33,180)
PMPs 9,076 (402) 11,000 (372) 012
(2880-17,008) (640-49,770)
LMPs 256 (38) 292 (31) .57
(0-1199) (0-5440)
PRBC
Total MPs 36,460 (5322) 32,740 (1198) .30
(15,119-383,413) (2520-212,800)
RMPs 18,200 (804) 20,080 (476) .06
(7714-50,400) (1890-56,000)
PMPs 13,270 (4929) 8,460 (758) <.001?
(1830-358,773) (610-173,973)
LMPs 239 (56) 216 (19) .66
(0-1000) (0-2016)
PC
Total MPs 26,990 (1486) 35,170 (1709) .02
(14,720-56,324) (2100-139,153)
RMPs 9500 (346) 10,170 (273) .25
(5620-14,784) (1680-22,017)
PMPs 11,750 (990) 14,150 (667) .09
(4092-41,768) (2773-70,737)
LMPs 237 (44) 241 (25) .95
(0-1027) (0-1943)
FP
Total MPs 100,200 (12,090) 203,800 (33,870) 12
(17,269-527,218) (14,490-5.9 x 1 06)
RMPs 12,110 (729) 10,890 (348) 12
(2560-31,342) (2,940-58,240)
PMPs 56,330 (8307) 137,000 (25,540) 11
(4872-400,280) (3840-3 x 10
LMPs 260 (48) 212 (22) .34
(0-2033) (0-2439)
PRBCs, packed red blood cells; PC, platelet concentrate, FF, fresh plasma; MPs, microparticles;, RMPs, red blood cell-derived microparticles, PMPs, platelet-derived microparticles;
LMPs, leukocyte-derived microparticles.
“Indiicates a significant difference between the donors with and without thalassemia.

from donors with thalassemia. This discrepancy suggests
that asymptomatic thalassemia has less of an effect on
MP production than other variables. Our findings also
showed that the concentration of MPs was increased
after preparation processes. In particular, the concentra-
tion of total MPs was increased as much as 4-fold and
6-fold in plasma prepared from donors with and without
thalassemia, respectively. This finding suggests an effect
of blood processing on MP release in blood products.
Another study'® quantitated the MP concentrations in
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various platelet products; its findings included different
MP levels in platelet components prepared using different
processes. Also, our data showed that RMPs were the
major MP population in unprocessed whole blood and
PRBCs. However, PMPs were the main MP population in
PCs and plasma, suggesting that the origin of MPs is re-
lated to the cell concentrations in each blood component.

The findings of a previous study®* determined the MPs
in patients who had hemoglobinopathic manifestations,
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including thalassemia. Those results showed that the
number of MPs in thalassemia intermedia were increased
4-fold, compared with the controls. The results of another
investigation®® demonstrated a significantly increased
number of MPs in patients with splenectomized 3 -thal-
assemia and showed that this increase was inversely
proportional to the levels of hemoglobin, suggesting an
association between MPs and severe anemia in {3 -thalas-
semia disease.

In our study, the Hb levels in the donors with thalassemia
were similar to those in the donors without the condi-
tion, suggesting that no anemia is present in donors

with thalassemia. However, our further experimentation
demonstrated that the levels of total MPs, RMPs, and
PMPs in the donors without thalassemia were higher than
those in the donors with the condition. This finding might
be explained by the differences in the number of donors
with thalassemia (n = 70) and of the donors who do not
harbor it (n = 255). Regarding the number of MPs, a study
examining this number in patients with § -thalassemia
found that they had an average of 74,000 particles per
uL, whereas the number of MPs in healthy volunteers was
50,000 particles per pL.?® In the current study, we found
the average number of MPs to be 24,000 particles per puL
in donors with thalassemia and 27,000 per pL in donors
without thalassemia. Although flow cytometry was used
to quantitate the MPs, the lower MP concentrations found
in our study might be due to the difference in gating strat-
egies and the variability of the cytometer instrument used.

The findings of previous studies®’?® have characterized the
molecular mechanisms of MP release and have shown that
the intracellular influx of Ca®* contributes to this mech-
anism. The results of a number of in-vitro studies®**' have
also shown that A23187 can induce MP release through
this mechanism. In the current study, we stimulated the
specimens with A23187 to induce MP release. These speci-
mens were used to establish the MP gating and to address
its reliability and accuracy. First, our dilution experiment
showed a good correlation between the observed and ex-
pected concentrations of platelets. Second, quantitation of
the MPs in whole blood treated with A23187 showed that
the concentration of MPs was increased more than 100%
compared to that in the control specimens. Finally, the
number of total MPs decreased less than 1% in the gating
without annexin V-binding buffer, suggesting the specificity
of annexin V-binding buffer for detecting MPs. Altogether,
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these data suggest the optimization of our flow-cytometry
analysis of MPs in the current study.

The current study had several limitations. Of the 325 trans-
fusion donors, only 70 (21.5%) had thalassemia. Further,
nearly all the components were sent to transfusion recipients
within 2 weeks after preparation. Given this high requirement,
a low number of PRBCs from donors with thalassemia were
available with which to investigate the effects of storage on
MP release in blood products prepared from donors with
thalassemia. Also, there were no clinical data on therapeutic
efficiency or complications after transfusion. Further clinical
study should be conducted to address whether there is any
difference in therapeutic efficacy between the PRBCs from
donors with and without thalassemia by using the conven-
tional markers, including post-transfusion Hb/HCT, and the
incidence of post-transfusion reactions and MPs.

Conclusions

Our data demonstrated no association between donor with
thalassemia and the levels of MPs in blood components.
This finding emphasizes the role of individual donor vari-
ability and blood-component processing on the heterogen-
eity of MPs in blood products. LM
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ABSTRACT

Objective: Examination of urine sediment is crucial in acute kidney
injury (AKI). In such renal injury, tubular epithelial cells, epithelial cell
casts, and dysmorphic red cells may provide clues to etiology. The aim
of this study was to compare automated urinalysis findings with manual
microscopic analysis in AKI.

Methods: Samples from patients diagnosed with AKI and control patients
were included in the study. Red blood cells, white blood cells, renal tubular
epithelial cells/small round cells, casts, and pathologic (path) cast counts
obtained microscopically and by a UF1000i cytometer were compared by
Spearman test. Logistic regression analysis was used to assess the ability
to predict AKI from parameters obtained from the UF1000i.

Acute kidney injury (AKI) is encountered in hospitalized and
critically ill patients.” It results from sudden loss of renal
excretory functions and can occur in the context of other
ilinesses. Etiologies for AKI can be prerenal, intrinsic renal,
or postrenal.” Microscopic findings in urine from patients
with AKI vary from a bland urine sediment with few hya-
line casts in prerenal AKI to muddy brown casts, coarse
granular casts, epithelial cell casts, and renal tubular epi-
thelial cells (RTEC) in renal AKI. Other findings indicative of
glomerular pathology include hematuria, red cell fragments,
red cell casts, and white cell casts.'™

Urine microscopy has been extensively studied and scored
for prediction of acute tubular necrosis, differentiating septic
from aseptic AKI, predicting prognosis, and even predicting

Abbreviations:

AKI, acute kidney injury; path, pathologic; RTEC, renal tubular epithelial
cells; RBCs, red blood cells; WBCs, white blood cells; src, small round
cells; IQR, interquartile range; AUC, area under the curve.

"Department of Hematology, Clinical pathology, Apollo hospitals,
Chennai, India, “Department of Centralised Molecular Diagnostics, Apollo
Hospitals, Chennai, India

*To whom correspondence should be addressed.
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Results: There was poor correlation between manual and automated
analysis in AKI. None of the parameters could predict AKI using logistic
regression analysis. However, the increment in the automated path cast
count increased the odds of AKI 93 times.

Conclusion: Automated urinalysis parameters are poor predictors of AKI,
and there is no agreement with manual microscopy.

Keywords: urinalysis, acute kidney injury, UF1000i, cast, pathological
cast, urine microscopy

dialysis.*® Perazella, Coca, Kanbay, et al* identified a scoring
system incorporating microscopic findings of granular casts
and RTEC to differentiate prerenal AKI from renal AKI. Using
this scoring system, they were able to predict a worsening of
the stages of AKI. With the advent of automation in urinalysis,
automated analyzers based on flow cytometry and digital
microscopy have replaced time-consuming microscopic evalu-
ation and reagent strip analysis.® Studies have correlated auto-
mated analyzers with microscopy, and correlations have varied
from 0.49 to 0.96 for the various formed elements in urine.” "

There is limited literature regarding the use of automated
urine microscopy in AKI.">"® Hence, we undertook this
study to evaluate the role of the UF1000i cytometer in
predicting AKI and to compare automated urinalysis with
manual microscopy in patients with AKI.

Materials and Methods

Urine samples from patients clinically diagnosed with AKI
based on the criteria of the Kidney Disease: Improving
Global Outcomes working group were included in the

e30 ©American Society for Clinical Pathology 2020. All rights reserved. For permissions, please e-mail: journals.permissions @oup.com



study.'® According to these criteria, AKI is diagnosed
when there is an increase in serum creatinine >0.3 mg/dL
(=26.5 nmol/L) within 48 hours or an increase in serum
creatinine >1.5 times baseline that is known or presumed
to have occurred within the prior 7 days, or when urine
volume is <0.5 mL/kg/h for 6 hours.'* Patients with AKI
due to prerenal as well as renal causes were included in
the study group. Urine samples from patients who were
not suspected to have AKI (per the working group criteria)
were included as control patients. Urine samples which
were less than 5mL and samples submitted after one
hour of voiding were excluded from the study.

Urine samples from control patients and patients with AKI
were centrifuged in graded conical tubes at 1500 rpm for
5 minutes to obtain urine sediment for microscopy. The
supernatant was discarded, leaving 0.5 mL of urine sedi-
ment. The tube was then flicked, and 1 drop of sediment
was placed on a clean slide and coverslipped. The slide
was then observed under a bright field microscope. Ten
high-power fields (high power field [hpf] 400x), including
the edges of the coverslip, were examined to obtain an
average numerical score for red blood cells (RBCs), white
blood cells (WBCs), casts, and RTEC/hpf. The RBCs
were identified as circular or crenated discs, WBCs were

Science

identified by cytoplasmic granulation and lobed nucleus,
and RTEC were identified by their varied shape —cuboidal
to oval to rectangular—with densely granulated cytoplasm
and eccentric nuclei. Casts were identified as hyaline
when they were cylindrical and acellular, identified as
granular when they contained multiple fine or coarse gran-
ules, and termed as RBCs, WBCs, and epithelial cell casts
when they contained RBCs, WBCs, or RTEC, respect-
ively. The averages of the granular and cellular casts were
summed to obtain a manual pathologic (path) cast score.
For conversion from hpf to per microliter, the following
formula was used: cells counted/microliter = concentra-
tion of urine sample x average number of cells or casts
counted x chamber volume (volume of sediment between
coverslip and slide/number of fields observed; concen-
tration = 5, chamber volume = 0.004 mL, number of fields
counted = 10).

The Sysmex UF1000i (Sysmex Co, Japan), is a fluor-
escence flow cytometer and classifies cells and other
formed elements as bacteria, WBCs, RBCs, yeast-like
cells, epithelial cells, crystals, casts, path casts
(nonhyaline casts), spermatozoa, small round cells (src,
which include transitional epithelial cells and RTEC), and
mucus. It has a 635 nm laser and 2 analytical channels

Table 1. Median and Range of Various Automated Urinalysis Parameters in Control Patients and Patients
with AKI
Control Patients, n = 62 RBC/hpf WBC/hpf Cast/hpf src/hpf Path cast/hpf
Median (IQR) 1.7 (4.1) 1.7 (10.3) 0.09 (0.45) 0.4(1.3) 0.05(0.18)
Minimum 0.20 0.0 0.0 0.0 0.0
Maximum 2507.2 410.0 3.0 67.6 0.9
Patients with AKI, n = 103
Median (IQR) 13(32.9) 9.3 (49.2) 0.29 (0.63) 0.60 (1.9) 0.19(0.35)
Minimum 0.0 0.3 0.0 0.0 0.0
Maximum 1801.0 2562.0 5.0 80.6 5.0
Table 2. Logistic Regression Analysis for Predicting AKI
Estimate Standard Odds z Wald df P Value Confidence Confidence
Error Ratio Statistic interval (lower) interval
(upper)
Intercept —-0.082 0.229 0.921 —-0.360 0.130 1 719 0.588 1.443
RBCs —0.000 0.001 1.000 -0.240 0.058 1 .810 0.998 1.001
WBCs 0.009 0.004 1.009 1.954 3.817 1 .051 1.000 1.018
Casts -1.238 0.494 0.290 -2.505 6.275 1 .012 0.110 0.764
Path casts 4.536 1.511 93.283 3.002 9.010 1 .003 4.826 1803.149
src 0.008 0.024 1.008 0.318 0.101 1 751 0.961 1.056
AUC is 0.72, sensitivity = 0.84, specificity = 0.43, and precision is 0.71.
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that have separate fluorescent dyes. It characterizes
formed and unformed elements from unspun urine by
fluorescence, forward scatter, impedance, side scatter,
and adaptive cluster analysis. For conversion from
1.00 4
0.75

0.50

0.25

P(Diagnosis = 1)

0.00 -

Figure 1

Predicted probability of AKI plotted against cast count. Probability
decreases from 1 to 0.75 when cast count increases from 0/hpf to
1/hpf.
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Figure 2

Predicted probability of AKI plotted against path cast count.
Probability increases from 0.5 to 1 for increase in path cast count
from 0/hpf to 1/hpf.

microliter to high-power field, counts obtained by the
UF1000i were divided by a conversion factor of 5.5 (deter-
mined by the manufacturer).

Continuous variables were expressed as the median when
their distribution was not Gaussian, and their variability
was expressed as the interquartile range (IQR). Categorical
variables were expressed as percentages. Continuous vari-
ables were compared using the Wilcoxon signed-rank test,
and their associations were studied using the Spearman
rank correlation. Associations and differences between
continuous variables were considered significant if the
2-tailed P value was less than .05. All statistical analysis
was carried out using the JASP statistical package (Version
0.12.2). Intermethod comparisons (automated analysis vs
microscopic analysis) and the construction of Bland-Altman
plots was carried out using GraphPad Prism version 8.0.0
for Windows (GraphPad Software, San Diego, CA; www.
graphpad.com).

Results

Control patients included 37 men and 25 women with a me-
dian age of 51 years (IQR = 22.5 years; range, 23-80 years).
The range and median automated RBC, WBC, cast, src,
and path cast count are summarized in Table 1. There were
103 patients with AKI, including 73 men and 30 women with
a median age of 64 years (IQR = 20 years). The youngest
patient was 17 years, and the oldest was 90 years. Table

1 summarizes the automated urinalysis findings in the pa-
tients with AKI.

A logistic model was fitted to the data to test the hy-
pothesis regarding the relationship between AKI diag-
nosis (coded as 1 when present and 0 when absent) and
automated urinalysis parameters. The results showed

Table 3. Comparison of Results of Automated and Manual Urinalysis in Patients With AKI (n = 45)

AKI (auto RBC RBC WBC WBC src RTEC/ Cast Cast Path Cast Path Cast
Vs man auto/hpf man/hpf auto/hpf man/hpf auto/hpf hpf auto/hpf man/hpf auto/hpf man/hpf
Median (IQR) 10.1(32.4) 7.5(142) 7.0(77.7)  2.0(6.0) 0.8(1.9) 0.3(1.00 0.28(0.77) 0.1(3.0) 0.14(0.51) 0.6(1.9
Minimum 0.6 0.0 0.3 0.1 0.0 0.0 0.02 0.0 0.0 0.0
Maximum 409.4 81.0 2562.2 105.0 80.6 35 5.04 10.0 5.04 13.0

P value P <.001 P <.001 P <.001 P =27 P =.002

Auto, automated; man, manual.
P values are values of significance for Wilcoxon signed-rank test.
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Bivariate relationship between RBC manual and automated counts.
At low counts, there is linear positive correlation, whereas at higher
counts, there is mild positive correlation with outliers.
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Bivariate relationship between WBC manual and automated counts.
At low counts, there is strong linear positive correlation, whereas at
higher counts, there is mild positive correlation only.

—predicted logit of AKI =-0.082 + (0.0)* RBC + (0.009)*W
BC + (-1.23)*Cast + (4.5)*Path cast + (0.008)*Src (Table 2
and Figures 1, 2). The log of the odds of a patient having
AKI was negatively correlated with cast (P =.01) and posi-
tively correlated with path cast (P =.003). The higher the
number of casts/hpf, the lower the probability of a patient
having AKI, and the higher the number of path casts,
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Bivariate relationship between automated and manual cast counts.
From the figure, it is evident there is no relationship between the

two.
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Bivariate relationship between manual renal tubular epithelial
cells (RTEC) count and automated small round cell (SRC) count
indictes no association between the two parameters.

the higher the likelihood of a patient having AKI. A 1-unit
increase in path cast increased the odds for AKI 93.2
times. The RBC, WBC, and src did not influence the log
odds of AKI (P *.05).

Next we compared the microscopic and automated
urinalysis parameters in 45 patients with AKI. The
Wilcoxon signed-rank test indicated that the auto-
mated median RBC/hpf (10.1 vs 7.5), WBC/hpf (7.0 vs
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Bivariate relationship between manual and automated path cast
count indicates a mild linear positive correlation.

2.0), and automated src (0.8 vs 0.3) ranks in AKI were
significantly higher than those revealed through micro-
scopic analysis, z = 813.5, P <.001; z = 994, P <.001;
and z = 755.5, P <.001. respectively. Whereas the
median microscopic path cast count was significantly
higher than the automated path cast/hpf (191; P =.002),
there was no difference in the median cast count rank
(z=421; P =.27; Table 3). The median and IQR of
manual and automated parameters and their associ-
ations are summarized in Table 3 and Figures 3 to 7.
The Spearman ranked correlation showed a positive
correlation between automated WBC and manual WBC

count, rho = 0.652 (P <.001). No correlation was ob-
served between the automated and manual methods for
RBC count (rho = 0.45), cast count (rho = —-0.06), src/
RTEC (rho = 0.31), and path cast (rho = 0.28; Figure
8). The Bland-Altman intermethod comparison be-
tween the automated and manual methods showed no
agreement between the 2 methods for all the param-
eters considered. Figures 9 to 13 show the results of
the intermethod comparison between the automated
and manual methods. Images 1-6 show the images of
various casts encountered in the urine sediment of pa-
tients with AKI.

Discussion

In the present study, which included 165 patients (103
patients with AKI and 62 control patients), we ana-
lyzed the automated urinalysis findings in AKI com-
pared with manual microscopy findings (for 45 patients
with AKI) and studied the role of UF1000i in predicting
AKI. Automated analysis produced significantly higher
counts for RBC, WBC, and src (P <.05) in patients with
AKI. Path casts were significantly higher by manual
microscopy. By logistic regression analysis, the area
under the curve (AUC) for the prediction of AKI was 0.72
with a sensitivity of 84% and a specificity of 43%. The
intermethod comparison between manual and auto-
mated analysis showed no agreement between the 2
methods.
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Heatmap showing Spearman correlation between automated and manual urinalysis in AKI. Auto, automated; man, manual.
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Bland-Altman plot for RBCs showing a proportional error and
systematic error. Bias = 28.6, lower limit of agreement =-101.9, and
upper limit of agreement = 159.1.
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Bland-Altman plot for WBCs showing a proportional error and
systematic error. Bias = 175.1, lower limit of agreement = -760.5,
and upper limit of agreement = 1111.
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Bland-Altman plot for cast showing a proportional error.
Bias = -0.92, lower limit of agreement = -6.5, and upper limit of
agreement = 4.7.

www.labmedicine.com

Science

100
80+ L4
60—

40

Difference

20- .

0 T T T T 1
10 20 30 40 50
-20

Average

Figure 12

Bland-Altman plot for src and RTEC showing a proportional error
and systematic error. Bias = 4.1, lower limit of agreement = -21.8,
and upper limit of agreement = 30.1.
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Bland-Altman plot for path cast showing a proportional error.
Bias = —1.4, lower limit of agreement = —7.1, and upper limit of
agreement = 4.2.

Using a conversion factor of 0.297, Wang and colleagues'®
found that the correlation for the RBC count was 0.86 for
RBCs and 0.88 for WBCs. They found that the manual
method and the UF1000i count were not significantly dif-
ferent by Passing-Bablok analysis. In our study, we used a
conversion factor of 5.5 (as per manufacturer instructions).
Various studies have found a good correlation between
manual and iQ200 analyzer counts for RBCs, WBCs, and
epithelial cells.'®'®'° One study found a correlation of

0.94 for RBCs, 0.98 for WBCs, 0.85 for casts, and 0.70 for
nonsquamous epithelial cells; the sediMAX urine analyzer
correlated well with phase contrast microscopy and had an
AUC of 80% to 90% for the identification of RBCs, WBCs,
and squamous epithelial cells and an AUC of 73% to 74%
for the identification of path casts and nonsquamous cells.
ince et al’" found that urine sediment examination by the

20
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Image 1

Muddy brown granular cast characteristically seen in acute tubular
necrosis (400x, unstained).

Image 3
Mixed granular and RBC cast (400x, unstained).

Image 2

Hyaline cast, in the center of the field, and binucleate proximal
tubular epithelial cell (sometimes mistaken for granular cast), to the
right of the hyaline cast (400x, unstained).

Dirui FUS-200 and Iris iQ200 devices correlated better with
each other than with manual microscopy. Manoni et al*®
compared their results with the UF1000i with quantitative
microscopy using the Fuchs Rosenthal chamber and found
correlation coefficients of 0.98 for RBC, 1.00 for WBC, and
0.69 for casts.
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Image 4

Broad waxy cast appearing refractile with a cracked edge (400x).

In our study, the correlation between automated and
manual counts for both counts/hpf and per micro-

liter varied from 0.45 for RBCs to 0.65 for WBC, 0.31

for RTEC, —0.06 for casts, and 0.28 for path casts. The
reasons for this low level of correlation could be varied.
Research has shown that RBCs and certain crystals are
not differentiated by the analyzer and tend to be counted
together. Manual counting is prone to errors while viewing
sediment with numerous RBCs and/or WBCs with sig-
nificant overlap. The src count includes both RTEC and

www.labmedicine.com



Image 5

Epithelial cell cast, lower right. Tubular epithelial cells have granular
cytoplasm and an eccentric nonlobed nucleus (differentiating it from
WBCs). Granular cast, left. The casts appear yellow because of
bilirubinuria (400x, unstained).

Image 6

Coarse granular cast, left. Uric acid crystals are seen in the right half
of the field (400x, unstained).

transitional epithelial cells, whereas microscopically we
can distinguish these 2 cell types. Automated RBC, WBC,
src, cast, and path cast counts are poor predictors of AKI

www.labmedicine.com
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by logistic regression analysis. However, an increase in
path cast by 1 unit increases the chance of having AKI
(odds ratio = 93).

Conclusion

In this study on AKI, automated parameters are poorly
correlated with visual sediment analysis and are also
poor predictors of AKI. This study has some drawbacks.
Bright field microscopic examination of urine sediment
is not the gold standard for prediction of AKI and is rela-
tively bland in prerenal AKI. We evaluated just 1 sample
of urine per patient, whereas repeated measurements
would have helped us monitor the changes in automated
analysis. LM
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ABSTRACT

Objective: Early detection of patients with COVID-19 who will need
mechanical invasive ventilation (MIV) may aid in delivering proper care
and optimizing the use of limited resources.

Methods: In this single-center retrospective observational study, we
aimed to identify simple laboratory parameters that in combination with
ferritin (a surrogate marker of severe inflammation) may help predict
early (first 48 hours) MIV. A total of 160 patients with COVID-19 in
whom serum ferritin, absolute lymphocyte count (ALC), platelet count,
C-reactive protein (CRP), and lactate dehydrogenase (LDH) had been
analyzed at admission were included.

As of October 4, 2020, the World Health Organization re-
ported a total of 34,804,348 confirmed COVID-19 cases of
infection globally, including 1,030,738 deaths." The most
common clinical features at the onset of the illness caused
by SARS-CoV-2 are fever, fatigue, and dry cough. Patients
with severe illness may develop dyspnea and hypoxemia
within 1 week after onset of the disease, which may quickly
progress to acute respiratory distress syndrome (ARDS) or
end-organ failure.”

Abbreviations:

MIV, mechanical invasive ventilation; ALC, absolute lymphocyte count;
CRP, C-reactive protein; LDH, lactate dehydrogenase; AUC, area under
the curve; ARDS, acute respiratory distress syndrome; ICU, intensive care
unit; IL-6, interleukin-6; MAS, macrophage activation syndrome; RT-PCR,
reverse-transcriptase polymerase chain reaction; ROC, receiver operating
characteristic

"Haematology Department, Hospital de la Santa Creu i Sant Pau, Sant Pau
Research Institute, Universitat Autonoma de Barcelona, Barcelona, Spain

*To whom correspondence should be addressed.
sppayan@gmail.com

Results: We found that ferritin, LDH, ALC, and CRP predicted with 88%
accuracy the probability of early MIV. Results indicated that LDH showed
the greater area under the curve (AUC), with a value of 89.1%. Using
the AUC, we established cutoff values for clinical application. Finally, we
developed a classification tree based on LDH for its clinical use.

Conclusion: Ferritin, LDH, ALC, and CRP predict with 88% accuracy the
probability of early MIV.

Keywords: ferritin, COVID-19, hematology, biomarkers, mechanical
ventilation, lactate dehydrogenase

Since the outbreak in December 2019, the sudden increase
in COVID-19 cases of infection is putting high pressure on
healthcare services worldwide, with particular significance
in intensive care units (ICU). Reported rates of ICU admis-
sion represent up to one-quarter of hospitalized patients,
but rates vary among countries.® These differences may re-
late to the availability of ICU beds, variations in practice and
admission criteria, and differences in predisposing factors
and testing availability.

Researchers have learned that ARDS is the most common
complication for ICU admission; in a series of 1300 patients
admitted to the ICU in the Lombardy region of Italy, 88%
required endotracheal intubation and mechanical ventila-
tion.® Similarly, two-thirds of patients with COVID-19 who
required critical care in the United Kingdom had mechanical
ventilation within 24 hours of admission.* Therefore, early
detection of patients who will need mechanical invasive
ventilation (MIV) may aid in delivering proper care and opti-
mizing the use of limited resources, and this is of particular
interest in lower- and middle-income countries.
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Several laboratory parameters have been associated
with worse outcomes in patients with COVID-19: ele-
vated liver enzymes, ferritin, IL-6, lactate dehydrogenase
(LDH), C-reactive protein (CRP), D-dimer, prothrombin
time, troponin, and creatine phosphokinase, along with
lymphopenia and acute kidney injury.®”

Hyperferritinemia has been linked to macrophage activation
syndrome (MAS), which is present in serious inflammatory
disease®; MAS is quite possibly the origin of the severest
clinical manifestations of SARS-CoV-2 infection.’

In this setting, we aimed to identify simple laboratory
parameters that in combination with ferritin may help to pre-
dict early (first 48 hours) MIV by orotracheal intubation.

Methods

This retrospective observational study was performed at
Hospital de la Santa Creu i Sant Pau, a first-level hospital

in Barcelona, Spain. The study was conducted according
to the Declaration of Helsinki and approved by the institu-
tional ethics committee. For patient enroliment, all con-
secutive blood tests that included ferritin between March
15, 2020 and April 6, 2020 were reviewed. In this way,
patients diagnosed with COVID-19 in whom serum ferritin,
ALC, platelet count, CRP, and LDH had been analyzed at
admission were selected. In all patients, these parameters
were determined in the same sample or with a maximum
time difference of 24 hours. We assessed ALC on a Sysmex
XN-10 (Sysmex Corporation, Kobe, Japan) analyzer. Serum
ferritin was measured on an Architect c16000 System
(Abbott Laboratories, IL) using a 2-step chemiluminescent
microparticle immunoassay. We determined CRP and LDH
in serum using the Alinity ¢ system (Abbot Laboratories, IL),
the former using a particle-enhanced immunoturbidimetric
assay, the latter using spectrophotometry.

One hundred sixty patients aged 23 to 75 years were
recruited. Informed consent was obtained from all partici-
pants. One hundred fifty-eight patients had a laboratory-
confirmed SARS-CoV-2 infection according to World Health
Organization guidance'®: a positive result of real-time
reverse-transcriptase polymerase chain reaction (RT-PCR)
assay of a nasopharyngeal swab. In 2 patients, RT-PCR
was negative and the diagnosis of COVID-19 was made
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presumptively based on a compatible clinical presentation
and an exposure risk. Patients who received tocilizumab, a
monoclonal antibody against IL-6, at any time during their
hospital stay were excluded for the study because this
agent has been associated with a decrease in CRP and
ferritin levels.'" Patients with active neoplasia were also ex-
cluded because of iron overload.

Demographic, clinical, laboratory, and outcome data were
extracted from electronic medical records. An image on
chest radiograph was considered typical of COVID-19 in the
presence of consolidation and ground-glass opacities, with
bilateral, peripheral, and lower lung zone distributions. All
patients were evaluated until death or hospital discharge.

Descriptive analyses of the variables were expressed as
mean (range) or the number of patients (%). We chose MIV
as the dependent variable, and the independent variables
were LDH, ALC, platelet count, ferritin, and CPR. To ana-
lyze the association between the independent variables
and MIV, the Pearson X2 test was used, considering a type

I error < 5%. A binomial logistic regression analysis was
used for the joint evaluation of variables associated with
MIV. The significant variables with P <.05 in the univariate
analysis were selected for the regression analysis performed
by the stepwise backward method (likelihood ratio). The
variables that kept P <.05 after adjustments remained in the
multiple regression model. A receiver operating character-
istic (ROC) analysis was performed to measure the diag-
nostic/predictive accuracy of each significant variable.

Moreover, we developed a classification tree analysis using
the chi-squared automated interaction detection (CHAID)
growing method. This nonparametric analysis examines
interactions among variables to create a decision tree
without assuming that independent and dependent vari-
ables are linked by linear relationships. All statistical ana-
lyses were carried out using SPSS, version 21.0. Because
the sample size was small (n = 160), we could not conduct
an internal validation analysis.

Results

Table 1 shows the demographic and clinical characteristics
of the 160 patients included in the study. Overall, 58.10%
were men. The median age was 57 years (minimum: 23;
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Table 1. Patient Characteristics

Frequency (n) Percentage (%)

Age, y, mean (minimum-maximum)

57 (23-75)
Sex
Female 67 41.90
Male 93 58.10
Total 160 100.00
COVID-19 diagnosis
Possible 2 1.30
Confirmed 158 98.80
Total 160 100.0
Typical X-ray pattern
Yes 158 98.80
No 2 1.30
Total 160 100.00
Lactate dehydrogenase, U/L, mean (minimum-—-maximum) 405 (147-5250)
Ferritin, ng/L, mean (minimum—maximum) 993 (107-5127)
CRP, mg/L, mean (minimum-—-maximum) 125.3 (5.6-404.3)
Platelets, x 10%L, mean (minimum—-maximum) 223.2 (59.-495)
Lymphocytes, x 10°%L, mean (minimum—-maximum) 1.11(0.11-2.85)
Thrombotic event
Yes 5 3.10
No 155 96.90
Total 160 100.00
MIv
Yes 32 20.00
No 128 80.00
Total 160 100.00
Abbreviations: CRF, C-reactive protein; MIV, mechanical invasive ventilation.
Table 2. Variables Included in the Logistic Regression Model
Step 1 B SE Wald df Sig. Exp (B) 95% CI for Exp (B)
Lower Upper
Absolute lymphocytes (x 10%L) —-2.750 0.960 8.201 1 0.004 0.064 0.010 0.420
Lactate dehydrogenase (U/L) 0.007 0.002 10.941 1 0.001 1.007 1.003 1.011
C-reactive protein (mg/L) 0.006 0.003 3.970 1 0.046 1.007 1.000 1.013
Ferritin (ng/L) 0.001 0.000 4.026 1 0.045 1.001 1.000 1.001
Constant -3.615 1.220 8.777 1 0.003 0.027

the OR are also presented.

In the logistic regression model, all predictors were included in the first step. B is the coefficient in the model; SE is the standard error corresponding to B; Wald is the X2 distributed with
1 degree of freedom (df); Sig. is the corresponding P value; Exp (B) is the exponentiation of the B coefficient, which is an odds ratio (OR); and the 95% confidence intervals (Cls) around

maximum: 75). A total of 32 patients (20%) required endo-
tracheal intubation and mechanical ventilation, which hap-
pened in 96.9% of these patients within 48 hours after the
emergency room admission.

Four independent variables were selected for logistic regres-
sion model fitting (Table 2): LDH, ALC, ferritin, and CRP. The
platelet count was excluded (P >.05). Although each vari-
able in the equation remained statistically significant, CRP

www.labmedicine.com

and ferritin were close to the limit of significance (P =.046

and P =.045, respectively). Without including independent
variables in the model, the probability of not being intubated
was 80%. After the inclusion of the independent variables, the
model’s capacity to predict no intubation improved to 88%.

In the ROC analysis, LDH showed the greater AUC, with
a value of 89.1%, followed by CRP (80.5%), ALC (77.6%),
and ferritin (77.5%). Using the AUC, we established cutoff
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Table 3. AUC Scores for Significant Variables and Cutoff Values Predictive of MIV
Variables AUC Score (%) Cutoff Value Sensitivity (%) Specificity (%) MIV (yes/no)
LDH (U/L) 89.1 <219 100.0 1.7 No
<310 93.8 52
>1102 6.3 100 Yes
>506 69.0 94
CRP (mg/L) 80.5 <65.65 100.0 39 No
>76.45 96.9 44 Yes
Absolute lymphocytes (x 109/L) 77.6 <0.37 100 19 Yes
<0.53 95 28 Yes
>1.28 36.7 93.7 No
>1.56 21.9 100 No
Ferritin (ng/l) 775 <300 93.8 18.0 No
>3496 18.8 99.2 Yes
Abbreviations: AUC, area under the curve; CRF, C-reactive protein,; LDH, lactate dehydrogenase; MIV, mechanical invasive ventilation.

Invasive ventilation

Node 0

Category % n
¥ No
H Yes

Total
T

uNo |
| ¥ Yes |

Lactate Deshydrogenase (U/L)
Adj. P-value=0.000, Chi-

square=59.962, df=2

(424.0I 598.0]
Node 2

Category % n
¥ No
B Yes

Total

<=424.0 > 598.0

Node 1

Category % n
® No 95.5 107
H Yes 45 5

Total

Node 3
Category % n
® No 188 3
B Yes 81.2 13
Total 10.0 16

I

Figure 1

Classification tree. The root node (node 0) shows the binary (Yes/
No) distribution of the outcome of the dependent variable, MIV.
The X2 test is then applied to ensure that the branch is associated
with a statistically significant predictor of MIV—in this case, LDH.
As seen in node 1, LDH <424.0 U/L could predict that 95.5% of
those patients did not need MIV; in addition, 70% of all patients
had LDH <424.0 U/L. On the other hand, as shown in node 3,

LDH >598.0 U/L could anticipate that 81.2% of patients needed
MIV; only a minority of all patients (10%) reached those LDH levels.
MIV, mechanical invasive ventilation; LDH, lactate dehydrogenase.

values for clinical application, as shown in Table 3. We
found that LDH might represent the most useful discrimin-
ation variable for clinical application: when it was <219 U/L,
patients did not need MIV, with a sensitivity of 100% and a
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specificity of 11.7%. No patients with CRP <65.65 mg/L or
an ALC >1.56 x 10%L needed MIV. Ferritin levels <300 pg/L
predicted no MIV with a sensitivity of 93.8%.

On the classification tree analysis (Figure 1), LDH >598 U/L
increased the likelihood of MIV, and an <424 U/L defined a
category with the lowest probability of MIV.

Discussion

Our work provides an approximation for the prediction

of early (first 48 hours) MIV in patients with COVID-19 by
means of simple laboratory tests that can be easily collected
in any hospital. Although our results are concordant with
those published by other authors about risk factors for se-
vere disease and death, they refer specifically to the risk of
MIV, which is of particular interest in the context of the high
pressure on ICUs. Therefore, our data can help prioritize pa-
tients quickly when healthcare resources are limited.

We found that LDH is the biomarker that better can predict early
MIV; with a sensitivity of 100%, patients will not be intubated if
LDH on admission is <219 U/L. Based on LDH, we developed a
classification tree to estimate the risk of MIV quickly. Research
has shown that LDH is an intracellular enzyme found in nearly
all organ systems that catalyzes the interconversion of pyru-
vate and lactate, with concomitant interconversion of Reduced
nicotinamide adenine dinucleotide and Nicotinamide adenine
dinucleotide. Abnormal values can not only result from cardiac
damage or hemolysis but also from multiple organ injury and de-
creased oxygenation with upregulation of the glycolytic pathway.

www.labmedicine.com




Because LDH is present in lung tissue, elevated levels seen in
COVID-19 and other viral respiratory infections, such as Middle
East Respiratory Syndrome, may represent the extent of lung in-
jury that influences clinical outcomes. '

In severe COVID-19 infection, a deviation of the protective
immune response into a dysfunctional program occurs,
leading to cytokine release syndrome with severe inflamma-
tion and, eventually, multisystemic failure. A better under-
standing of the mechanisms lying at the root of immune
response failure is needed; serum levels of inflammatory
markers, such as CRP, ferritin, IL-6, and other cytokines, are
increased in COVID-19." In the setting of ongoing inflam-
mation, evidence supports a role for ferritin in modulating
the immune response, via its induction of anti-inflam-
matory cytokines and limitation of free radical damage.
Alternatively, emerging work suggests a potential causative
role of ferritin in the inflammatory pathology of disease.'
Transcriptional induction of the CRP gene mainly occurs in
hepatocytes in the liver in response to increased levels of
inflammatory cytokines, especially IL-6. Similar to ferritin,
evidence suggests that CRP is an important regulator of
inflammatory processes and not just a marker."®

Lymphopenia, the fourth marker to predict early M1V, is a
common feature in patients with COVID-19 and is more
pronounced in severe cases of infection. It affects mainly
T cells, including CD4 Th1 and Tregs, but particularly CD8.
Although circulating CD8 in patients with severe COVID-
19 has exhibited phenotypes associated with abnormal
functionality and exhaustion, CD4 cells have been shown
to express activation markers. In addition, natural killer
lymphocytes have decreased in patients with both mod-
erate and severe cases of the disease.”'® Injured alveolar
epithelial cells could lead to the infiltration of lymphocytes.'®

Conclusion

This study identifies 4 simple laboratory parameters that pre-
dict with 88% accuracy the probability of early MIV, enabling
early intervention and optimization of healthcare resources. LM

www.labmedicine.com
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ABSTRACT

Background: In this study, we investigated the possible role of 2 novel
biomarkers of synaptic damage, namely, neurogranin and a.-synuclein,
in Alzheimer disease (AD).

Methods: The study was performed in a cohort consisting of
patients with AD and those without AD, including individuals with
other neurological diseases. Cerebrospinal fluid (CSF) neurogranin
and a-synuclein levels were measured by sensitive enzyme-linked
immunosorbent assays (ELISAs).

Results: We found significantly increased levels of CSF neurogranin
and a-synuclein in patients with AD than those without AD. Neurogranin

Alzheimer disease (AD), one of the most prevalent
neurodegenerative disorders worldwide, is characterized by
memory loss and cognitive impairment. The pathological
hallmarks of the disease are the extracellular amyloid-f (Ap)

Abbreviations:
AD, Alzheimer disease; AB, amyloid-3; pTau, phosphorylated tau; MCl,

mild cognitive impairment; CSF, cerebrospinal fluid; tTau, total tau; MMSE,

Mini-Mental State Examination; PET, positron emission tomography;
CLEIA, chemiluminescence enzyme immunoassay; ELISA, enzyme-linked
immunosorbent assay; IQR, interquartile; ANOVA, analysis of variance;
ROC, receiver operating characteristic; AUC, area under the curve; Cl,
confidence interval; PD, Parkinson disease; F, female; M, male; ...,
nonapplicable.
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was correlated with total tau (tTau) and phosphorylated tau (pTau), as
well as with cognitive decline, in patients with AD. Receiver operating
characteristic (ROC) curve analysis showed good diagnostic accuracy of
neurogranin for AD at a cutoff point of 306 pg per mL with an area under
the curve (AUC) of 0.872 and sensitivity and specificity of 84.2% and
78%, respectively.

Conclusions: Our findings support the use of CSF neurogranin as a
biomarker of synapsis damage in patients with AD.

Keywords: neurogranin, a-synuclein, CSF, synaptic loss, biomarker,
synapsis

peptides deposition, the intracellular neurofibrillary tangles
consisting of phosphorylated tau (pTau) protein, the loss of
synapses, and neuroinflammation.’

Cognitive decline is closely associated with synapse loss
and neuropathological lesions in many brain regions as a
consequence of direct effects of A and tau proteins on
synaptic structural plasticity, as well as indirect effects of
the inflammatory response on the neuronal process.® AD
has a slowly progressive clinical course which, based on the
symptoms, can generally be divided into 3 phases: initial,
intermediate, and terminal.” Dementia represents the end
stage of the disease. Also, a preclinical stage and a pro-
dromal stage, the latter of which is also referred to as mild
cognitive impairment (MCI) due to AD, can be identified,
especially in the field of clinical research.

The preclinical stage is defined by the presence of typ-
ical AD alterations detected by cerebrospinal fluid (CSF)
biomarkers in the absence of signs and/or symptoms

of the disease.® MCI due to AD, however, is character-
ized by the presence of an initial memory disorder but no
significant impact on the life of the patient. We note that
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neuropathological alterations in AD occur several years be-
fore the onset of cognitive decline, making CSF biomarkers
a useful tool for supporting the early diagnosis of the dis-
ease and the differential diagnosis between AD and other
forms of dementia.®’

Currently, 3 CSF molecules, known as core CSF biomarkers,
including total tau (tTau), pTau, and ApB42 peptide, have been
internationally recognized as research clinical diagnostic tools
for AD.®'° Specifically, the typical AD biochemical profile is
defined by decreased Ap42 levels associated with increased
tTau and pTau levels."""'? Alterations of such biomarkers re-
flect the main pathophysiological mechanisms of the disease.
Specifically, the decrease in AB42 levels is the consequence
of amyloid-plaque deposition, whereas the increase in pTau
and tTau levels reflects the formation of neurofibrillary tangles
and related neuronal damage.

Although Ap42 changes are typically observed only in AD, tau
changes are not characteristic of the disease. Indeed, ele-
vated tau levels can be detected in several neurodegenerative
disorders, such as Creutzfeldt-Jacob disease, Wernicke
encephalopathy, severe malaria, hydrocephalus, and brain
cancer, "' referred to collectively as “tauopathies”."” Therefore,
additional specific biomarkers reflecting synaptic plasticity

are needed; several molecules have been studied as possibil-
ities."®?> Among molecules involved in synaptic dysfunction or
neurodegeneration,”**® neurogranin and a-synuclein seem to
be promising as novel molecular biomarkers for AD.

The aim of the present study is to assess the diagnostic
value of CSF neurogranin and a-synuclein in a cohort con-
sisting of patients with and without AD. Also, we evaluated
the relationship of these analytes with CSF core biomarkers.
The combination of these biomarkers may increase the
diagnostic accuracy of AD testing, as well as allowing us to
better understand the pathogenesis of the disease, to iden-
tify potential drug targets, design clinical trials, and improve
clinical practice in AD diagnostic workup.?®

Materials and Methods

Study Design

We performed a retrospective observational study at the
Palermo University Hospital “P Giaccone” that included

www.labmedicine.com
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individuals being treated at the Neurology Unit who under-
went lumbar puncture for CSF analysis. The study popu-
lation consisted of 29 patients with AD (mean [SD], age
67.8 [6.4] years) and 59 patients without AD (62.5 [11.3]
years), including individuals with neurological acute/sub-
acute inflammatory disorders and tumors, which usu-

ally result in significant neuronal/axonal death and, thus,
neurodegeneration. The severity of dementia in patients
with AD was assessed using the Mini-Mental State
Examination (MMSE).

All clinical and biological assessments were carried out in
accordance with the Declaration of Helsinki, and the study
was approved by the local Ethics Committee. All partici-
pants gave written consent. The informed consent contains
a statement that “the biological material [collected] may
also be used for research purposes.”

The diagnosis of AD or other neurological diseases was
made by an expert neurologist based on medical his-

tory, clinical examination, neuropsychological testing,
neuroimaging, fluorodeoxyglucose positron emission
tomography (PET) and CSF biomarkers findings, according
to the clinical diagnostic criteria of McKhann et al and Albert
et al.?"?®

CSF Biochemical Analysis

CSF specimens were obtained by lumbar puncture in the

L3/4 or L4/5 interspace using a 25-gauge needle, collected in
polypropylene tubes, centrifuged at 500 g for 20 minutes, ali-
quoted in propylene tubes, and stored at —80°C until biochem-
ical analysis, according to international consensus protocols.?
CSF AB40, Ap42, pTau, and tTau levels were measured by
chemiluminescence enzyme immunoassay (CLEIA; Lumipulse
G p-amyloid 1-40, Lumipulse G p-amyloid 1-42, Lumipulse G
pTau 181, and Lumipulse G Total Tau, Fujirebio Inc.) on a fully
automatic platform (Lumipulse G1200 analyzer, Fujirebio Inc.).
CSF neurogranin and a-synuclein levels were measured via
enzyme-linked immunosorbent (ELISA) assay, according to
manufacturer instructions.**

Statistical Analysis

Statistical analysis was performed by MedCalc statistical
software, v. 19.4.1 (MedCalc Software Ltd). Demographic
and biochemical variables, as well as CSF biomarker
levels, in AD and non-AD groups were expressed as mean
(SD) or median (interquartile [IQR]) ranges, as appropriate.
Nonparametric testing was performed using Mann-Whitney
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rank sum testing or, where appropriate, with the Kruskal-
Wallis 1-way analysis of variance (ANOVA) on ranks.

Differences among AD and non-AD groups were compared
using Mann-Whitney U and Fisher exact testing. To explore
the association between biomarkers and clinical variables,
we applied Spearman correlation analysis and multivariate
linear regression models. Diagnostic accuracy for AD was
evaluated by receiver operating characteristic (ROC) curve
analysis and reported as area under the curve (AUC) and
95% confidence interval (95% CI). The best statistical
threshold for neurogranin and a-synuclein in AD diagnosis
was estimated using the Youden method, selecting the cut
point at which the quantity Youden index (sensitivity + spe-
cificity — 1) is maximized. Results were considered signifi-
cant for P values less than .05.

Results

The demographical characteristics of patients with and
without AD are shown in Table 1. Among the patients
without AD, 5 had acute polyradiculoneuritis, 5 had myelitis,
1 had bipolar disorder, 1 had trigeminal neuralgia, 3 had
conversion disorder, 3 had progressive idiopathic polyneu-
ropathy, 6 had hydrocephalous, 1 had cerebral metas-
tasis, 3 had muscular dystrophy, 8 had neuropathy, 4 had
encephalitis, 4 had vascular encephalopathy, 4 had cervical
myelopathy, 1 had cerebral aneurysm, 2 had brain cancer,

1 had amyloidosis, 4 had leukoencephalopathy, 1 had epi-
lepsy, and 2 had multiple sclerosis.

As expected, patients with AD showed lower concentra-
tions of CSF AB42 and higher levels of CSF tTau and pTau
than patients without AD (Ap42: 632.6 vs 817 pg/mL; tTau:
832.5 vs 231.9 pg/mL; pTau: 80.3 vs 32.4 pg/mL, respec-
tively; P < .001 for each). We also observed statistically dif-
ferences in the AB42/AB40 ratio between patients with and
those without AD (0.05 vs 0.38; P < .001). Also, patients
with AD had significantly higher levels of CSF neurogranin
and a-synuclein than patients without AD (median [IQR],
460 [410-647] vs 187 [163.38-267.93] pg/mL, P < .001;
and 2844 [2326.9-3524.5] vs 2152 [2058.4-2787.8],

P = .01, respectively). Finally, no significant correlation be-
tween sex and neurogranin and a.-synuclein was observed
in our study (r=0.20, P=.12 and r=0.122, P = .36,
respectively).

CSF Neurogranin Concentrations in Relation to
Core AD Biomarkers

Spearman correlation analysis was performed to investigate
the relationship among CSF neurogranin levels and clin-
ical characteristics and core CSF biomarkers in the whole
cohort and within each group, as shown in Table 2. We ob-
served that CSF neurogranin level is slightly correlated with
age (r=0.231; P =.04) in all patients, but such correlation
was not seen in each subgroup (patients with and without
AD) when analyzed separately.

In the AD group, a statistically significant correlation was
found between CSF neurogranin and MMSE (r = — 0.555,
P =.02), as shown in Table 2. Also, CSF neurogranin
level showed strong positive correlation with tTau and
pTau in the entire cohort of patients (r = 0.828, P < .001;

Table 1. Demographic, Clinical, and Biomarker Data by Diagnostic Group

Variable AD Group Non-AD Group P Value®
(n =29) (n =59)
Age at onset, y (mean [SD]) 67.8[6.4] 62.5[11.3] .01
Sex, F/M, no. (% F) 15/14 (51.7%) 46/13 (77.9%) .01
Education (y), median (IQR) 10 (5-16) 8 (5-14) .62
MMSE, range (IQR) 18.76 (7.4)
CSF AB42 (pg/mL), mean (SD) 632.6 (128.3) 817 (174) <.001
CSF Ap42/AB40 ratio, mean (SD) 0.05(0.02) 0.38 (0.08) <.001
CSF tTau (pg/mL), mean (SD) 832.5 (432.5) 231.9(322.4) <.001
CSF pTau (pg/mL), mean (SD) 80.3 (35.1) 32.4(17.9) <.001
CSF pTau/Ap342, mean (SD) 0.144 (0.06) 0.08 (0.07) .01
CSF neurogranin (pg/mL), median (IQR) 460 (410-647) 187 (163.38-267.93) <.001
CSF a-synuclein (pg/mL), median (IQR) 2844 (2326.9-3524.5) 2152 (2058.4-2787.8) .01

plau, phosphorylated tau.
Bolding indicates statistical significance.

AD, Alzheimer disease, F, female; M, male; IQR, interquartile range; MMSE, Mini-Mental State Examination; ... , nonapplicable; CSF, cerebrospinal fluid; AB, amyloidB, tTau, total tau;

190  Lab Medicine 2021;52;188-196
DOI: 10.1093/labmed/Imaa062

www.labmedicine.com




r=0.762, P < .001, respectively) and in each diagnostic
group (r=0.828, P <.001; r = 0.664, P = .005, in patients
with AD; r=0.858, P <.001; r=0.715, P < .001, in patients
without AD). Negative correlation between CSF neurogranin
and the AB42/Ap40 ratio was found in patients without AD
(r=-0.442, P = .006; Table 2) but not in patients with AD.
Finally, weak correlation between neurogranin and AB42
was observed for patients without AD (r = 0.356; P = .02),
but not for patients with AD.

CSF a-Synuclein Concentrations in Relation to
Core AD Biomarkers

Table 3 shows the correlation among CSF a-synuclein
and core AD biomarkers. A strong positive correlation
between a-synuclein levels and tTau and pTau levels was
found in the whole cohort (r=0.619, P < .001; r = 0.574,
P =.001, respectively). Such correlation was also sta-
tistically significant in patients without AD (r = 0.585,

P < .001; r=0.761, P < .001, respectively) but not in
patients with AD (r= 0.514, P = .04; r = 0.435, P = .09,
respectively).

Science

Similarly, a strongly negative correlation was observed
between a-synuclein and the AB42/AB40 ratio in the whole
cohort and in patients without AD (r = -0.432, P = .001;
r=-0.407, P = .01, respectively) but the negative correlation
did not reach statistical significance in patients with AD.
Moreover, for patients without AD, we found a weak correla-
tion between CSF ApB42 and a-synuclein levels (r = 0.350;

P =.01). No significant correlation was found between CSF
a-synuclein and MMSE in patients with AD.

Correlation among CSF Neurogranin,
a-Synuclein, tTau, and pTau

We observed that CSF neurogranin and a-synuclein levels
were strongly correlated in the whole cohort and within each
diagnostic group (r=0.711, P <.001; r = 0.642, P = .003;
r=0.706, P < .001), as shown in Figure 1. We used a step-
wise multiple logistic regression analysis to identify optimal
biomarker panels for patients with AD. Using neurogranin

as the dependent variable, all included CSF biomarkers
(a-synuclein, tTau, and pTau) were significantly associ-

ated with neurogranin among patients with AD (7 = 0.829;

Table 2. Correlations of CSF Neurogranin Levels with Clinical Variables and Core CSF Biomarkers

Variable All Patients AD Group Non-AD Group
(n=88) (n=29) (n=59)
r P Value R P Value r P Value

Age,y 0.231 .04 -0.073 a7 0.137 .30
MMSE —-0.555 .02
CSFAp42 0.222 .09 0.055 .84 0.356° .02

CSF Ap42/CSF AB40 -0.567° <.001 -0.394 13 -0.442* .006
CSF tTau 0.828" <.001 0.858" <.001 0.715 <.001
CSF pTau 0.762" <.001 0.664° .005 0.588° .003

The correlation coefficient is expressed ast =P < .01.
"The correlation coefficient is expressed ast =P < .001.

CSF, cerebrospinal fluid; AD, Alzheimer disease; MMSE, Mini-Mental State Examination; ... , nonapplicable; AB, amyloid-f3; tTau, total tau; pTau, phosphorylated tau.

Table 3. Correlations of CSF a-Synuclein Levels with Clinical Variables and Core CSF Biomarkers®

Variable All Patients AD Group Non-AD Group
(n=88) (n=29) (n=59)
r P Value R P Value r P Value®

Age,y 0.165 15 —0.300 23 0.200 13

MMSE -0.147 57

CSF Ap42 0.287 .02 0.205 44 0.350° .01

CSF AB42/CSF AB40 -0.432° .001 -0.166 54 —0.407° .01

CSF tTau 0.619¢ <.001 0.514 .04 0.585¢ <.001
CSF pTau 0.574° <.001 0.435 .09 0.761¢ <.001

Associations were investigated using Spearman correlation analyses.
bBolding indicates statistical significance.

“The correlation coefficient is expressed ast =P <.01.

The correlation coefficient is expressed asrt =P <.001.

CSF, cerebrospinal fluid; AD, Alzheimer disease; MMSE, Mini-Mental State Examination; ... , nonapplicable; AB, amyloid-f3; tTau, total tau; pTau, phosphorylated tau.
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P < .001). In the adjusted analysis for cognition, all of these
variables remained associated (> = 0.779, P < .001). When
using a-synuclein as a dependent variable, statistically
significant association was found among CSF biomarkers
(r2 =0.512; P =.03). However, we did not find significant
correlation when using adjusted analysis (* = 0.39; P > .05;
data not shown).

ROC Curve Analysis of CSF Neurogranin and
a-Synuclein

Per the ROC curve analysis for the AD diagnosis, the AUC
of neurogranin was 0.872 (95% Cl, 0.777-0.937; Figure 2).
The statistical best cut point for neurogranin associated
with AD, as calculated via the Youden index, was 306 pg
per mL, with sensitivity of 84.2%, specificity of 78%, and
Youden index of 0.621. The AUC of a-synuclein for AD diag-
nosis was 0.681 (0.656-0.782). The statistical best cut point
for a-synuclein associated with AD was 2683 pg per mL
with sensitivity of 73.3%, specificity of 72.9%, and Youden
index of 0.465.

Discussion

Synaptic dysfunction and loss are early events in cognitive
impairment in patients with AD.** Therefore, biomarkers
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reflecting synaptic integrity in the brain could be useful for
accurate early diagnosis and disease prognosis.

The main findings of our study can be summarized as fol-
lows. First, CSF levels of neurogranin and a-synuclein are
significantly increased in patients with AD than patients
without AD. Second, neurogranin and a-synuclein levels
are significantly correlated in the entire population and

in each subgroup (patients with and without AD). Third,
neurogranin was significantly correlated with pTau and tTau
in the entire population and in each subgroup. Moreover,
neurogranin was correlated with MMSE in patients with AD.
Fourth, a-synuclein was significantly correlated with pTau
and tTau in the entire population. However, such correlation
was maintained only in patients without AD when separ-
ately analyzing the 2 subgroups. Moreover, a-synuclein

was not correlated with MMSE in patients with AD. Fifth,
per ROC curve analysis, neurogranin, but not a-synuclein,
showed good diagnostic accuracy for AD diagnosis. Thus,
our findings encourage the use of neurogranin as a synaptic
dysfunction biomarker specific for AD. Although a-synuclein
also reflects the synaptic damage in neurodegenerative dis-
eases, it seems not to be specific for AD.

Neurogranin is a calmodulin-binding protein expressed
exclusively in the brain, particularly in dendritic spines
of postsynaptic neurons, with an important role in syn-
aptic plasticity, long-term potentiation, learning, and

memory.**3* Recently, some authors®*™*' reported that
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CSF neurogranin levels are significantly higher in pa-
tients with AD compared with healthy controls; thus,
neurogranin has emerged as a promising CSF biomarker
for synapse damage in AD.

The interest on the postsynaptic proteins in AD has

been further supported by evidence that increased CSF
neurogranin levels are indicative of future cognitive de-
terioration because they increase in patients with MCI
that will convert to AD, compared with patients whose
health remains stable.**** In contrast, initial study find-
ings*® revealed that neurogranin levels were markedly
reduced in the hippocampus and frontal lobes in patients
with AD. Also, a recent study report*® revealed decreased
neurogranin levels as biomarker of future cognitive
deterioration.

Our results, in line with those of Portelius et al*’ and
Wellington et al,"® highlighted that the increased CSF
neurogranin levels are specific to AD. A possible explanation
is that although synapse degeneration is a common event
of all neurodegenerative processes, neurogranin is mainly

www.labmedicine.com

expressed in the brain regions involved in AD, namely, the
amygdala, hippocampus, and neocortex.*® Also, we found
a negative correlation between CSF neurogranin concentra-
tion and cognitive function, as evaluated by the MMSE, in
patients with AD. Because tau alterations are not charac-
teristic of AD, neurogranin, as a biomarker of synaptic de-
generation specific of AD, could be assessed together with
CSF core biomarkers for supporting the early diagnosis of
AD. However, contrasting data have been reported,®®®' so
further investigations are needed.

We noted that there is high variability in the CSF
neurogranin levels revealed by different studies. Our re-
sults are in agreement with those of Kvartsberg et al* but
contrast with those of Kester et al,"’ which report lower
neurogranin levels. These differences probably could be
linked to variability among kits from different manufac-
turers. Thus, future studies to determine cutoff levels are
imperative.

An alternative or complementary potential biomarker for AD
is a.-synuclein, a presynaptic protein expressed in cortical
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and subcortical areas, which is involved in neurotransmitter
synthesis and release, as well as synaptic plasticity. It
has been strongly implicated in Parkinson disease (PD)
pathogenesis and other Parkinsonian syndromes, such as
multiple system atrophy and dementia with Lewy bodies.>®
Recent evidence® suggest that a-synuclein might be in-
volved in AD cognitive decline by interacting with A and
tau peptides and promoting their aggregation with conse-
quent neuronal damage.

Although it is confirmed®°® that patients with PD have
decreased CSF a-synuclein levels, findings in patients with
AD are inconsistent, with authors®’®" reporting no variation,
or lower or higher CSF a-synuclein concentrations. In our
study, we found that CSF a-synuclein significantly increases
in patients with AD. However, it did not show good diag-
nostic accuracy for AD and it was not correlated with tau
levels or MMSE scores. These findings suggest that CSF
a-synuclein probably is unfit as a diagnostic biomarker

for AD.

We were intrigued to find a highly significant correlation
between neurogranin and pTau levels, as well as tTau levels,
in patients with and without AD. Tau is a cytoskeletal pro-
tein associated with microtubules, primarily expressed in
axons of the neurons of the central nervous system, where
it promotes the bind and stability of microtubules.®? Tau can
undergo several post-translational modifications, including
phosphorylation. The hyperphosphorylation of tau occurring
in AD is the result of AB-mediated mitochondrial oxida-

tive stress.®® It is well known® that hyperphosphorylation

of tau reduces its affinity to microtubules, promoting its
aggregation into neurofibrillary tangles, which cause de-
fective axonal transport and neuronal damage, leading to
neuronal loss. Hence, tau levels reflect the intensity of AD
neurodegeneration.

In our study results, we found a statically significant cor-
relation between neurogranin and tau levels in patients with
AD, highlighting the promising role of this protein as an AD
biomarker. Also, in line with Bruno et al,®® we discovered
that CSF a-synuclein levels were associated with CSF
neurogranin concentrations. Based on multiple regression
analysis, we found that neurogranin was significantly as-
sociated with CSF tTau, pTau, and a-synuclein in patients
with AD. Taken together, our findings support the hypoth-
esis that CSF neurogranin could represent a biomarker

of neurodegeneration in patients with AD. The increase in
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neurogranin levels could be the consequence of synaptic
injury, leading to cognitive deterioration.

A few limitations of the present study should be addressed.
First, we did not include healthy control individuals because
we had difficulty obtaining CSF specimens from healthy
subjects. A second limitation was the small number of pa-
tients with AD in the cohort. Ideally, we would have exam-
ined CSF specimens from a larger number of patients, and
this process should have involved longitudinal specimen
gathering.

Conclusions

Our results support a role for CSF neurogranin as a bio-
marker for AD, reflecting synaptic loss. Further investiga-
tions in larger populations are encouraged, to confirm our
results and to support the introduction of neurogranin into
the panel of CSF biomarkers for AD diagnosis and moni-
toring of cognitive decline. LM
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ABSTRACT

Objective: In the absence of standardized methods for Mycoplasma
pneumoniae detection, we evaluated the diagnostic value of polymerase
chain reaction (PCR) and IgM assays for detecting M. pneumoniae
infection in children during a recent Korean outbreak.

Methods: The diagnostic performances of PCR and IgM assays for
M. pneumoniae in 1,109 clinical specimens were evaluated by the
Japanese Respiratory Society (JRS) scoring system as an interim
reference standard.

Results: The level of agreement between both tests was fair. As analyzed
by the JRS scoring system, the sensitivity of PCR was 45.2% in the group

Mycoplasma pneumoniae (M. pneumoniae) is a major
causative pathogen of respiratory tract infection, accounting
for as much as 10% to 40% of all community-acquired
pneumonia (CAP)."®® M. pneumoniae pneumonia is preva-
lent in children and young adults.®® Because B-lactam
antibiotics used in other types of CAP are ineffective in

this type of pneumonia,®'° the timely and accurate diag-
nosis of M. pneumoniae infection and subsequent initiation
of adequate antibiotic therapy are crucial. Most patients
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PCR, polymerase chain reaction; JRS, Japanese Respiratory Society;
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negative predictive value.
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aged <5 years, 86.8% in the group aged 5 years to 10 years group, and
72.2% in the group aged 10 years to 18 years; the sensitivity of the IgM
assay was 66.8%, 71.4%, and 55.6% in each group, respectively.

Conclusion: The sensitivity of PCR is relatively low but is superior to
that of IgM assays such that diagnostic performance can be improved by
both test methods in patients aged <5 years .

Keywords: Mycoplasma pneumoniae, polymerase chain reaction,
anti-Mycoplasma pneumoniae IgM, outbreak, sensitivity, diagnostic
performance

present with gradual disease onset, and the nonspecificity
of the clinical symptoms, such as fever, chill, cough, and
headache, can make the clinical diagnosis challenging.'"2
Therefore, laboratory methods for correctly determining
pneumonia etiology are necessary.

Several laboratory diagnostic tests have been suggested
for M. pneumoniae detection,'®'® but a consensus refer-
ence method remains to be determined. M. pneumoniae
culture is accurate and mostly reliable but has limitations
for the diagnosis of M. pneumoniae infection because of
the particular nature of this organism’s growth in cul-
ture.'"'? Using a 4-fold rise of IgG titer in paired speci-
mens collected 2 to 3 weeks apart, the traditional gold
standard for M. pneumoniae diagnosis, is time con-
suming and delays diagnostic decision-making.'"'2 In
routine practice, serology has been commonly used, but
cross-reaction or delayed immune response can cause
false-positive or false-negative results."'? Recently,
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polymerase chain reaction (PCR) has been developed
and clinically utilized to diagnose M. pneumoniae in-
fection.®®'* Although several studies have shown that
PCR is more useful than serological tests to detect
early M. pneumoniae infection, the presence of asymp-
tomatic carriers can affect the PCR results and clinical
interpretations. %%

In this study, in the absence of standardized test methods
for M. pneumoniae detection, we evaluated the diagnostic
value of PCR and IgM assays for detecting M. pneumoniae
infection in children of different age groups in the clin-

ical setting of a recent outbreak in Korea. In addition to
investigating assay performance, we evaluated the clinical
and laboratory characteristics of patient groups with dis-
crepant results on PCR and IgM testing.

Materials and Methods

Study Setting and Population

This retrospective study was performed in a single tertiary-
care hospital in Korea between July 2014 and June 2017.

The outbreak of M. pneumoniae infection occurred during

the study period, and clinical specimens (sputum and endo-
tracheal aspirates for PCR or serum for IgM) from 1,109
patients with suspected respiratory tract infection and com-
patible symptoms (fever and cough with or without respiratory
distress) were tested for infection with M. pneumoniae; we
performed both PCR and IgM tests on those patients for the
ease and speed of diagnosis in an actual clinical setting in a
pediatric emergency department. Most pediatric patients were
also screened for blood culture and respiratory virus PCR
when feasible. The exclusion criteria included nosocomial in-
fections and the use of antibiotics in the 48 hours before diag-
nosis. Patients’ guardians denied previous M. pneumoniae
infection on the medical records. This study was approved

by the institutional review board of the Asan Medical Center
(2018-1294). Informed consent was waived by the institutional
review board because this study was performed retrospect-
ively and extra clinical specimens were not required.

Data Collection

The clinical and laboratory data were reviewed via
electronic medical records. The analyzed clinical data
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included age, sex, presence of underlying illness
(comorbidity), symptoms, febrile days, and history of
prior antibiotics use. Laboratory results such as per-
ipheral leukocyte counts, hemoglobin, platelet count,
C-reactive protein, and coinfection were also reviewed
and analyzed.

Applying Clinical Criteria for M. pneumoniae
Pneumonia

Patients with positive PCR and/or a positive IgM assay
result were considered to have a laboratory diagnosis

of M. pneumoniae infection. To compare the perform-
ance of DNA detection by PCR and IgM assay, we

used the Japanese Respiratory Society (JRS) scoring
system, which is a diagnostic tool for the identification of
M. pneumoniae infection based on clinical and laboratory
findings®'®'"; if either positive result for PCR or IgM was
applied as the gold standard, then each specificity and
positive predictive value (PPV) indicated 100% so that it
provided a limitation on the proper assessment of the 2
methods.

The sensitivity and specificity of the JRS system are
88.7% and 77.5%, with positivity on both culture

and PCR as the gold standard.'®"” The JRS scoring
system includes 6 parameters'®'’: (i) aged <60 years,
(i) absence of or only minor underlying diseases, (iii)
persistent cough, (iv) adverse findings on chest aus-
cultation, (v) absence of identifiable etiological agent in
sputum by rapid diagnostic testing, and (vi) a periph-
eral white blood cell count <10 x 10%L. A score of >4
points indicates a high probability of M. pneumoniae
pneumonia, and a score of <3 points shows that

M. pneumoniae pneumonia is less likely and typical bac-
terial pneumonia is more plausible.®

PCR for M. pneumoniae DNA and
Chemiluminescent Assay for M. pneumoniae IgM

Respiratory and peripheral blood specimens were col-
lected immediately after admission. M. pneumoniae DNA
testing was conducted with the AmpliSens Mycoplasma
pneumoniae/Chlamydia pneumoniae-FRT PCR kit
(InterLabService Ltd, Moscow, Russia), as previously
reported.'® Serological testing was performed with the
LIAISON Mycoplasma pneumoniae IgM kit (DiaSorin, Dublin,
Ireland) for the detection of M. pneumoniae IgM antibodies,
according to the manufacturer’s instructions. An index value
>10 was regarded as a positive result.
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Data Analysis Because there was no reference standard for the laboratory
diagnosis of M. pneumoniae, we analyzed the PCR and IgM
The overall agreement of the PCR and IgM assays for assay results using the JRS scoring system as an interim
detecting M. pneumoniae infection and the diagnostic reference standard. As shown in Table 1, the estimated
performance of both laboratory methods among different sensitivity and specificity of PCR were 56.3% and 96.1%,
age groups (aged <5 years, aged 5 years-10 years, and respectively. The PPV of PCR was 72.0%, and the negative
aged 10 years—18 years) were evaluated. The patients predictive value was 92.6%. In contrast, the IgM assay had
who tested positive were classified into 3 groups: group a sensitivity of 59.4% and a specificity of 88.4%. The PPV
1, PCR(+)/IgM(+); group 2, PCR(+)/IgM(-); and group 3, and negative predictive value (NPV) of IgM were 47.5% and
PCR(-)/IgM (+). Comparisons were made between group 92.3%, respectively.
1 vs group 2, group 1 vs group 3, and group 2 vs 3. The
assay agreement and diagnostic performance were 100
evaluated with the JRS scoring system as the interim 90 1
reference standard. The clinical data are presented as -g 80 1
. . @ 70
medians or as positive rates. Laboratory data are ex- =
. a 60 -
pressed as mean + SD. To perform the comparisons, we “
5 . o 50
used the Pearson y“ test or Fisher exact test for categor- ] 40
[ ]
ical variables and the Mann-Whitney U test for continuous g 30
variables, when appropriate. Significance across more o 20 1
than 2 groups was determined using the 1-way analysis 10 1
of variance or Pearson y 2 test. Paired proportions of dis- 0 1
cordant PCR and serological results in each age group <5 ) 5-10 ) 10-18
were analyzed by the McNemar test. A P value <.005 was Age group (years)
defined as clinically significant. All statistical analyses were .
Figure 1

2-tailed and performed with SPSS version 19 (SPSS Inc,
Chicago, IL). Proportion of IgM positivity in positive PCR results for

M. pneumoniae in children with different age groups.

Table 1. Diagnostic Values of Laboratory Test
Results Methods with JRS Score as the Interim Gold
Standard
Comparison of M. pneumoniae PCR and IgM Sensitivity Specificity PPV NPV Accuracy
PCR
Overall, PCR and serology showed a fair level of agreement <5y 45.2 85.5 68.8 68.9 68.9
k = 0.34, minimal correlation level). Approximately 64.0% of 10y 868 83 798 700 770
(k=0.34, al correlation lever). Approximately 64.L7 o 10-18y 722 892 796 847 830
patients (710/1,109) tested positive for PCR and/or IgM. We Total 56.3 96.1 720 926 912
found that approximately 39.0% of patients (433/1,109) had IgM
PCR positivity and 55.0% (610/1,109) had IgM positivity. Of ;51!6 ‘;‘?i igg ggg Zgg ggg
. . . -10y . . . . .
the patients with positive PCR results, 46.9% (333/710) also 10-18y 556 76.3 577 747 68.7
had positive IgM results. When the patients with positive Total 59.4 88.4 475 923 84.1
PCR results were classified into the 3 age groups (aged PCR or IgM
<5 years [85 cases], aged 5 years—10 years [256 cases], and <5y 73.5 51.9 51.9 735 608
d10-18 92 diff . 5-10y 97.3 35.4 741 872 75.9
age —18 years [92 cases]), some differences in assay 1018y 778 69.9 600 844 728
performance emerged; 76 (89.4%), 196 (76.6%), and 61 Total 73.9 87.2 504 950  85.2
(66.3%) cases, respectively, were positive for IgM (Figure 1). JRS, Japanese Respiratory Society; PCR, polymerase chain reaction; PPV, positive
The proportion of IgM positivity decreased with age among predictive value; NPV, negative predictive value.
. . . All values are expressed as percentages.
patients with positive PCR results.
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Notably, some assay performance differences according to
age group were found. The PCR sensitivity was 45.2% in
the group aged <5 years, 86.8% in the group aged 5 years
to 10 years, and 72.2% in the group aged 10 years to

18 years. Correspondingly, the IgM assay sensitivity was
66.8%, 71.4%, and 55.6%, respectively. When either posi-
tive result for PCR or IgM was applied as the gold standard,
the PCR sensitivity was 34.4% in the group aged <5 years,
75.1% in the group aged 5 years to 10 years, and 75.4%

in the group aged 10 years to 18 years (see Supplemental
Table 1). These results tended to be similar when we ap-
plied the JRS scoring system as a gold standard. We also
found that the IgM assay sensitivity in each group was
96.4%, 82.4%, and 74.6%, respectively, based on the cor-
responding criteria (see Supplemental Table 1).

The positive rate with PCR was lower than the positive rate
with IgM assay in the group aged <5 years (P <.001 by
McNemar test) (Table 2). No significant difference between
PCR and IgM assay performance was found with the speci-
mens from children aged >5 years.

Clinical and Laboratory Findings

Table 3 shows the clinical and laboratory characteristics of
3 patient groups classified by PCR and IgM assay results.
The mean patient age in each group was 5.0 + 3.2 years
(group 1), 6.5 + 3.6 years (group 2), and 3.1 + 3.6 years
(group 3). Notably, the comorbidity rate was higher in group
3 than in any other group (group 1 vs group 3, P <.001;
group 2 vs group 3, P =.002). Group 1 had higher rates of
macrolide use (n = 160, 48.0%), a JRS score >4 (n = 247,
74.2%), and a longer febrile period (6.5 days + 3.6).
Patients in group 3 had more coinfections than those in
group 1 and group 2 (group 1 vs group 3, P <.001; group

2 vs group 3, P <.001). In the analysis of the interval be-
tween symptom onset and specimen collection days,
59.2%, 82.0%, and 79.4% of specimens of each group,

respectively, were obtained within 7 days. In addition,
47.1%, 18.0%, and 20.6% respectively of specimens of
each group were obtained for intervals >7 days. Etiologies
for patients with coinfections are described in Supplement
Table 2. In the comparison of laboratory findings (WBC and
platelet counts, hemoglobin, and C-reactive protein), WBC
counts in group 3 were found to be higher than in groups

1 and 2 (group 1 vs group 3, P =.002; group 2 vs group 3,
P <.001).

Discussion

Although the diagnosis of M. pneumoniae pneumonia in
routine clinical practice has been based on serological
methods, " PCR tests for M. pneumoniae infection are
increasingly being adopted in the clinical laboratory.®'%'*
Several previous studies of the diagnostic performance of
PCR and IgM for M. pneumoniae showed that PCR is su-
perior to serology for rapid and accurate diagnosis of infec-
tion with this pathogen.'®'*'® However, little is known about
the diagnostic performance of methods for diagnosing

M. pneumoniae infection in the outbreak setting.

Epidemics of M. pneumoniae infection generally occur
every 3 to 7 years®; the recent Korean M. pneumoniae
outbreak occurred during 2015, in the middle of the study
period. According to the Centers for Disease Control and
Prevention guidelines for influenza diagnostic testing, the
interpretation of negative results should consider the clinical
characteristics of the patient because false-negative test re-
sults are likely to occur.?' Real-time-PCR or other molecular
assays are preferred in an outbreak setting to improve sen-
sitivity for influenza.'”?' However, there is currently no well-
established standard laboratory method for the diagnosis of
M. pneumoniae infection, and an optimal detection method

Table 2. Correlation Between PCR and IgM Performance in Positive Rates Across Different Age Groups

Age Group, y (n) PCR/IgM (%) P Value
Positive/Positive Positive/Negative Negative/Positive

<5 (401) 156 (38.9) 30 (7.5) 21 5(53.6) <.001

5-10 (239) 146 (61.1) 52 (21.8) 41 (17.2) 3

10-18 (70) 31(44.3) 18 (25.7) 21 (30.0) 749

Total (710) 333 (46.9) 100 (14.1) 277 (39.0) <.001

JRS, Japanese Respiratory Society; PCR, polymerase chain reaction.

The McNemar test was used for the correlation analysis. Positive cases were defined as having a JRS score >4.
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Table 3. Clinical and Laboratory Characteristics of Patient Groups According to PCR and IgMTest Results
Group 1 Group 2 Group 3 P Value by Group
(n =333) (n =100) (n =277)
1vs2 1vs3 2vs 3 1vs2
vs 3
Age,y 50+3.2 6.7 + 3.6 31+36 <.001 <.001 <.001 <.001
Male sex (%) 155 (46.5) 52 (53.0) 123 (44.4) 273 .6 .087 244
Comorbidity (%) 28 (8.4) 9(9.0 65 (23.5) .853 <.001 .002 <.001
Clinical diagnosis® (%) 247 (74.2) 78 (78.0) 102 (36.8) 438 <.001 <.001 <.001
Prior antibiotics use (%)
Macrolides 160 (48.0) 28 (28.0) 64 (23.1) <.001 <.001 515 <.001
Other antibiotics 149 (44.7) 37 (37.0) 102 (36.8) 170 .048 975 103
Coinfection (%) 136 (41.1) 37 (37.0) 161 (58.1) .186 <.001 <.001 <.001
Febrile days 6.5+ 3.6 43+22 45+5.1 <.001 <.001 .502 <.001
Intervals between symptom onset and
specimen collection, d (%)
0-7 176 (52.9) 82 (82.0) 220 (79.4)
>7 157 (47.1) 18 (18.0) 57 (20.6)
Laboratory findings
WBC, x 10%/L 9,090 + 4252 7,389 + 2723 13,192 + 21,120 <.001 .002 <.001 <.001
Hemoglobin, g/dL 124 +11 124 +1.2 122+15 .838 .045 146 .076
Platelets, x 10%L 304.1 £105.7 242.6 = 78.5 310.7 £ 119.7 <.001 467 <.001 <.001
CRP, mg/dL 3.7+43 41+33 39+55 .329 .76 .56 .758
CRP, C-reactive protein ; JRS, Japanese Respiratory Society; PCR, polymerase chain reaction; WBC, white blood cells.
Clinical diagnosis was according to the JRS scoring system. Data are presented as n (%), mean + standard deviation, or median with lower and upper quartiles. Group 1, PCR (+)/lgM
(+); group 2, PCR(+)/IgM(-); group 3, PCR(-)/lgM(+).

for M. pneumoniae infection during an outbreak is needed
to improve diagnostic precision and to guide prompt imple-
mentation of adequate antibiotic therapy.>® In this study, we
investigated the overall diagnostic performance of PCR and
IgM assays for M. pneumoniae detection against symptom-
atic patients in the context of a recent Korean outbreak.

Our results showed a great discrepancy between

M. pneumoniae PCR and IgM test results, which accords
with earlier reports.””'® Only 9.0% of patients who under-
went both tests (333/1,109) showed simultaneous positive
results. In our analysis, the sensitivity of both PCR and IgM
was low (56.3% and 59.4%, respectively), possibly because
clinical diagnosis by the JRS scoring system overesti-
mates M. pneumoniae infection; with this interim reference
standard, the sensitivity of 2 laboratory test methods may
be underestimated. Although PCR and IgM sensitivity were
low in this study, this result did not preclude comparing the
performance of the 2 test methods.

We also described the overall sensitivity, specificity,
NPV, and PPV of PCR and IgM in the corresponding age
groups. The sensitivity of PCR was relatively low in pa-
tients aged <5 years, whereas it was higher in the other
age groups. When a positive result for either PCR or IgM

www.labmedicine.com

was applied as the gold standard, the PCR sensitivity
was relatively lower in the group aged <5 years than in
the other groups, and the overall trends of sensitivity

for each group were similar when we applied the JRS
scoring system as a gold standard. This result may re-
flect the difficulty in obtaining good-quality respiratory
specimens in young children; simultaneous performance
with serological testing would improve the diagnostic
sensitivity. On the other hand, in accordance with earlier
researcht, it showed greater PCR sensitivity in the groups
aged 5 years to 10 years and 10 years to 18 years.' This
finding is consistent with the study of Thurman et al,®in
which a total of 97 symptomatic individuals had an IgM
serology test that was more sensitive than PCR and IgM/
IgG testing, whereas the PCR method was the most ac-
curate method against asymptomatic patients.®

During an outbreak, it is essential to not miss the detection of
patients with clinically compatible symptoms showing nega-
tive test results. Confirmatory testing by a more sensitive and
specific test method should be conducted in the absence

of a well-established standard laboratory method for the
diagnosis of M. pneumoniae infection. However, the clinical
presentation observed in our patient population did not differ
greatly from that described in other studies.’'® In the present

Lab Medicine 2021;52;181-187 185

DOI: 10.1093/labmed/Imaa048



Science

study, we found a significant difference in the coinfection rate
in group 3 compared with the other 2 groups. We found that
82.0% of group 2 patients (PCR[+]/IgM[-]) did not seems to
have enough time to develop a detectable immune response
for IgM. Considering the delay in seroconversion, a negative
result by the IgM may be because of collection before the de-
velopment of a detectable immune response. One could also
consider the possibility of asymptomatic carriers in group 2
(PCR[+)/IgM[-])."* However, our study cohorts were all symp-
tomatic, and M. pneumoniae carriage is known to be rare
during an outbreak of M. pneumoniae pneumonia.™

The several limitations of the present study are as follows.
First, the sampling timing varied from case to case. Because
collecting specimens after symptom onset, at diagnosis, and
during the convalescent period was not easy in our actual
clinical setting, we performed PCR and IgM tests only at the
time of admission to the pediatric emergency department for
ease and speed of diagnosis. Therefore, some patients may
not have been provided enough time to mount an IgM anti-
body response, or bacteria may have been eliminated before
detection by PCR. However, based on the analysis being
conducted 7 days before and after symptom onset for the 3
groups, we confirmed that combining the PCR test and IgM
testing may be a pragmatic and sensitive approach to con-
firming M. pneumoniae infection at the time of admission of
symptomatic pediatric patients during an outbreak.

Second, because of the absence of gold standards for

M. pneumoniae infection, we applied the JRS scoring system
as a clinical interim reference in spite of its imperfection. Third,
even if the patients’ parents denied a previous history of

M. pneumoniae infection for patients, some patients may not
have had a previous history but others (especially older chil-
dren) were more likely to suffer from asymptomatic or undiag-
nosed M. pneumoniae infections. In addition, some patients
(again, especially older children) may have detectable levels of
M. pneumoniae IgM for several months after M. pneumoniae
infection, leading to false-positive IgM results.

Conclusion

In the present study, we confirm that PCR sensitivity is

relatively low in patients younger than age 5 years, and sim-
ultaneous detection with IgM assays may improve the diag-
nostic performance in this age group. Our findings, showing

186  Lab Medicine 2021;52;181-187
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the diagnostic values of PCR and IgM in M. pneumoniae
detection among different age groups in the context of an
M. pneumoniae infection outbreak, further characterize the
diagnostic performance of these assays.

Supplementary Data

Supplemental tables can be found in the online version of
this article at www.labmedicine.com. LM
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ABSTRACT

Objective: Sexually transmitted infections because of Neisseria
gonorrhoeae (NG) and/or Chlamydia trachomatis (CT) remain a major
public health problem. Although the literature describes the population-
based epidemiology of CT/NG, it does not appear to contain reference
points for the statistical analyses of specimen positivity rates by nucleic
acid testing (NAT) with polymerase chain reaction (PCR) that would

be collected by a laboratory following best laboratory and regulatory
practice. For facilities that diagnose NG and CT by a real-time PCR
assay, an understanding of the expected specimen positivity rate of
gonorrhea and chlamydia would be helpful for monitoring the assay

for quality assurance. Therefore, on behalf of the Michael J. Crescenz
Veteran Affairs Medical Center (VAMC), we present this novel quality
assurance study on its CT/NG specimen positivity rates conducted by
NAT with PCR.

Methods: Quality assurance/improvement quarterly data from April
1, 2012 to September 30, 2019 were reviewed to obtain both the test
volume of PCR for CT/NG and the number of positive test results at

Chlamydia and gonorrhea are major public health problems
that are sexually transmitted.' With a total of 1,758,668
cases of Chlamydia trachomatis (CT) and 583,405 cases

of Neisseria gonorrhoeae (NG) diagnosed and reported in
2018 to the Centers for Disease Control and Prevention
(CDC), these 2 sexually transmitted infections (STls) are

Abbreviations:

NG, Neisseria gonorrhoeae; CT, Chlamydia trachomatis; NAT, nucleic
acid testing; PCR, polymerase chain reaction; VAMC, Veteran Affairs
Medical Center; QA, quality assurance; QA/Ql, quality assurance/quality
improvement.
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the VAMC to collate and perform statistical analyses. Testing had been
performed using the Abbott m2000 RealTime System (Abbott Park, IL).

Results: A total of 22,709 PCR tests for CT/NG had been performed on
the veteran population; of these, 502 tests were positive for NG and 744
were positive for CT. Quarterly percentage rates ranged from 1.67% to
5.30% for CT and from 1.00% to 3.25% for NG, with average rates of
3.35% and 2.22% for CT and NG, respectively.

Conclusion: The establishment of an expected rate of specimen
positivity of CT/NG by NAT with PCR at the VAMC is a significant novel
reference point in the quality assurance (QA) literature and provides a
benchmark that aids tremendously in QA for the microbiology/molecular
laboratory.

Keywords: polymerase chain reaction, molecular diagnostics, sexually
transmitted diseases, quality assurance, quality improvement, regulatory
compliance, reference statistics, quality, CAP Microbiology Checklist

the first and second most common notifiable conditions in
the United States.> As infection with CT/NG can lead to
morbidity (for instance, pelvic inflammatory disease or fa-
cilitation of transmission of human immunodeficiency virus
infection), clinical laboratory testing is performed to provide
a diagnosis to assist in clinical treatment and to allow for
appropriate public health reporting.

Quality assurance (QA) is an essential part of ensuring the
accuracy and reliability of laboratory testing, and part of QA
is guided by the College of American Pathologists (CAP) for
laboratories accredited by CAP."*® A regulatory item on the
College of American Pathologists Microbiology Checklist
(standard MIC.63252 under Molecular Microbiology) states
that “when appropriate, statistics (e.g. percentage of results
that are positive for Chlamydia trachomatis and/or Neisseria
gonorrhoeae) are maintained and monitored”
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(https://elss.cap.org/elss/ShowProperty?nodePath=/
UCMCON/Contribution%20Folders/DctmContent/edu-
cation/OnlineCourseContent/2017/LAP-TLTM/checklists/
cl-mic.pdf; p. 77).° This standard is understandable; al-
though nucleic acid testing (NAT) by polymerase chain reac-
tion (PCR) can be highly sensitive and specific, false results
can occur for a number of reasons, including contaminating
environmental amplicons in the laboratory, errors in spe-
cimen collection, errors in test operation, or contamination
of specimens in the clinic.® Therefore, it is important for clin-
icians and laboratory professionals to understand test limi-
tations and for laboratories to perform appropriate QA and
quality control as part of standard laboratory practice.’*®
Currently, laboratories can perform QA by monitoring their
CT and/or NG statistics and undertaking appropriate inves-
tigation and/or actions if significant statistical deviations
from the past are identified.

However, for the QA of NAT testing for CT/NG, resources in
the literature for specimen positivity rates by laboratories for
comparison are scarce; available relevant literature instead
would include broad population-based epidemiological data,
manufacturer’s instructions if addressed, clinical gestalt, and
anecdotal reports of reasonable positivity rates from col-
leagues.' ™" This scarceness is reinforced further in that
other than the abstract presentation of the data from this arti-
cle, there has been no published literature specifically on the
specimen positivity rate as part of a laboratory’s statistical QA
monitoring program in compliance with MIC.63252° in either
the veteran or general nonveteran population. Documentation
of this information would be useful especially for the vet-

eran population because it is known epidemiologically that
veterans have higher rates of STls compared with the general
population.”® Although the specimen positivity rate defined
at a veteran affairs medical center (VAMC) may potentially

be higher than that obtained at a similar hospital serving a
different general nonveteran population, a documented study
would serve as a reference point for the veteran population
studied. Therefore, the quality assurance/quality improvement
(QA/QI) statistical monitoring at a major regional VAMC is pre-
sented to support this material as a benchmark.

Materials and Methods

The QA/QI quarterly data from April 1, 2012 to September
30, 2019 were reviewed to obtain both the test volume of
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NAT testing by PCR for CT/NG and the number of positive
test results at the VAMC. Quarters for each year began on
October 1; therefore, quarter 1 of 2013 began on October

1, 2012 and ended on December 31, 2012. Consequent
quarter dates would be as follows: quarter 2 (January 1 to
March 31), quarter 3 (April 1 to June 30), and quarter 4 (July

1 to September 30). Testing had been performed using the
Abbott m2000 RealTime System (Abbott Park, IL) using
properly validated standard laboratory protocols for NAT
testing by PCR as recommended by the manufacturer. These
protocols included running appropriate quality control with
samples known to be positive for organisms (CT/NG), nega-
tive quality control samples, and an internal quality control to
help rule out the presence of an inhibitor of the PCR reaction.
These QA/QI data were presented as a regular graphical

and tabulated report at the Laboratory Quality Management
Committee (LQMC) at the VAMC. If any significant statistical
deviations were detected in the data on review by the med-
ical director or the LQMC, then an appropriate investigation
would be undertaken to resolve this deviation, take appro-
priate corrective action if needed, and ensure quality patient
and laboratory care. In addition, because of previous experi-
ence in CT/NG testing at the VAMC and published epidemio-
logical evidence, an upper CT/NG specimen positivity rate
cutoff of <6% had been established internally by an educated
assessment such that a rate above 6% using NAT by PCR
would be investigated for QA."**% Similarly, an unusual
drop in the specimen positivity rate that approached 0%
would also be investigated. In addition, after each batched
run of NAT by PCR for CT/NG, the run data were reviewed by
the medical director for quality assurance. The deidentified
QA/QlI data included all test results including repeat tests/
runs, quality controls, and training or proficiency samples.

The QA/QI quarterly data were compiled in a Microsoft
Excel (Redmond, WA) spreadsheet, and from this file the
graphs and tables were prepared. Additional statistical ana-
lyses by a 2-tailed t-test were also performed periodically to
verify the lack of statistically significant differences, which
would have a calculated P value of less than .05.

In addition, on further review, to further provide a refer-
ence to the specific patient population at the VAMC that
underwent NAT testing by PCR for CT/NG, demographic
data on the patients tested were obtained through a Vista/
Fileman (U.S. Department of Veterans Affairs, Washington,
DC) search. The total number of unique patients who were
veterans (some patients were tested multiple times) and
their age, sex, and ethnicity were recorded for reference.

www.labmedicine.com
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VAMC Test Volume and Specimen Positivity Rate
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Figure 1

Graphical analysis of quarterly data of specimen positivity rate (by NAT for CT/NG) and test volume. Note that the percent positivity rate
remained comparable from quarter to quarter with no significant deviations (such as a rate of zero or a statistically significant unexplained
increase). Pos, positive; VAMC, veteran affairs medical center; CT, Chlamydia trachomatis; NG, Neisseria gonorrhoeae.

To ensure that each demographic data point represented a
unique patient data point, extra collected demographic data
on veterans for a repeat visit or testing were removed from
the demographic tabulation. Age was represented as the
age of the veteran at the time of the search. This demo-
graphic data extraction also included CT/NG test results,
allowing for a determination of the number of unique test
results given to patients.

Results

A total of 22,709 NAT tests by PCR for CT/NG had been
performed on the veteran population at the VAMC; of these,
502 were positive for NG and 744 were positive for CT.
Quarterly percentage rates on a quarterly basis ranged from
1.67% t0 5.30% (CT) and 1.0% to 3.25% (NG) with average
rates of 3.35% and 2.22% for CT and NG respectively (see
Figure 1 and Figure 2). At all times, the specimen positivity
rate stayed below the VAMC'’s expected rate of less than
6%, a figure based on prior epidemiological studies and
the VAMC'’s institutional experience with the known patient

www.labmedicine.com

population.' Statistical calculations comparing year to
year verified no statistically significant differences in the
specimen positivity rates. The entirety of the data are tabu-
lated in the supplementary data (See Supplemental Table 1).
The statistical analyses throughout the entire study period
were maintained and never showed a significant deviation
from what was expected.

For demographic recording purposes, the aggregate totals by
sex, race/ethnicity, and age for the total unique veteran pa-
tient population, the population that had tested negative for
both CT and NG, and the population that had tested positive
for at either CT, NG, or both were computed. These data are
self-reported by patients and tabulated in Figure 3. Many of
the patients underwent repeat testing over the study period,
resulting in the number of tests outnumbering the number

of patients. In addition, a total of 396 patients had tested
negative for both CT and NG but had also tested positive for
either CT or NG at another testing visit; these patients were
therefore included in both the population that had tested
negative for both at least once and the population that had
tested positive for either CT or NG at least once. This infor-
mation on patients who were veterans was meant to provide
a demographic benchmark of the population at this VAMC.

Lab Medicine 2021;52;e23-e29 €25
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Statistical Parameter Value for CT Rate Value for NG Rate
Minimum percentage positive 1.67% 1.00%
Maximum percentage positive 5.30% 3.25%

Average 3.35% 2.22%
Standard Deviation 0.827% 0.576%
Median 3.35% 2.21%
Variance 0.661% 0.320%

Figure 2

Tabulated overall calculated statistical results including minimum and maximum, average percent positivity, standard deviation, median, and
variance from quarter 3 of 2012 to quarter 4 of 2019. CT, Chlamydia trachomatis; NG, Neisseria gonorrhoeae.

Discussion

Research has shown that STls resulting from CT/NG
remain a major public health problem and are common
worldwide."?*"° The prevalence of CT/NG varies from
population to population; these population differences may
result in part from differences in access to healthcare and
in risk factors for infection. The veteran population, par-
ticularly members of the subpopulation who are patients
at VAMCs throughout the country, has been shown to be
more prone to serious illnesses such as infections and to
differ significantly from nonveterans in several population-
based health metrics.'®"? In particular, STls including
CT/NG in the veteran and military population have been
shown to have a higher incidence compared with the
general population.”?*"° The presence of this epidemio-
logical evidence is helpful to laboratory professionals in
the community at large who are attempting to determine a
reasonable specimen positivity rate because the patients
who are to be tested may be part of at least 1 of the de-
scribed populations.

However, although one could attempt to extrapolate that the
specimen positivity rate assessed by NAT for a particular
higher-risk population (such as the veteran population being
treated at the VAMC) may be higher than in other popula-
tions, there are limitations to depending solely on epidemio-
logical data to ascertain a reasonable specimen positivity
rate calculated by NAT. One very important limitation to the
epidemiological data is that most persons infected by CT/
NG are asymptomatic, and the number of undiagnosed,
untreated, and unreported infections may exceed the total
number of diagnosed and reported infections.'® Determining
the incidence and prevalence of a disease within a

€26  Lab Medicine 2021;52;e23-e29
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population is dependent on being able to recognize the
cases of infection in the population.' In addition, the epi-
demiology of a disease in the population can differ signifi-
cantly from the clinical data derived from sick patients seen
in a clinic or hospital, which is where samples for CT/NG
NAT testing are taken.'* Because of this variance, epidemio-
logical conclusions on the risk for the target population at
large would be significantly limited if they were drawn from
clinical data only, because these data may have a selection
bias that stems from differences between the subpopulation
that has access to and seeks medical care vs the rest of the
population that has not sought medical attention. For the
laboratory that is newly performing NAT testing for CT/NG,
establishing a reasonable CT/NG specimen positivity rate
based solely on epidemiological data from the populations
at large is therefore not without peril.

Moreover, one must consider that sometimes patients may
have more than 1 specimen (eg, to cover both genital and
extragenital potential sites of infection) and that some pa-
tients may be positive at more than 1 site, which may lead
the specimen positivity rate to be higher than what would
be suggested by the epidemiological data.'® Therefore,
actual specimen positivity rate data have an important role
in addition to epidemiological data. Similar reference point
data from other laboratory CT/NG NAT, if there are signifi-
cant similarities in the patient population, may be quite
useful as a reference value to a laboratory newly monitoring
its CT/NG NAT statistics per MIC.63252.° For quality pa-
tient and laboratory care, it is not enough to simply monitor
and track statistics; it is also important to be able to know
when an observed statistical trend indicates the need for
further QA investigation and review. The data presented
here from the VAMC are one such benchmark regarding a
veteran population that may provide substantive information

www.labmedicine.com
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Demographics for Patients who
Total Patient Demographics Tested Negative for Both Demographics for Patients with
CT/NG* a Positive Test Result*
Demogra;.)hi.c Number Demogra;?hic Number Demographi‘c Number
Characteristic Characteristic Characteristic
Gender -Gender -Gender -
FEMALE 2444 |FEMALE 2430 |FEMALE 79
MALE 5270 |MALE 5115 |MALE 486
Race/Ethnicity Race/Ethnicity Race/Ethnicity
AMERICAN INDIAN OR AMERICAN INDIAN OR AMERICAN INDIAN OR
ALASKA NATIVE 23 ALASKA NATIVE 22 ALASKA NATIVE 1
ASIAN 84 ASIAN 80 ASIAN 11
BLACK OR AFRICAN BLACK OR AFRICAN BLACK OR AFRICAN
AMERICAN 4905 |AMERICAN 4788 |AMERICAN 386
DECLINED TO ANSWER 213 |DECLINED TO ANSWER 211 [DECLINED TO ANSWER 18
NATIVE HAWAIIAN OR NATIVE HAWAIIAN OR NATIVE HAWAIIAN OR
OTHER PACIFIC OTHER PACIFIC OTHER PACIFIC
ISLANDER 36 |ISLANDER 36 |ISLANDER 4
UNKNOWN BY PATIENT] 62 UNKNOWN BY PATIENT 61 UNKNOWN BY PATIENT] 3
WHITE 2391 |WHITE 2347 |WHITE 142
Age Distribution Age Distribution Age Distribution
<=20 0 <=20 0 <=20 0
21-30 658 21-30 627 21-30 94
31-40 1985 31-40 1932 31-40 208
41-50 1151 41-50 1132 41-50 77
51-60 1717 51-60 1683 51-60 89
61-70 1607 61-70 1584 61-70 77
71-80 519 71-80 513 71-80 17
81-90 71 81-90 68 81-90 3
91-100 6 91-100 6 91-100 0
Grand Total 7714 Grand Total 7545 Grand Total 565

Figure 3

Basic demographic data (sex, race/ethnicity and age distribution) of unique patients who were veterans in the total population and who
tested either negative or positive for CT or NG. The number of unique patients is lower than the number of tests run because many patients
had repeat testing over the study period, some tests needed to be rerun on the same specimen for diagnosis, and there was additional
testing of control/proficiency/training material. “Some patients who tested positive for either CT/NG or both at 1 time also tested negative
on other visits. Population with negative test results also includes patients who had tested positive at another visit. The race/ethnicity is self-

reported by patients.

for a laboratory with a newly implemented CT/NG NAT
assay without a long prior history of statistical results for
comparison.’

In addition, QA plays a very important role in the proper
implementation of NAT for clinical diagnosis.>'®'® All diag-
nostic tests, including nucleic acid amplification tests or
NAT, can generate inaccurate results because of issues with

www.labmedicine.com

specimen collection, test operation, or the laboratory en-
vironment. Given the sensitivity of NAT tests to even a few
amplicons of the target genetic sequence, environmental
amplicons or carryover contamination from previously amp-
lified products in the laboratory or clinical setting can be a
source of false-positive results. Because PCR by its nature
can lead to the amplification of even a few target sequences
of DNA by DNA polymerase, even a very tiny amount of
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contamination or environmental amplicon can potentially
turn into a significantly increased amount of contamina-

tion that can ruin NAT by PCR run to detect CT/NG.>'¢"®
However, if inhibitors of the PCR reaction are introduced,
either because of specimen preparation or perhaps from the
specimen’s nature itself, false-negative results can occur.
Because of these limitations, particularly the vulnerability to
contamination either from the clinic/hospital or within the la-
boratory, efforts are warranted to both attempt to detect the
possibility of false results through QA monitoring and to en-
sure that such contamination does not occur.® Prevention of
contamination can be as simple as following standard well-
established QA protocols for the molecular laboratory and
ensuring clean equipment and workspaces.*'®'® Monitoring
quality control and statistics for the patient results may help
identify whether there is a potential issue with false results.’

Nonetheless, NAT by PCR is generally regarded to be
superior in overall performance in detecting CT/NG
compared with culture and other nonculture diagnostic
methods; unlike other methods, NAT offers extended sen-
sitivities to detect organisms (sensitivity well above 90%)
with a concurrent very high specificity of >99%.° False
results can still occur because of specimen collection,
test operation, and the laboratory environment. Monitoring
the rate of positive and indeterminate results in accord-
ance with MIC.63252 may alert the laboratory to trends
that require investigation to assure result accuracy. In
addition to checking past laboratory results, for facilities
that diagnosis NG and CT by real-time PCR assay, an
understanding of the expected rate of CT/NG specimen
positivity at other institutions can be helpful for monitoring
the assay (particularly if past data at the facility are limited
because the assay was recently implemented), both for
epidemiological purposes and as a check on the assay to
detect abnormal trends that may require additional inves-
tigation. These internal QA investigations, after laboratory
professionals detect a potential issue from their statistical
or quality control data, may either show that there is no
problem with false results (eg, if the patient population
tested by the clinics served by the laboratory drastically
shifted in characteristics or risk of infection) or may identify
a potential concern that can be addressed with corrective
action to ensure continued quality care. The improvements
made would be part of the QA/QI that is standard labora-
tory practice. Ultimately, the monitoring of CT/NG statis-
tics is an example of how compliance with a regulatory
standard can help the laboratory provide optimal patient
and laboratory care.
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We acknowledge that epidemiological evidence for multiple
different populations, both veteran and nonveteran, exists
in the literature to help delineate the expected prevalence
of CT/NG infection in each population.”**" For example,
the VAMC'’s expected upper rate of <6% is derived partly
from prior experience in the VAMC laboratory and from
epidemiological studies showing that 6% is at around

the upper 95% confidence interval limit for non-Hispanic
black individuals in the Centers for Disease Control and
Prevention epidemiological data and is slightly less than
the 6.7% National Health and Nutrition Examination Survey
prevalence rate noted in epidemiological data of men with
a high risk of infection in corrections facilities; because

the testing population at the VAMC includes veterans who
are not individually at high risk of infection simply under-
going screening, the expected institutional upper rate of
6% appeared reasonable to guide the clinical gestalt of

the reviewing microbiology director. However, because the
epidemiology of the population as a whole does not always
extrapolate to specimen positivity rates or even to the
selected subpopulation from the population that is seen in
the clinic or hospital, literature on the expected specimen
positivity rates still has a very important role in providing a
guidepost to other laboratories, particularly if the other la-
boratory has a similar patient population but does not have
many previous statistics for review because it has newly
implemented NAT for CT/NG by PCR."* Other than the ab-
stract presentation of the data from the VAMC," there are
no other studies in the literature focused on the statistical
monitoring of specimen positivity rates of CT/NG by PCR
for MIC.63252. Nonetheless, this study also presents future
directions that could be undertaken to further illuminate the
literature for laboratories seeking resources on expected
specimen positivity rates from other hospitals.’

The VAMC experience is limited in that it is restricted to
the veteran population only; given that veterans have been
documented epidemiologically to have more STls including
CT/NG compared with the general population, a study of
CT/NG specimen positivity rates in a nonveteran hospital
serving the general population may show different speci-
men positivity rates. Such a study would significantly help
mitigate the scarcity of the literature regarding published
statistical reference points of CT/NG positivity rates.

In summary, this novel study publishes the specimen posi-
tivity rate of CT.NG infection at the VAMC to provide a ref-

erence point in the literature for such monitoring and alerts
for trends that may require further investigation, which aids

www.labmedicine.com



tremendously in facilitating QA in the microbiology/
molecular laboratory.

Conclusion

The establishment of the expected rate of positive
laboratory-diagnosed CT and NG at the VAMC makes a
significant contribution to the literature concerning vet-
erans and provides a valuable reference for similar facilities
monitoring the QA of their PCR assay for these STls. From

the VAMC, the specimen positivity rates on a quarterly basis

ranged from 1.67% to 5.30% (CT) and 1.0% to 3.25% (NG)
with average rates of 3.35% and 2.22%, respectively. At no
point did the rates show a statistically significant difference
from year to year or exceed the standard VAMC upper limit
gestalt of 6%. LM
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ABSTRACT

Objective: With the COVID-19 pandemic, there have been supply
challenges necessitating that laboratories must prepare their own viral
transport medium (VTM), which provides stability for clinical specimens
for diagnostic viral testing.

Methods: Within a veteran affairs medical center clinical laboratory,
VTM was prepared with a Hanks Balanced Salt Solution (HBSS) 500 mL
bottle with phenol red, sterile heat-inactivated fetal bovine serum (FBS),
gentamicin sulfate (50 mg/mL), and amphotericin B (250 pg/mL). An
antimicrobial mixture was made of 50 mL each of amphotericin B and
gentamicin sulfate. Ten mL of FBS and 2 mL of the antimicrobial mixture
were mixed into the HBSS bottle, from which 3 mL aliquots were made.
Sterility and efficacy check were assessed. These preparations were
conducted at our VAMC's clinical laboratory to assure adequate VTM
supply during the COVID-19 shortage.

From its unassuming beginnings in Wuhan, China, SARS-
CoV-2, the viral agent that causes the COVID-19 disease,
has become an international pandemic.’® With the un-
precedented outbreak of the respiratory illness caused by
SARS-CoV-2, there have been challenges to the mainten-
ance of adequate supplies in terms of both personal pro-
tective equipment and testing materials.”® In particular, the
dire nationwide shortage of commercial viral transport me-
dium (VTM, a formulation of a buffered salt solution, com-
plex protein and amino acids, and antimicrobial agents), a
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Results: The VTM was successfully prepared in-house, supporting
uninterrupted testing for the facility and other affiliated medical facilities/
centers and community living centers.

Conclusion: This quality assurance/improvement report represents
the first published manuscript on feasible VTM preparation
exclusively within a clinical microbiology laboratory during the
COVID-19 pandemic.

Keywords: viral transport media preparation, SARS-CoV-2,
emergency preparedness, molecular pathology, COVID-19, quality
control, quality assurance, supply shortage, clinical pathology,
laboratory workflow

critical medium for the transport of specimens for reverse
transcriptase polymerase chain reaction (RT-PCR) testing,
has created a situation in which testing laboratories need to
manufacture their own in-house VTM because commonly
used commercial VTM is simply unavailable.”'" Despite
the shortage, VTM remains a critical and pivotal reagent

for preserving stability to achieve a reliable test result.'?
Maintaining the stability of the collected virus is of utmost
importance to perform COVID-19 RT-PCR with optimal re-
sults because the virus must still be sufficiently present and
preserved in the specimen at the time of testing.

Given the lack of supply from commercial vendors, in-house
manufacture has become an uncharted route forced

upon medical centers and laboratories with the inten-

tion of proceeding with testing using VTM despite the dire
shortages.”'° Consequently, a variety of transport media
including saline, phosphate buffered saline, minimum es-
sential medium, and other media with variable formulations
have been shared and documented.'""*"'® In nonshortage
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times, VTM is generally considered the standard of care
and offers advantages over other simpler formulations
because of its documented ability to prevent overgrowth

of bacteria/fungi and ensure prolonged stability of viral
genetic material.'""® It has an established role in ensuring
the stability of viral genetic material with simpler tempera-
ture and handling needs falling within the usual standard of
care compared with the other media types such as sa-
line.""""® Indeed, in a study by Rogers et al,'® a trend toward
an increasing cycle threshold value likely resulting from the
degradation of viral genetic material in a small sampling was
noted with saline stored at room temperature for prolonged
periods of time in contrast to storage in VTM. Therefore, al-
though there may be some degree of equivalence in various
transport media in supporting the diagnosis of viral genetic
material by RT-PCR, the use of VTM is preferred and is
closer to general standard practice outside of shortage
times.'®

Despite the extraordinary nature of the current crisis, peer-
reviewed literature to guide laboratories on the emergency
manufacture, initial laboratory validation, and quality control
of VTM for the COVID-19 pandemic is sparse. More im-
portant, peer-reviewed literature on VTM preparation and
quality control has not been published by a clinical labora-
tory without research department infrastructure, specifically
one in a regional veteran’s hospital.”*'2 To fill this gap in
the peer-reviewed literature for this critical component, this
study shares the viewpoint and experience of pathologists
at a regional veteran affairs medical center (VAMC) in both
manufacturing and performing quality control of its VTM.
These preparations were performed at our VAMC’s clinical
microbiology laboratory to assure adequate VTM supply
during the COVID-19 shortage.

Method of Preparation

There has been variation leading to a lack of clarity in reference
to VTM formulations, including the usage of phenol red and
quality control processes. Phenol red, with its corresponding
color change from pink to yellow in the presence of increasing
acidity, has its use in the detection of potential bacterial contam-
ination and was thus chosen to be included in the VAMC's prep-
aration."” Within the clinical microbiology laboratory, VTM was
prepared using a strict aseptic technique with a 500 mL bottle
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of Hanks Balanced Salt Solution (HBSS) with phenol red, sterile
heat-inactivated fetal bovine serum (FBS), gentamicin sulfate
(50 mg/mL), and amphotericin B (250 pg/ml), see Figure 1.
First, 50 mL of amphotericin B and 50 mL of gentamicin sulfate
were mixed into an antimicrobial mixture. Next, 10 mL of FBS
was mixed with the HBSS bottle. Then 2 mL of the antimicrobial
mixture was also mixed into the HBSS

bottle. The HBSS bottle was then capped and mixed by
inverting the bottle. Each bottle was then additionally

labeled as follows: “2% FBS, 100 ng/mL Gentamicin,

0.5 ng/mL Amphotericin B, [current date], Expires [1 month from
current date].”

Afterward, 3 mL aliquots were made from the bottle to con-
stitute individual tubes of VTM for clinical use. These tubes
were further labeled as follows:

Viral Transport Medium

**For Transport of specimens only**

**Not to be taken internally**

Store at 2 to 8°C. Do not freeze.

Ingredients: Hanks balanced salt solution, fetal bovine
serum, gentamicin, amphotericin B

Expires [1 year after current date of manufacture]

All tubes and any remaining medium in the bottle were
stored in the refrigerator (2 to 8°C).

Method of Quality Control for
Sterility

One viral transport tube aliquot per bottle was utilized for

the sterility check (see Figure 2). After the first initial visual
inspection to verify that the color of the liquid in the tube was
appropriate (pink from the phenol red), the aliquot tube was
incubated in the 002 incubator at 37°C for 24 hours.

After incubation for 24 hours, the tubes were visually inspected
for signs of growth such as color change (with phenol red spe-
cifically, a yellowing of the initial pink color indicative of acid-
ification, frequently because of bacterial growth), turbidity, or
presence of floccules when tapped or vortexed. If no signs of
growth were observed, then within a biosafety cabinet, 1 mL of
the viral transport medium was inoculated into a sheep blood
agar plate, a chocolate agar plate, and a thioglycolate broth
vial. Both the remaining aliquot tube and the plated medium
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Mix 50 ml of amphotericin B (250 pg/ml) and
gentamicin sulfate (50 mg/ml)

Mix 10 ml sterile heat-inactivated fetal bovine
serum (FBS) into 500 ml bottle of Hanks Balanced
Salt Solution (HBSS) with phenol red.

Make 3 ml aliquots and perform appropriate

quality control.

Figure 1

Flowchart of summary of 4 steps of VTM preparation. This figure was shown as part of an abstract presentation of these data.' VTM, viral

transport medium.

were returned to the CO, incubator for incubation at 37°C for
48 hours. At both the 24- and 48-hour marks, plates and tubes
were examined for signs of bacterial growth. Any observed
growth at any stage of this sterility testing were fully worked up
to identify the contaminating organism(s). All the bottle tests for
sterility conducted by the VAMC clinical laboratory passed with
no growth observed.

Initial Laboratory Validation

Additional RT-PCR tests were performed on the first bottle
received for testing to confirm that the in-house manufac-
ture of VTM was efficacious for clinical use (see Figure 2).
These validations were performed just once before in-house
VTM was authorized for clinical use. These additional runs
were performed over 3 days and included both positive
and negative aliquots spiked with corresponding control
material from the Seracare (Milford, MA) AccuPlex SARS-
CoV-2 Reference Material Kit. The runs were performed on
the Abbott (Abbott Park, IL) RealTime SARS-CoV-2 Assay
on the Abbott m2000 testing platform and on the Cepheid
(Sunnyvale, CA) Xpert Xpress SARS-CoV-2 Assay. Because
VTM would be utilized clinically and might be placed
temporarily in conditions other than refrigerator temperat-
ures, positive spiked specimens were stored temporarily

www.labmedicine.com

at room temperature, refrigerator temperatures (2 to 8°C),
and frozen temperatures (-20°C) to verify that RNA material
was still preserved in the VTM for testing at the various
temperatures.

The first day of testing involved 3 positively spiked and

3 negatively spiked specimens stored in the refrigerator
routinely. The second day involved 3 positively spiked
specimens stored at room temperature before testing, 3
positively spiked specimens kept in the refrigerator, and 3
negatively spiked specimens kept in the refrigerator. The
third day involved 3 positively spiked specimens kept in the
refrigerator, 3 positively spiked specimens frozen at -20°C
before testing, and 3 negatively spiked specimens kept in
the refrigerator. In this first-time validation, all test results
were as expected and thus achieved validation for using
in-house VTM for clinical application.

Method of Quality Control
for Efficacy and RNA
Contamination

Positive efficacy checks were performed to ensure that the
in-house VTM from each bottle did not lead to degradation of viral

Lab Medicine 2021;52;e39-e45 €41
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Viral Transport Media Quality Control Flow Chart

VTM Manufactured and
i Aliquoted
Sterility Testing (1 l
aliquot tube per -
bottle Efficacy/RNA First Time Validation for
1 Contamination Check (2 Clinical Use
aliquots per bottle
Incubate Aliquot Tube S g ) ¢
0,
for(gg h.ours;)a; 37) ¢ l l Sterility testing must not show
incubator -
£ T One spiked with|  |One spiked with signs of growth
i " positive control negative control l l
isual Inspection, i
pass, then plate 1 ml l l
from tube into media LA Day2 Day3
Run RT-PCR and
s l | check if results l l l
Chocolate Sheep Thioglycolate are as expected 3 + spiked 3 + spiked 3 + spiked
Agar Blood Agar Broth l samples samples at RT samqles
3 —spiked 3 + spiked 3 + spiked
l rﬁ If results are as expected, samples sam?)les samples at -
efficacy/RNA 20°C
Incubate all for total e 3 - spiked ;
A _|of 48 hours (including 4—, Contammatu:in Check sam‘:)Ies 3 n spiked
aliquot tube) passe samples
I : I
Inspect for signs of If no growth, sterility Run RT-PCR on all samples and
growth check passed verify if results are as expected
Figure 2

Flowchart of quality control program for the VTM including sterility testing in the lefthand branch, efficacy check in the middle branch,
and the first-time validation in the righthand branch. For the validation, all spiked specimens without a specified temperature were done
at refrigerator temperature (4 to 10°C temperatures). RT, room temperature; RT-PCR, reverse transcriptase polymerase chain reaction;
VTM, viral transport medium. This figure was shown in an abstract presentation of these data.’

RNA that would preclude accurate testing. Negative RNA con-
tamination tests were performed to verify that the manufacturing
process did not introduce viral RNA that could lead to false
positive results. Two aliquots from each bottle of VTM were thus
taken (see Figure 2). One aliquot was spiked with positive control
material and the other aliquot with negative control material. The
laboratory staff then performed RT-PCR testing on each aliquot
to confirm that the expected results were obtained (positive in
the aliquot spiked with positive control material, negative in the
aliquot spiked with negative control material).

Differences in Preparation

Methods to produce VTM have been made publicly avail-
able previously.®'" The primary similarity among these
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methods is that VTM is ultimately a mixture of a buffered
salt solution, complex protein and amino acids, and anti-
microbial agents to ensure the stability of the viral specimen
for later nucleic acid testing. However, given the different
circumstances of each practice setting and laboratory/
clinical needs, there are also important differences. For
instance, some preparations of VTM exclude phenol red for
simplicity, but at the VAMC laboratory it was determined
that including this quality marker was important to ensure
the lack of bacterial contamination of the specimens pro-
duced (see Image 1).*"" In addition, a CO, incubator at an
increased temperature of 37°C was utilized to provide a
stable conducive environment to efficiently detect bacterial
or fungal contamination compared to a lower room or re-
frigerator temperature incubation.'®'®

Methods to validate and perform quality control have
varied from institution to institution and in the literature

www.labmedicine.com
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Image 1

Left: One of the prepared aliquots of transport media. Note the pink color because of the phenol red. In the presence of acidity (perhaps
because of bacterial growth), this color would show yellowing, and thus this coloration remains a quality control tool. This image was shown
in an abstract presentation of these data.’ Right: One aliquot of prepared VTM was generously inoculated with a large quantity of Escherichia
coli and then incubated in the CO2 incubator at 37°C for 24 hours. Because of bacterial growth, the VTM has a yellow appearance.

(both peer-reviewed and non-peer-reviewed).” One publicly protocol with its viewpoint, there is no peer-reviewed

available standard operating procedure by the Centers for consensus in reference to sterility quality control.”'! Other
Disease Control and Prevention (CDC), for instance, does institutions have found quality testing for efficacy/genetic
not include an efficacy check to verify that viral genetic material to be important and have included it in their algo-
material is preserved by the media created and that the me-  rithms, with variation in specifics.'" Three culture mediums
dium is not inadvertently contaminated by interfering gen- (sheep blood agar, chocolate agar, and thioglycolate broth)
etic material.® Although the CDC has a publicly available were used at the VAMC for thoroughness in sterility testing
www.labmedicine.com Lab Medicine 2021;562;e39-e45 €43
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and to ensure sensitivity in detecting microorganism con-
tamination. The length of time that the products of each
step of the preparation process can be kept before expir-
ation has also lacked clarity among multiple institutions;
given the CDC protocol and the standard length of time
available for commercial VTM before expiration, the VAMC
laboratory established the expiration date of each aliquot
as being 1 year after manufacture. The expiration date of
any intermediate products (ie, the bottle mixture to be ali-
quoted) was set at 1 month so that intermediate steps will
be completed expediently.

Finally, it is important to note that the preparation of VTM

in this report took place within the clinical microbiology la-
boratory of a regional VAMC. This preparation setting led to
the selection of the batch size of 1 bottle, or approximately
500 mL; under a prolonged shortage, other larger labora-
tories can potentially consider scaling up solutions to in-
clude larger batches and multiple reagents, and supporting
quality assurance common to good manufacturing practice.
Other than Petersen et al,' no published reports are avail-
able in the peer-reviewed literature for VTM preparation in
the clinical laboratory of a regional VAMC. We have found
only a single study on the preparation of VTM in a univer-
sity hospital setting using a well-equipped research division
and laboratories."" Published reports of a clinical laboratory
preparing VTM in these unprecedented times present a
unique perspective and act as a reference for other labora-
tories faced with the similar need for preparation.

Conclusion

In this first publication (other than the abstract presentation
of these data’) on VTM manufacture, validation, and quality
control within a regional VAMC's clinical microbiology la-
boratory during this unprecedented crisis of COVID-19,
VTM production and related quality testing/validation have
proven to be feasible and highly useful.! It is possible for
VTM adequate to meet the needs of the regional VAMC to
be prepared with appropriate sterility and efficacy to meet
the unprecedented demand for SARS-CoV-2 testing with its
concomitant severe supply shortages. This report presents
the first published experience in the preparation and quality
control of VTM within the clinical laboratory of a med-

ical center specifically for SARS-CoV-2 testing during the
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COVID-19 pandemic; this information is a potentially useful
reference point for other similar regional medical centers
faced with this ongoing pandemic and worldwide health
emergency. The in-house preparation of VTM in the face of
severe supply shortages remains critical, and maintaining
the stability of the virus to be detected is of utmost im-
portance to ensure optimal laboratory results, appropriate
laboratory diagnosis to confirm COVID-19 infection, and

successful performance of testing in-house. LM
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ABSTRACT

Multiple SARS-CoV-2 emergency use authorization (EUA) tests
are being used for clinical testing across various clinical testing
laboratories for meeting the diagnostic challenges of the ongoing
pandemic. However, cross-assay variations in performance
characteristics need to be recognized. A better understanding

is needed of the clinical implications of cross-assay variation in
performance characteristics, particularly in the limit of detection
(LOD) of the SARS-CoV-2 assays used for clinical testing. Herein,
a snapshot of the diversity of SARS-CoV-2 EUA analytical assay
systems including methodologies, assay designs, and technology
platforms is presented. Factors affecting the variations in LOD are
discussed. Potential measures that may standardize across the

In response to the ongoing public health emergency for
COVID-19, the U.S. Food & Drug Administration (FDA)

has issued emergency use authorization (EUA) for several
SARS-CoV-2 diagnostic assays developed by IVD manu-
facturers, academic centers, and commercial reference
laboratories. Several of these EUA assays are now part of
the SARS-CoV-2 clinical testing workflow. The list of assays
that receive EUA continues to increase, and the com-

plete list of these assays can be accessed from the FDA
website.’

The need for widespread availability of accurate diag-
nostic testing for SARS-CoV-2 is critical for appropriate and
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various assay systems are suggested. Development of international
standards and reference materials for the establishment of
performance characteristics may substantially alleviate potential
clinical decision-making challenges. Finally, cross-assay variation

in LODs among the diverse SARS-CoV-2 diagnostic assays impacts
clinical decision-making with multiple assay systems in use and

lack of standardization across platforms. International standards

in parallel with continued cross-platform studies and collaborative
efforts across pertinent healthcare entities will help mitigate some of
the clinical decision-making challenges.

Keywords: SARS-CoV-2, RT-PCR, LOD, C., Standards, COVID-19

timely clinical decision-making. Multiple testing options are
needed as SARS-CoV-2 testing capacity increases across
the various clinical testing laboratories. In the foreseeable
future, a limited manufacturing allocation of testing kits and
related consumables compels individual clinical laboratories
to use multiple assay systems to meet SARS-CoV-2 testing
needs.?®

It is reasonable to expect that cross-assay variation in
performance characteristics of the EUA assays currently

in use will have a bearing on the results of patient testing
and subsequent clinical decision-making. In the context of
the ongoing pandemic, ensuring that patient testing is not
compromised is essential. Therefore, the clinical implica-
tions of cross-assay variation in performance character-
istics must be recognized. This is particularly relevant for
those patient specimen testing results that are close to the
limit of detection (LOD) of the assay systems in use. These
high cycle threshold (CT) SARS-CoV-2 results may not
meet the 95% confidence interval (Cl) detection criteria,
and such test results may be discordant when compara-
tively tested across different assay systems. The poten-
tial impact on SARS-CoV-2 transmission and the clinical
significance of such patient results is yet to be completely
understood.
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Clinical Implications

A significant majority of those with SARS-CoV-2 infections
present with mild symptoms, are asymptomatic with posi-
tive results, or never develop any signs or clinical symptoms
of COVID-19.* Thus a better understanding of the spectrum
of the disease is needed because SARS-CoV-2 infection
can be detected before the development of clinical symp-
toms. Although an ideal objective for a test is to eliminate
the possibility of presumed false-negative patient results,
the challenge is knowing the clinical implications of SARS-
CoV-2 testing results that fall within the window of differ-
ence in LOD between the assay systems used in the clinical
testing workflow.

Currently the EUA assays in use for SARS-CoV-2 diagnos-
tics are all qualitative tests and generally provide a binary
test with a positive or negative result. A third presump-

tive positive result is part of some tests (for example, the
Cepheid GeneXpert assay; Cepheid, Sunnyvale, CA). As
per the Centers for Disease Control and Prevention (CDC)
recommendations, viral testing for SARS-CoV-2 is con-
sidered to be diagnostic when conducted among individ-
uals with symptoms consistent with COVID-19. In addition,
diagnostic testing may be considered for asymptomatic
individuals with known or suspected recent exposure

to SARS-CoV-2 to control transmission or to determine

the resolution of infection. Viral testing is considered as
screening when conducted among asymptomatic individ-
uals without known or suspected exposure to SARS-CoV-2
for early identification and as surveillance when conducted
among asymptomatic individuals to detect transmission hot
spots or characterize disease trends. The CDC also recom-
mends testing for all close contacts of persons with SARS-
CoV-2 infection and for those in some high-risk settings.®

Assays with a relatively low LOD may detect SARS-CoV-2
in specimens with low viral loads that may be missed by
assays with higher LODs. Viral loads in throat swab and
sputum specimens peak at approximately 5-6 days after
symptom onset, but specimens taken from an individual
with a recently acquired SARS-CoV-2 infection can have
low viral loads. One small study suggests that viral load
detected in an asymptomatic patient may be similar to
that in symptomatic patients, which in turn suggests the
transmission potential of asymptomatic or minimally symp-
tomatic patients.®” Ultimately, correlating virus counts and
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therapeutic measures with outcomes may result in different
strategies of care or isolation.

SARS-CoV-2 Shedding and Reverse-
Transcription Polymerase Chain Reaction

Viral RNA may be detected from patient specimens weeks
after the infectious stage has ended post-onset of symp-
toms. Sun et al® reported persistent shedding of viral RNA
in nasopharyngeal (NP) swabs and feces specimens, with
the estimated time until loss of RNA detection ranging from
45.6 days for NP swab specimens to 46.3 days for fecal
specimens in mild cases of infection and from 48.9 days
for NP swab specimens to 49.4 days for fecal specimens in
severe cases of infection. However, the authors noted that
the median time for throat specimens from mild cases of
infection was 15.6 days (95% ClI, 11.8-20.7 days) and that
the 95th percentile was 32.8 days (95% Cl, 25.9-42.3 days).
Therefore, Sun et al.® suggested that the detection of viral
RNA for mild cases of infection in throat swab specimens at
the 50th day after illness onset should be a low-probability
event, beyond the 95th percentile limit, as for fecal speci-
mens. Similarly, according to van Kampen et al,’ the prob-
ability of detecting infectious virus drops below 5% 15 days
post-onset of symptoms. Lan et al'® reported positive
reverse-transcription polymerase chain reaction (RT-PCR)
results in throat swab specimens from patients who re-
covered from mild COVID-19 for 50 days at maximum.

Chen et al'' studied viral shedding at multiple timepoints in
stool specimens and analyzed its correlation with clinical
manifestations and the severity of illness. Those authors
found that SARS-CoV-2 RNA in stool specimens was not
associated with the presence of gastrointestinal symptoms
and the severity of iliness. A majority of patients may re-
main positive for viral RNA in the feces after the pharyngeal
swabs are returned negative. The results show the presence
of SARS-CoV-2 RNA in the feces of patients with COVID-19
and suggest the possibility of SARS-CoV-2 transmission via
the fecal-oral route.® Gupta et al'® reported that the duration
for fecal shedding of viral RNA ranged from 1 to 33 days
and in one patient was up to 47 days from symptom onset,
longer after the clearance of respiratory specimens. In spite
of viral RNA concentration, virus isolation from stool speci-
mens was not successful from patient specimens collected
between days 6 and 12. There appears to be active repli-
cation of the virus in the throat during the first 5 days after
the onset of symptoms with no virus replication in stool
specimens.'®
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An RT-PCR assay may have the analytical sensitivity for
detecting a few hundred copies of viral RNA, but that
does not indicate the infectious status of the patient. For
these reasons, identifying such patients with low levels of
detectable viral RNA that straddle the LOD of the assay
of choice needs more clarity. It may be challenging to
interpret RT-PCR tests for SARS-CoV-2 infection particu-
larly early in the course of infection when these results
underlie clinical decision-making to minimize onward
transmission.

CT Values and Infectivity

A relatively lower C_ value increases the probability of the
presence of infectious virus, but the C_ value itself is not
enough to determine whether the virus can be cultured from
the specimens. Thus a limitation of PCR and other nucleic
acid-based diagnostics is that they do not establish infect-
ivity. Studies have shown that viral infectivity, as defined by
culturability, is decreased when RT-PCR CT values are >24,
with the odds ratio for infectivity being decreased by 32%
for every 1-unit increase in C_."* Wolfel et al'® were able to
isolate virus during the first week of symptoms particularly
from a majority of sputum specimens but could not isolate
the virus from specimens taken after day 8. The infectivity
of the virus culture does appear to correlate with viral load,
and specimens that contain <10° copies/mL do not yield an
isolate."®"®

In addition, Huang et al'® reported that the mean C_ values
of culturable oropharyngeal (OP) and NP specimens were
similar whereas culturable sputum specimens had rela-
tively lower CT values. Specimens for a successful viral
culture contained higher viral RNA counts, but note that
viral genome integrity is an important factor for culturability
and infectivity assessment. In their study, Huang et al'®
stated that a genome copy number of 5 to 6 Iog10 genome
copies/mL appears to be the minimal viral load necessary
for virus isolation. Detection of SARS-CoV-2 by RT-PCR

is still the diagnostic gold standard, and the World Health
Organization recommends 2 negative tests at least 24
hours apart as 1 of the key criteria for a clinically recovered
patient.'® In their study, Bullard et al™* showed a link be-
tween in vitro viral growth, C_ value, and symptom-to-test.
Thus, these authors suggested that a CT value >24 in con-
junction with duration of symptoms >8 days could be used
together to determine the duration of infectivity in patients.

www.labmedicine.com
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Nucleic acid amplification kits may sometimes produce
false-negative results that do not match clinical features.
The false-negative rate is a function of time with virus
exposure and subsequent pathogenesis whether infection
is presymptomatic, asymptomatic, or paucisymptomatic.
In a recent case study, Lv et al'” reported a successively
RT-PCR-negative patient with COVID-19. The authors
emphasized the importance of clinical signs and symp-
toms, other laboratory findings, and chest computed
tomography images that should be considered in spite of
RT-PCR-negative results. They also reported the dynamic
change process of SARS-CoV-2 target genes by RT-PCR
testing during the course of infection of a patient with
COVID-19 from successive negative results to a succes-
sive single positive N gene to 2 positive ORF1a/b and

N genes.

If clinical suspicion is high, then infection should not be
ruled out on the basis of RT-PCR alone and the clinical
and epidemiologic situation should be carefully con-
sidered.'® Because RT-PCR positivity persists beyond the
period of infectivity, clinical criteria that include isola-
tion of hospitalized patients for 14 days from symptom
onset or 72 hours symptom-free would be the prudent
approach. Early discharge followed by home isolation of
patients after day 10 of symptoms appears to have little
risk of infectivity.'>'*

Factors such as comorbidities and/or age are certainly
part of the consideration in addition to other clinical
findings that inform clinical decision-making. Children
with SARS-CoV-2 infection have milder clinical symp-
toms and fewer laboratory and radiologic abnormalities.
Nonetheless, understanding the perinatal outcomes of
infants born to women infected with SARS-CoV-2 during
pregnancy is important for early identification of children
with SARS-CoV-2 to provide optimal medical care and
control the pandemic.®

Finally, the CDC advises clinicians to use their judgment

to determine if a patient has signs or symptoms compat-
ible with COVID-19 and whether the patient should be
tested. Clinicians are encouraged to consider testing for
other causes of respiratory illness in addition to testing for
SARS-CoV-2 depending on patient age, season, or clinical
setting. Further details and updated recommendations may
be accessed on the CDC website.®
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SARS-CoV-2 Assays

Table 1 is a representation of some of the molecular
SARS-CoV-2 EUA assays that are run on a diverse array

of platforms. Several of the assay systems have integrated
automated nucleic acid extraction and analytical steps. The
automated high-throughput testing platforms such as the
Roche (Indianapolis, IN) cobas 6800/8800 feature integrated
specimen prep and RT-PCR. Similarly, the Hologic (San
Diego, CA) Panther/Fusion systems are high-throughput
and automated but employ transcription-mediated amplifi-
cation (TMA) methodology.

At the other end of the spectrum, designated point-of-care
(POC) devices such as the Abbott ID NOW (Lake Forest,
IL) and the Mesa Biotech (San Diego, CA) Accula platform
exist, with the latter designed to be a molecular lateral
flow assay readout system. The Cepheid Xpert Xpress
SARS-CoV-2 assay also has the option to be used in a
POC format. The POC-type devices include those that are
deemed waived to be tested at the point of collection.

Some IVD manufacturers have integrated the SARS-
CoV-2 EUA assay to be part of respiratory panel testing.
The BioFire (Salt Lake City, UT) Respiratory Panel 2.1 is a
multiplexed nucleic acid test intended for the simultaneous
qualitative detection and differentiation of nucleic acids
from multiple viral and bacterial respiratory organisms
including SARS-CoV-2. Similarly, the QlAstat Respiratory
panel (Qiagen, Germantown, MD) is designed to allow

the discrimination of respiratory pathogens including
SARS-CoV-2.

Other novel technologies continue to be applied to de-
velop SARS-CoV-2 assays and have received EUA for
SARS-CoV-2 testing. The Rheonix (Ithaca, NY) assay uses a
proprietary microfluidic Rheonix CARD cartridge technology
that integrates specimen preparation and target detection
using RT-PCR. Digital PCR-based assays have received
EUA, including the Gnomegen (San Diego, CA) COVID-19
RT-Digital PCR Kit, which is validated on the Gnomegen
real-time PCR instrument, and the QuantStudio 3D Digital
PCR Systems (Applied Biosystems, Foster City, CA).
Similarly, the Bio-Rad (Hercules, CA) SARS-CoV-2 ddPCR
test is a droplet digital PCR assay.

The majority of the EUA assays are based on RT-PCR
methodology, although isothermal nucleic acid amplification
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methodology such as TMA along with next-generation
sequencing (NGS) and clustered regularly interspaced
short palindromic repeats—-based methodologies have also
received EUA for SARS-CoV-2 clinical diagnostic testing.
For example, the lllumina (San Diego, CA) COVIDSeq Test
on the NovaSeq 6000 platform is an NGS assay in which
the viral genome is sequenced. It is entirely conceivable
that novel and cutting-edge technologies would be used

in SARS-CoV-2 diagnostic testing. Many such technology
platforms would be amenable for use in niche testing areas
for SARS-CoV-2 depending on patient testing requirements.

In many instances, commercial IVD manufacturers have
developed and validated current EUA assays on their own
hardware systems for both nucleic acid extraction and the
analytical method. Alternatively, other commercial manu-
facturers have developed kits that have been validated on
generic platforms for either manual or automated nucleic
acid extraction followed by analytical runs on, eg, RT-PCR
platforms sold by other manufacturers.

As expected, cross-comparison studies have shown that
there is variation in analytical sensitivity across these dif-
ferent methodologies and technology platforms.®?2

Cross-Platform
Comparison Studies

Earlier in the pandemic, Carter et al*® reviewed molecular
assay methodologies used for EUA tests. Subsequently,
several studies have emerged in which performance char-
acteristics across several SARS-CoV-2 EUA assays were
compared and useful cross-comparison data with respect
to LOD were provided.?>?®

Cradic et al? evaluated the clinical performance of 3
molecular assays using NP swab specimens and com-
pared the Abbott (Lake Forest, IL) ID NOW COVID-19, the
DiaSorin Molecular (Cypress, CA) Simplexa COVID-19
Direct, and the Roche cobas 6800 SARS-CoV-2 as-

says. The Simplexa and Roche cobas assays reportedly
had approximately 10 to 100 times lower LODs than the
Abbott ID NOW. Based on these evaluations, Cradic et al?
proposed a multiplatform testing approach in relation to
the patient population and the assay performance char-
acteristics including assay sensitivity.
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Table 1. Representative SARS-CoV-2 EUA Assay Systems.

Test/Instrument Methodology Gene Targets Claimed LOD
Roche cobas SARS-CoV-2/cobas 6800/8800 systems RT-PCR ORF1la/b 0.007 TCIDSO/mL
Thermofisher TagPath COVID-19 Combo Kit/Applied Biosystems 7500, QuantStudio 5 RT-PCR ORF1a/b, N, S 10 GCE/reaction
and 7 systems
Hologic Panther Fusion SARS-CoV-2 Assay/Panther Fusion TMA ORF1 0.01 TCIDSO/mL
Abbott Real-Time SARS-CoV-2 Assay/m2000sp plus m2000rt systems RT-PCR N, RdRp 3.1 GE/reaction or
100 copies/mL
DiaSorin Molecular Simplexa COVID-19 Direct/Liaison MDX RT-PCR ORF1, S 500 copies/mL
Cepheid Xpert Xpress SARS-CoV-2 Test/GeneXpert Dx or GeneXpert Infinity systems RT-PCR N2 and E 250 copies/mL
BioFire COVID-19 Test/FilmArray 2.0, FilmArray Torch System RT-PCR ORF1a/b, ORF8 0.022 TCIDSO/mL or
330 copies/mL
Mesa Biotech/Accula SARS-CoV-2 Molecular LFA N 200 copies/mL
Abbott ID NOW COVID-19 Isothermal RdRp 125 GE/mL
Luminex NXTAG CoV Extended Panel Assay/Luminex MAGPIX RT-PCR ORF1a/b, N, E 5 x 10° GCE/mL
NeuMoDx SARS-CoV-2 Assay/288 Molecular System and NeuMoDx 96 Molecular RT-PCR Nsp2, N 150 copies/mL
System
QlAstat-Dx Respiratory SARS-CoV-2 Panel RT-PCR Orf1b (Rdrp), E 500 copies/mL
Luminex ARIES SARS-CoV-2 Assay RT-PCR ORF1a/b, N 333 copies/mL
Gnomegen COVID-19 RT-Digital PCR Detection Kit/Gnomegen Real-Time Digital PCR RT-digital PCR N1/N2 8 copies/reaction
Instrument or QuantStudio 3D Digital PCR System
InBios Smart Detect SARS-CoV-2 rRT-PCR Kit/7500 Fast Dx Real-Time PCR Instrument E, N, ORF1b/ 1100 GE/mL or 12.5
(Applied Biosystems) or CFX96 Touch Real-Time PCR Detection System (BioRad) RdRp GE/reaction
BD SARS-CoV-2 Reagents/BD MAX System RT-PCR N1, N2 40 GE/mL
Atila Biosystems iAMP COVID-19 Detection Kit/BioRad CFX96 Real-Time System Isothermal N, ORF1a/b 4 copies/ uL
amplification
Rheonix COVID-19 MDx Assay/Rheonix Encompass MDx Workstation RT-PCR N1 0.025 TCIDSO/mL
625 GE/mL)
Bio-Rad SARS-CoV-2 ddPCR Test/QX200 and QXDx Droplet Digital PCR systems ddPCR N1, N2 625 copies/mL
BioFire Respiratory Panel 2.1 (RP2.1)/BioFire FilmArray System RT-PCR S, M 500 copies/mL or
0.069 TCID, /mL
Sherlock CRISPR SARS-CoV-2 kit RT-LAMP/CRISPR- N, O 4.5 copies/pL
based detection
Abbott Alinity m SARS-CoV-2 assay/Alinity m System RT-PCR RdRp, N 100 copies/mL
HDPCR SARS-CoV-2 Assay/Applied Biosystems QuantStudio 12K system RT-PCR N1, N2 250 copies/mL
lllumina COVIDSeq Test/NovaSeq 6000 Sequencing System NGS Virus genome 1000 copies/mL
BioCode SARS-CoV-2 Assay/BioCode MDx-3000 RT-PCR N 0.0117 TCIDSD/mL

CRISPR, clustered regularly interspaced short palindromic repeats,; ddPCR, digital droplet polymerase chain reaction; EUA, emergency use authorization; FDA, U.S. Food and Drug
Administration; GCE, genome copy equivalent; GE, genome equivalents; IFU, instructions for use; LFA, lateral flow assay; LOD, limit of detection; NGS, next-generation sequencing;
RT-LAMP, reverse-transcription loop-mediated isothermal amplification; RT-PCR, reverse-transcription polymerase chain reaction, TC/DW median tissue culture infectious dose; TMA,
transcription-mediated amplification. Complete assay list may be accessed on the FDA website. The information summarized herein has been derived from the manufacturer’s IFU,
also accessible on the FDA website. Test/instrument, gene targets, and claimed LOD units are as reported in the manufacturer’s IFU. Roche Diagnostics, Indianapolis, IN; Thermofisher
Scientific, Waltham, MA/Applied Biosystems, Foster City, CA; Hologic, Inc., San Diego, CA; Abbott Diagnostics, Lake Forest, IL; Diasorin Molecular, Cypress, CA; Cepheid, Sunnyvale,
CA; Biofire, Salt Lake City, UT; Mesa Biotech, Inc., San Diego, CA; Abbott Diagnostics, Lake Forest, IL; Luminex Corporation, Austin, TX; NeuMoDx Molecular, Inc., Ann Arbor, MI; Qiagen,
Germantown, MD; Gnomegen, San Diego, CA, InBios, Seattle, WA, Becton Dickinson and Company, Sparks, MD; Atila Biosystems, Mountain View, CA; Rheonix Inc., lthaca, NY; Bio-Rad
Laboratories, Hercules, CA; Biofire, Salt Lake City, UT; Sherlock Biosciences, Cambridge, MA, Abbott Diagnostics, Lake Forest, IL; Applied Biosystems, Foster City, CA; lllumina, San
Diego, CA; Applied BioCode, Santa Fe Springs, CA.

Craney et al** compared the diagnostic performance of 2 Lieberman et al® compared the analytical performance
high-throughput assay systems, the Roche cobas 6800 of the CDC primer set LDT and the Cepheid, DiaSorin

and the Hologic Panther Fusion, using 389 nasopharyngeal Simplexa, Hologic Panther, and Roche cobas assays using
specimens. The overall percentage agreement between the a total of 169 NP swabs. The CDC-LDT and Cepheid Xpert
platforms was 96.4% (k = 0.922). Remarkably, as reported, Xpress SARS-CoV-2 assays were the most sensitive assays
no significant difference existed between the corresponding for SARS-CoV-2, with 100% agreement across specimens.
CT values generated on the 2 systems (P value = .88). The However, as per Lieberman et al,® the Hologic Panther
authors suggested that these assay systems can be con- Fusion, the DiaSorin Simplexa, and the Roche cobas 6800
sidered comparable in terms of their clinical performance. assays only failed to detect positive specimens near the
www.labmedicine.com Lab Medicine 2021;52;107-115 111
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LOD of the CDC-LDT assay. The authors highlighted the im-
portance of having multiple viral detection testing platforms
available in a public health emergency.

Zhen, Maniji, et al?® stressed the importance of accurate
testing results in patient management and, to that end, the
importance of false negative results because they inevitably
lead to more exposures that can be potentially devastating.
Zhen, Smith, et al”® compared the performance character-
istics of 4 PCR methods that yielded comparable results

(k > 0.96); however, they did observe a notable difference
when it came to overall LOD, with the GenMark (Carlsbad,
CA) having the overall highest LOD of all 4 platforms
evaluated and the DiaSorin Simplexa having the lowest
LOD (39 + 23 copies/mL), closely followed by the Hologic
Panther Fusion (83 + 36 copies/mL). Their modified CDC
assay showed a final LOD of 779 + 27 copies/mL. The clin-
ical correlation was also consistent with LOD findings where
both the DiaSorin Simplexa and Hologic Panther Fusion
assays had 100% positive agreement and detected all spe-
cimens deemed positive by the consensus test result, which
was 3 of 4 evaluated assays as the gold standard.

As is to be expected, differences exist in LODs across as-
says, as reported in these studies. More such studies®*?®
continue to be published with data that will better define
the applicability and optimal use of these different assays in
laboratory testing to inform clinical decision-making.

Factors Affecting LOD

Test manufacturers seeking EUA are required to establish
performance characteristics such as accuracy, precision,
analytical sensitivity, and analytical specificity. The analyt-
ical sensitivity of an assay is the ability of an assay to detect
very low concentrations of a given analyte in a biological
specimen. The LOD is the lowest actual concentration of an
analyte that can be consistently detected in typically >95%
of specimens tested; thus it is an important performance
characteristic. Analytical performance at the low concentra-
tion limit is critical for infectious disease diagnostics.

As the representative assays presented in Table 1 indi-
cate, there is considerable variability in the manner in which
molecular assay LODs are reported in manufacturer IFUs.
Per manufacturer IFUs, the claimed LOD is reported as
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median tissue culture infectious dose (TCID50)/mL, copies/
mL, genome copy equivalent/mL, or copies/reaction. The

genome equivalent is the amount of DNA necessary to be
present in a purified specimen to guarantee that all genes

are present.

The calculation for TCID, /mL depends on the cell line being
used for culture and is based on the degree of cytopathic
effect observed in the tissue culture. Viral counts reported
by TCIDSO tend to be much lower than RT-quantitative PCR
measurements (Bar-On”’). The RNA counts can overesti-
mate infectious virions because the presence of viral RNA
does not necessarily imply the presence of infectious vir-
jons. To assess the concentration of infectious viruses, re-
searchers typically measure TCIDSO, which involves infecting
replicate cultures of susceptible cells with dilutions of the
virus and noting the dilution at which half the replicate
dishes become infected.

Several key variables define what is ultimately the LOD for a
particular assay system because individual assay perform-
ance characteristics vary. Although LOD can be determined
by calculating the point at which a signal can be discrim-
inated from the background, it is more often determined
empirically by testing serial dilutions of target analyte such
as viral stocks.

In addition to the physicochemical factors that impact
assay performance, some assay technologies involve

direct specimen testing but most are methods that have a
preanalytical specimen extraction step. The direct specimen
assay systems include the Diasorin Simplexa Covid-19
Direct Assay on the Liaison MDX and the Atila Biosystems
(Mountain View, CA) iAmp COVID-19 Detection Kit, which

is run on the Bio-Rad CFX Real-Time System using an iso-
thermal amplification method.

Among these assay systems, there is a variation in the input
specimen volume for a given SARS-CoV-2 molecular assay
that also affects what is ultimately determined to be the
LOD for the assay.

Gene Targets

As shown in Table 1, assay designs vary across the assays and
instruments on which they have been validated. The SARS-
CoV-2 RNA transcript encodes multiple genes such as the rep-
licase complex ORF1ab, the spike protein, the viral envelope,
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the membrane, and the nucleocapsid proteins. Although gene
targets are selected for their SARS-CoV-2 specificity, the assay
designs have included 1 or more gene sequences among the
ORf1a/b, nucleocapsid, spike protein, envelope, membrane,
and RNA-dependent RNA polymerase genes.

The specificity of gene targets for SARS-CoV-2 is a crit-
ical part of assay design. This specificity is necessary for
SAR-CoV-2 detection and discrimination among other
related SARS viruses. Coronaviruses have a significantly
lower mutation rate than those observed in other RNA
viruses, such as the influenza virus, because of the pres-
ence of intrinsic proofreading activity during viral rep-
lication.?®® It is possible that successful SARS-CoV-2
replication cycles may accumulate mutations that could
ultimately contribute to differences in clinical outcomes
between patients with differing viral populations. Gussow
et al®® and Artesi et al®* identified a C-to-U transition at
position 26,340 of the SARS-CoV-2 genome that spans
the envelope gene. Moreover, they stressed the import-
ance of targeting 2 genomic regions to minimize the
chance for false negative results. It is thus prudent to
monitor circulating SARS-CoV-2 variants that may ad-
versely impact the performance of RT-PCR diagnostic
assays.®

Assay Protocol

Currently, the assays with EUA are all qualitative, providing
a binary positive or negative answer (or a third answer

as presumptive positive or indeterminate in a few assay
systems). Most RT-PCR assay systems are set up for a

CT value <40 to be clinically reported as PCR-positive.
However, this situation does not always occur because
some assay systems continue amplification cycles beyond
40. It is likely that a patient test result that may be positive
has a late CT (eg, >40 CT) and may remain undetected on a
different assay platform. Nevertheless, a PCR-positive result
indicates the presence of viral RNA and may not necessarily
indicate the presence of viable virus. Thus, it is difficult to
correlate the CT values from one assay system to another in
an accurate manner.*%%

It is assumed during PCR that each template molecule is
duplicated once per cycle. However, for templates ex-
pressed at very low levels variance exists in the results from
PCR reactions with scattered CT values between replicate
PCR reactions.® As can be envisaged for low copy number
templates, comparison across different assay designs,
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instruments, target genes, and PCR physicochemical char-
acteristics is difficult.

Specimen Types

The SARS-CoV-2 molecular tests discussed are performed
after sampling using NP swabs or other upper respiratory
tract specimens, including OP swabs or saliva. Aside from
the diversity of assay designs, target genes, molecular
methodologies, and platforms used to detect SARS-CoV-2,
specific specimen types, which include NP and OP swabs,
BAL, and sputum impact the LOD of an assay. In addition,
alternate specimen types such as saliva and cotton swabs
have also been validated for specific assays and intended
uses, as has the use of saline as an alternative transport
medium vs conventional viral transport medium. Limited al-
locations of swabs (and reagents) have compelled manufac-
turers (and clinical laboratories) to validate alternate swabs
and transport to be used for patient specimen collection
and testing.*

The timeline of testing for PCR positivity may vary with the
type of specimen. However, BAL fluid specimens seem to
show the highest positive rates, followed by sputum, nasal
swabs, fibrobronchoscope brush biopsy, pharyngeal swabs,
feces, and blood.*° False-negative results may occur be-
cause of inappropriate timing of specimen collection in
relation to illness onset and deficiency in sampling tech-
nique, especially of NP swabs. Research has shown that
PCR positivity declines more slowly in sputum and may still
be positive after NP swabs are negative. The persistence of
PCR in sputum and stool has been found to be similar as
assessed.'

International Standards

There is a dire need for the development of inter-

national standards for a SARS-CoV-2 RNA copy number.
Development of such standards would permit comparison
of the myriad assay systems such that the assay LOD can
be reported in a standardized manner. This would be very
useful for clinical practitioners and laboratory and other
healthcare professionals.

To support its evaluation of diagnostic tests for COVID-19,
the FDA has announced that it will provide a SARS-CoV-2
reference panel to ensure the quality of the tests, validation

Lab Medicine 2021;52;107-115 113
DOI: 10.1093/labmed/Imaa103



Overview

of new assays, test calibration, and monitoring of assay
performance. The FDA panel will be available to commercial
and laboratory developers who are interacting with the FDA
through the pre-EUA process.

The Coronavirus Standards Working Group, bringing to-
gether commercial, academic, and public-sector interests,
has been formed to develop tools that ensure the reliability
and accuracy of this vital COVID-19 testing.*' As stated on
its website, this working group will develop an annotated
inventory of resources, identify gaps, and conduct inter-
national collaborative experiments to evaluate and estab-
lish comparability of the diverse control materials and test
methods available. A commendable objective is to pool
knowledge to collaboratively produce the most-needed
reference materials, reference samples, and reference
measurement methods to underpin an enduring and reliable
COVID testing enterprise.

Bustin and Nolan* stated in 2020 that current RT-PCR
testing for SARS-CoV-2 has several shortcomings because
of the shortage in the availability of suitable assays, re-
agents, equipment, and testing capacity. Interestingly, they
recommended centralized RNA extraction procedures in
containment level 3 facilities with dissemination of analyt-
ical testing of noninfectious RNA to nationwide laboratories.
They suggested that these procedures be considered by
public health organizations such as the CDC and Public
Health England in the United Kingdom for protocols for
emergency testing systems that can be rapidly adopted in
emergency situations.

Conclusion

Worldwide multifarious assay systems are currently in use
to test for SARS-CoV-2. To effectively implement clinical
countermeasures, it is imperative to recognize the clinical
decision-making that may be influenced by variation in the
performance characteristics of the diverse assay systems
in use for SARS-CoV-2 diagnostic testing. The assay re-
sults, particularly those that fall near the LOD, may not be
commutable from one platform to another. As discussed
herein, efforts to standardize across the different as-
says, platforms, and technologies would enhance clinical
diagnostic testing to the ultimate benefit of patients. It is
anticipated that cross-platform comparison studies will
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continue to add to our knowledge base. Simultaneous
ongoing efforts to learn more about SARS-CoV-2 patho-
genesis would lead to improved diagnostic testing such
that successful preventive, diagnostic, and prognostic
countermeasures may be implemented for controlling the
ongoing pandemic. LM
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ABSTRACT

Objective: Because of its wide tissue distribution, elevation of
serum lactate dehydrogenase (LD) is a nonspecific finding. Although
serum LD is still included in the prognosis and staging of metastatic
melanoma and germ cell tumors, its nonspecificity has led to
decreased usefulness.

Methods: In this study, we analyzed the serum LD assays performed
in a 726-bed hospital during a 1-year period and reviewed charts of
patients with serum LD of >3 standard deviations (SD).

The ability of the glycolytic pathway to produce adeno-
sine triphosphate in the absence of oxygen allows tissues
to survive in a hypoxic environment by preventing anoxic
damage. Under anaerobic conditions, nicotinamide ad-
enine dinucleotide hydride (NADH) is reoxidized by lactate
dehydrogenase (LD) with the simultaneous reduction of
pyruvate to lactate.’ This reversible reaction is used for

the estimation of LD activity in the clinical laboratory by
determining the rate of NADH production spectrophotomet-
rically at 340 nm.?

Research has shown that LD (molecular weight 134 kDa)
is a peptide tetramer composed of 2 types of chains, H

Abbreviations:

LD, lactate dehydrogenase; SD, standard deviation; NADH, nicotinamide
adenine dinucleotide hydride; MI, myocardial infarction; ICD-10,
International Classification of Diseases, 10th revision; CK-MB, creatine
kinase MB.
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Results: Of 312 patients with elevated serum LD, only 9 were patients
with melanoma and germ cell tumors. The other 303 patients had other
malignancies, chronic conditions, and sepsis.

Conclusion: Elevated serum LD (even >3 SD) is an extremely
nonspecific finding that does not contribute to clinical management in
a majority of patients. As such, serum LD testing should be retired from
routine clinical order sets and restricted in use.

Keywords: lactate dehydrogenase, LD, serum LD, serum markers

and M, which combine in differing proportions to form 5
isoenzymes: LD-1 is composed of 4 H subunits (H4), LD-2
is composed of H3M, LD-3 is composed of H2M2, LD-4 is
composed of HM,, and LD-5 is composed of M4_ The LD
cytoplasmic enzyme is ubiquitous, but isoenzyme activity
varies according to tissue type. In the heart, kidney, and
erythrocytes, LD-1 and LD-2, the electrophoretically faster
isoenzymes, predominate and the slower-moving LD-4 and
LD-5 predominate in skeletal muscle.® The variable distribu-
tion of LD isoenzymes in different tissues has been used as
a means of determining which tissue or organ is contrib-
uting to an increase in serum concentration. A much chron-
icled example is the use of the serum LD isoenzyme ratio

in the diagnosis of myocardial infarction (Ml), the “flipped”
LD-1/LD-2.° However, LD isoenzyme distribution is as-
sessed electrophoretically and thus is time consuming and
not routinely performed at hospital laboratories,® whereas
total serum LD can be determined spectrophotometrically in
routine laboratory settings.

Because enzyme concentrations in various tissues are ap-
proximately 5000 to 15,000 times those found physiologic-
ally in normal serum,’ even minimal tissue damage leading
to leakage of serum LD results in significantly elevated total
serum LD activity; this measurement has long been used
as a marker for tissue damage in a variety of pathological
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conditions. Because of its wide tissue distribution, serum

LD elevation is a nonspecific finding. However, because of
the advent of more specific markers, serum LD concentra-
tions are no longer used as a marker for tissue damage.*®

Serum LD seems to have limited clinical implications in
terms of patient management in modern medicine. Its use in
the assessment of liver diseases has been largely under-
mined by the superiority of transaminases and alkaline
phosphatase. Similarly, the creatine kinase assay is far more
specific and hence superior in the assessment of muscular
disorders." The best indications for serum LD seem to be
for confirming clinical hemolysis and using it to stage and
guide management of certain tumors, such as malignant
melanoma and germ cell tumors, as a biomarker.'

Despite its decreased usefulness, serum LD remains a test
frequently ordered by clinicians and continues to be ordered
often for hospitalized patients. In this study, we analyzed
the serum LD assays performed in our hospital during a
1-year period and assessed the diagnostic and prognostic
utilities of elevated serum LD and the cost of serum LD
testing in modern medical practice.

in men and 84 U/L to 246 U/L (mean 165 U/L; SD 40.5 U/L)
in women. Patients with serum LD concentrations >3 SD
were included in this study. In view of the well-established
ubiquity of LD, the cutoff of >3 SD was selected to enhance
the selection for patients with significant tissue damage and
to weed out elevations of diffuse or nonspecific etiology.

The charts of the patients with serum LD >3 SD were
reviewed from the electronic medical record (using Epic,
May 2019) to establish the main diagnosis for the current
hospitalization and indication for serum LD testing based
on International Classification of Diseases, 10th revision
(ICD-10) codes and the documented treatment plan of the
ordering physicians. Based on the clinical history and ICD-
10 codes, the patients were classified into neoplastic and
non-neoplastic groups. The progress notes of the ordering
physicians and their clinical care teams were reviewed to
see if the serum LD results were mentioned or discussed as
a part of the treatment plan or algorithm.

The X2 test and Mann-Whitney U test for nonparametric
variables were performed using IBM SPSS statistics version
22.0 software (Figure 1).

Materials and Methods

This study was approved by the institutional review board
at Mount Sinai Medical Center, Miami Beach, Florida. We
retrospectively reviewed all the serum LD assays that were
performed in the clinical chemistry laboratory at the Arkadi
M. Rywlin M.D. Department of Pathology and Laboratory
Medicine at Mount Sinai Medical Center between January
1, 2017, and December 31, 2017.

Serum LD concentrations were determined using a Siemens
Dimension vista 1500 system (Siemens Healthcare Diagnostics
Ltd, Cambridge, UK) with standard automated biochemical
assays that were recommended by the International Federation
of Clinical Chemistry and Laboratory Medicine.

This system uses L-lactate buffered at a pH of 9.4 as a
substrate. The LD oxidizes the substrate in the presence

of NAD" to yield pyruvate and NADH, which absorbs light
at 340 nm. The LD activity is measured as a rate reaction
at 340/700 nm, proportional to the amount of LD in the
specimen. The normal value range of the assay is 87 U/L to
241 U/L (mean 164 U/L; standard deviation [SD] 38.5 U/L)
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Results

A total of 3864 serum LD assays were performed in 3171 pa-
tients at Mount Sinai Medical Center from January 1, 2017,
to December 31, 2017. Of these, 403 patients had serum

LD concentrations of >2 SD and 316 patients had serum LD
concentrations >3 SD (men >279.5 U/L; women >286.5 U/L)
at least once. Of these 316 cases, 4 specimens were labeled
as hemolyzed, based on the red discoloration of separated
serum that was visually matched against a color chart by the
technologist, and were excluded from the study.

Of the remaining 312 patients with serum LD >3 SD, 35
had neoplastic disorders with a median serum LD value of
502 U/L (295 U/L-5533 U/L) and 277 had non-neoplastic
disorders with a median serum LD value of 396.75 U/L
(283 U/L-9584 U/L) (Table 1). There was no statistically
significant difference in serum LD concentrations between
these 2 groups. Of the 35 patients with neoplastic dis-
orders, 16 had carcinoma, 17 had hematologic malignancy,
and 2 were being treated for sarcoma. Of the 16 patients
with carcinoma, no significant difference was seen with
primary site or cancer stage. Of the 277 patients with

www.labmedicine.com
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Organ System

Table 1. Distribution of Patients with Serum LD >3 SD Classified by Admitting Diagnosis and Dysfunctional

Disorder Admitting Diagnosis/ Patients with Median Range
Dysfunctional Organ System Serum LD >3 SD -
Min Max
Neoplastic Carcinoma 17° 657.00 297 3962
Hematologic malignancies, 17 502.00 280 5533
myeloproliferative and
myelodysplastic syndromes
Sarcomas 2 370.00 295 445
Non-neoplastic
Sepsis 55% 469.00 283 5502
Noninfectious Non-neoplastic kidney disease 14 363.50 292 1933
Non-neoplastic liver, gallbladder, and pancreatic disease 15 485.00 311 4391
MI (NSTEMI + STEMI) 5 387.00 345 1399
Non-neoplastic hematologic disorders 31 402.00 288 9584
Autoimmune disease 2 383.50 336 431
Heart disease (excluding M) 40* 467.50 283 6990
Neurological disorders 10 430.50 305 3415
Multiorgan diseases 47 399.50 285 9897
Pediatric illness 5 669.00 564 1220
Muscular disorders 5 330.00 297 1704
Non-neoplastic respiratory disorders 337 359.00 290 1894
Non-neoplastic gastrointestinal disorders 12 372.50 291 751
Psychiatric disorders 6 394.00 295 547
Total 312 416.50 280 9897

20ne case excluded because of hemolyzed specimen.
MI, Myocardial Infarction; NSTEMI, Non ST elevated Mi; STEMI, ST elevated M.

non-neoplastic disorders, 54 had sepsis and the remaining
223 were being treated for noninfectious diseases. The
median serum LD concentration in the septic group was
469 U/L (283 U/L-5502 U/L), and the median serum LD in
the noninfectious group was 394 U/L (283 U/L-9584 U/L).
No statistically significant difference was identified be-
tween the septic and noninfectious groups.

The nonseptic/noninfectious group included 14 pa-
tients with kidney disease, 15 patients with liver and
pancreatobiliary disease, 31 patients with anemia and
pancytopenia excluding hematologic malignancies, 2
patients with autoimmune disease, 44 patients with heart
disease (including 5 M), 32 patients with COPD and other
respiratory disorders, 10 patients with neurologic dis-
orders, 12 patients with gastrointestinal disorders, 6 pa-
tients with psychiatric illnesses, 5 patients with muscular
disorders, 5 pediatric patients with various conditions,
and 47 patients with multiple diagnoses. Statistical ana-
lysis failed to highlight any significant difference among
any of the groups. Thus, serum LD elevations panned
varied disease states, highlighting the nonspecificity and
lack of diagnostic utility.

www.labmedicine.com

Of the 312 patients with elevated serum LD, 57 were repeti-
tively tested for serum LD concentrations at variable intervals.
Of these, 7 (12%) patients had neoplastic disorders and the
remainder had non-neoplastic disorders. A single repeat test
was conducted for 36 patients, 2 repeat tests were done for
12 patients, 3 repeat tests for 6 patients, and >4 for 3 patients.
No particular clinical diagnosis, indication, or rationale was
identified for repetitive testing. The serum LD concentrations
showed a declining trend in 30 patients, a rising trend in 22
of these patients, and no significant change in 5 patients who
underwent repeated testing. None of the trends were associ-
ated with any specific condition and seemed to be random.

Each serum LD test was performed at a cost of $2.50. The
net cost of running 3864 serum LD tests was $9660.00,
excluding the cost of quality control testing and wastage.

Discussion

Historically, the flipped pattern (ie, LD-1/LD-2 >1.0)° of
serum LD isoenzymes was used for the late diagnosis

Lab Medicine 2021;52;e17-e22 el19
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of MI. however, this flipped pattern was not specific to

MI and could occur in hemolytic diseases and various
tumors, causing diagnostic ambiguity. As a diagnostic
marker for MI, serum LD started fading with the intro-
duction of creatine kinase MB (CK-MB), which not only
proved to be more specific but also has an earlier peak at
24 hours as compared with serum LD, which peaks in 72
hours.® However, CK-MB concentrations normalize in 3

to 4 days and are not helpful in late-presenting patients.
Serum LD has held a distinct advantage in the regard that
it remains elevated for 10 days to 14 days after MI. The
advent of the cardiac troponin assay has been substan-
tial because it is highly specific; cardiac troponin levels
peak at 12 hours and remain elevated for 7 days, thus
displacing serum LD in the diagnosis of MI.” This finding
was apparent in our study, where out of 312 patients with
elevated LD only 5 were diagnosed with MI. In none of
these 5 patients were serum LD concentrations discussed
as part of the clinical algorithm or treatment plan. Although
we did not analyze the charts of patients with serum LD
<3 SD, serum LD levels are generally elevated in patients
with MI. Thus, it can be surmised that in patients with Ml,
serum LD level evaluation has been eclipsed by the use of
cardiac troponins and has disappeared from the clinician’s
arsenal.’

Serum LD was also tested as a marker of declining liver
function. In our study, serum LD was found elevated in
patients with varied gastrointestinal complaints, including
but not limited to cholecystitis, pancreatitis, and cir-
rhosis. Given its ubiquitous distribution and the superior
specificity of transaminases and alkaline phosphatases,
serum LD has little to no value in the diagnosis or prog-
nosis of liver disease.® The role of elevated serum LD in
the absence of transaminase elevation when diagnosing
space-occupying lesions of the liver has been voided

by the development of markers such as 5’nucleotidase
and gamma glutamyltanferase.® In a study by Puri et al,™®
a significant positive correlation was found between
erythrocyte fructose 6 phosphate concentrations and
serum LD-5 concentrations, supporting the use of LD-5
as a marker of dietary fructose—associated hepatotox-
icity. However, there is no strong evidence yet in support
of the role of fructose in hepatic dysfunction. We have
very limited experience in this field, and given that LD-5
is present in muscles, any type of muscle injury would
lead to its elevation and thus the specificity of LD-5 as a
marker would be poor.

€20  Lab Medicine 2021;52;e17-e22
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Serum LD is often used for expeditious confirmation of in
vivo hemolysis in the clinical setting. However, hemolysis
that occurs because of preanalytical handling also results
in a false increase in serum LD'" concentrations, thus
invalidating its diagnostic utility. Therefore, in our study,
hemolyzed specimens were excluded. Serum LD con-
centrations may also be elevated because of increased
erythrocyte precursor turnover in megaloblastic anemia.
Deficiency of folate or vitamin B12 causes the erythrocyte
precursor cell to break down in the bone marrow, also re-
sulting in the release of large quantities of LD-1 and LD-2."
Serum LD was elevated to >3 SD in patients with anemia
in this study, but it was not significantly different among
the types of anemia. Notably, it was also elevated in cases
of pancytopenia and myelofibrosis. It is evident that lack
of specificity hinders the use of serum LD in differentiating
among the different types of anemias.

In addition to hemolysis, another factor that leads to spe-
cious elevation of serum LD is macro-LD. Macroenzymes
are complexes of serum enzymes with a protein leading

to a prolonging of the enzyme’s half-life.'®> Macro-LD is LD
complexed with IgG or IgM. It is a rare form but occurs in
approximately 1 of 10,000 people, causing a false elevation
in serum LD level."

Cancer cells undergo metabolic reprogramming to
sustain higher proliferative rates. Under aerobic condi-
tions, normal cells seem to generate most of their energy
through mitochondrial oxidative phosphorylation, whereas
tumor cells produce a substantial amount of their energy
through glycolysis. This Warburg effect followed by an
increased turnover of tumor cells leads to elevation of
serum LD."® Thus, serum LD concentrations have been
used in the prognosis and management of tumors. With
the discovery of newer and more specific tumor markers,
the use of serum LD is fast declining. In our study, serum
LD was elevated in equal numbers of epithelial and
nonepithelial malignancies with no significant difference
between the 2 types. It still holds value in certain tumors
such as testicular nonseminomatous germ cell tumors,
where it is included in American Joint Committee on
Cancer recommendations for use in conjunction with
alpha-fetoprotein and human chorionic gonadotropin as a
serological marker for diagnosis, staging, and long-term
follow-up.'® Serum LD also remains the best available
prognosticator in metastatic melanoma and continues

to be included in TNM staging.'” Daneshmandi et al'®

www.labmedicine.com
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Figure 1

Workflow diagram of data collection.

showed that the efficacy of anti-programmed cell death-1
treatment was improved by blocking LD-A. Serum LD is
also ocassionally elevated in lymphoid neoplasms and is
commonly used for prognostication, assessing treatment
response, and monitoring for tumor recurrence in patients
with non-Hodgkin’s lymphoma and acute leukemias.'®?°

Unfortunately, very few cases of germ cell tumors, melan-
omas, and non-Hodgkin lymphomas underwent regular
serum LD at our hospital for us to comment on its utility
in these cancers, which remains a limitation of this study.
Given the large-scale studies that prove its effectiveness,
melanomas, germ cell tumors, non-Hodgkin’s lymphoma,
and acute leukemias may be the rare medical conditions
that do merit serum LD for staging purposes. However,
for diagnosis and follow-up, serum LD cannot be used as
a stand-alone test and will need to be supplemented with
other confirmatory investigations.

Elevated serum LD seems to have no value in the assess-
ment of renal disease, neuromuscular disorders, pul-
monary diseases, or autoimmune disorders, with each of
these entities having superior and more specific markers.
Although in our study serum LD was elevated in multiple
patients with the above-mentioned conditions, the concen-
trations had no impact on patient management.

Serum LD may be elevated in a number of disorders,
but its ubiquitous distribution is a severe handicap to
its meaningful clinical utility. In addition, false elevation

www.labmedicine.com
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because of hemolysis and macro-LD further abrogate its
value as a clinical marker. Although it still serves some
purpose in prognostication, follow-up, and staging of cer-
tain tumors such as melanoma, non-Hodgkins lymphoma
and germ cell tumor, serum LD elevation in other con-
ditions is clinically irrelevant in the presence of better,
more specific markers. This study focused on serum LD
elevation, and only patients with serum LD >3 SD were
reviewed. The study did not address the clinical value of a
negative test ruling out serum LD elevation. Although this
missing element is a limitation of the study, the authors
emphasize the ubiquitous distribution of serum LD and
its lack of specificity, which diminishes its clinical utility.
Serum LD is used to assess for significant tissue damage.
Our review of the current literature failed to reveal any
conditions except those previously mentioned where the
absence of serum LD elevation alone is clinically useful.
In addition, this study was conducted among hospitalized
patients, who are in general thoroughly investigated. As
such, any potential screening role of serum LD among
outpatients has not been addressed in this study.

Of the 312 patients with elevated serum LD, only 9 had
melanoma and germ cell tumors, comprising 0.3% of the
elevated serum LD cases. If serum LD concentrations >2
SD were assessed and the same percentage extrapolated,
only 19 patients with elevated serum LD would impact clin-
ical management, costing approximately $1750 in a single
institution in a single year. Assuming similar practices
across most hospitals, this cost would increase exponen-
tially. The remaining 3855 serum LD tests (ie, the total 3864
minus the 9 melanomas and germ cell tumors) performed
at our laboratory over the year examined, with a cost of
$9637.50, were extraneous in the clinical course and man-
agement of patients. These unnecessary tests are not only
a waste of financial and human resources from the stand-
point of test performance but may also lead to wastage

of specimens, especially in patients from whom obtaining
adequate blood specimens is difficult such as neonates.

Conclusion

As such, serum LD testing should be retired from routine
clinical order sets for hospitalized patients and restricted
to use in melanomas, germ cell tumors, non-Hodgkin’s
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lymphoma, and acute leukemias. This measure would re-
duce an unnecessary economic burden and provide more
efficient patient management. LM
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ABSTRACT

Objective: The diagnosis of COVID-19 is based on the detection of
SARS-CoV-2 in respiratory secretions, blood, or stool. Currently, reverse
transcription polymerase chain reaction (RT-PCR) is the most commonly
used method to test for SARS-CoV-2.

Methods: In this retrospective cohort analysis, we evaluated whether
machine learning could exclude SARS-CoV-2 infection using routinely
available laboratory values. A Random Forests algorithm with 28 unique
features was trained to predict the RT-PCR results.

The diagnosis of COVID-19 is based on the detection of SARS-
CoV-2 in respiratory secretions, blood, or stool." Currently,
reverse-transcription polymerase chain reaction (RT-PCR) is
the most commonly used method to test for SARS-CoV-2.°
Key limitations of this technique are its restricted availability
and time requirement, often leaving clinicians unaware of the
patient’s virus status for 12 hours or longer.

Materials and Methods

In this retrospective cohort analysis, we evaluated whether ma-
chine learning could exclude SARS-CoV-2 PCR infection using
routinely available laboratory values. Therefore, we extracted

Abbreviations:

RT-PCR, reverse-transcription polymerase chain reaction; ROC, receiver
operating characteristic; WHO, World Health Organization.

'Department of Anesthesiology and Critical Care Medicine, Kepler
University Hospital GmbH and Johannes Kepler University, Faculty of
Medicine, Linz, Austria, Institute for Machine Learning, Johannes Kepler
University, Linz, Austria

*To whom correspondence should be addressed.
jens.meier@kepleruniklinikum.at

Results: Out of 12,848 patients undergoing SARS-CoV-2 testing, routine
blood tests were simultaneously performed in 1357 patients. The
machine learning model could predict SARS-CoV-2 test results with an
accuracy of 86% and an area under the receiver operating characteristic
curve of 0.74.

Conclusion: Machine learning methods can reliably predict a negative
SARS-CoV-2 RT-PCR test result using standard blood tests.

demographic, clinical, and laboratory data and concurrent (ie,
within a 24-hour window) SARS-CoV-2 RT-PCR test results
(Cobas SARS-CoV-2, Roche, Freiburg, Germany and Real-Time
PCR Assay, BioProducts Genesig, Camberley, United Kingdom)
from the electronic charts of patients in whom a SARS-CoV-2
test was performed at the Kepler University Hospital in Linz,
Austria, from March 1, 2020, until April 30, 2020. Laboratory re-
sults used were from within 24 hours of admission. We trained a
machine learning model (the Random Forests algorithm)4 using R
version 3.6.3° and the packages RandomForest 4.6-14, Boruta
7.0.0, Psych 2.0.9, pROC 1.16.2, ROCR 1.0-11, Amelia 1.7.6,
and Caret 6.0-86°, ranger 0.12.1 using laboratory data with 1353
unique features of which 28 were used in the final model. The
following standard laboratory values were included: blood count,
electrolytes, C-reactive protein, creatinine, blood urea nitrogen,
liver enzymes, bilirubin, cholinesterase, and prothrombin time.

Thereafter, the dataset underwent extensive data preprocessing
and data cleaning. The data cleaning included detection of
typos and out-of-range values and the imputation of missing
values; features with more than 25% of missing values were
excluded. The remaining missing values were imputed using
Strawman imputation, which replaces missing data by median
values (continuous variables) or the most frequently occurring
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value (categorical values). The Strawman imputation method
yielded results comparable to other, more complicated
methods (eg, the “missForest” technique’). Censored nu-
merical data were truncated (eg, “<0.1” was replaced by 0.1).
Categorical features with >2 values were one-hot encoded (ie,
a binary encoding for every category). Ordinal features were en-
coded as positive integers. Binary and numerical features were
included as they were.

For the determination of our model performance, we con-
ducted nested cross-validation. The hyperparameter search
was conducted in the inner five-fold cross-validation loop
via grid-search. The model performance is estimated in the
outer loop in five folds. The study protocol was approved by
the Ethics Committee of Upper Austria (No. 1104/2020).

Science

Results

Out of 12,848 patients undergoing SARS-CoV-2 testing, routine
blood tests were performed concurrently in 1528 patients who
were then included in the statistical analysis (Table 1). Of the
1528 study participants, 65 tested positive for SARS-CoV-2.
After data cleaning 1357 study participants were analyzed.

As calculated from the confusion matrix (Table 2), the ma-
chine learning model was able to detect SARS-CoV-2 test re-
sults with an accuracy of 81%, an area under the ROC curve
of 0.74 (Figure 1A), a sensitivity of 60%, and a specificity of
82%. The positive and negative predictive values were 13%

Table 1. Patient Characteristics and Routine Blood Results

Variable All Patients SARS-CoV-2 Test SARS-CoV-2 Test
Mean (SD) Negative Mean (SD) Positive Mean (SD)

n 1528 1463 65

Age (y) 56.3 (26.6) 55.9 (26.7) 64 (21)

Female sex, n (%) 50.1 50.1 44.6

Hospitalized, n (%) 19.5 19.3 2341

Hb (g/dL) 13.0 (2.3) 13.0 (2.3) 13.1(2.2)

Hct (% red blood cells in whole blood) 38 (7) 38 (7) 38 (6)

MCH (pg/cell) 29.7 (2.7) 29.7 (2.7) 30.2 (2.5)

MCHC (g/dL) 33.8(1.4) 33.7(1.4) 34.5(1.4)

MCV (fL) 88.1(6.9) 88.1(2.7) 87.5(6.1)

MPV (fL) 9.8 (1.5) 9.8 (1.5) 10.3(1.4)

RDW-CV (%) 141 (2.1) 14.2 (2.1) 13.6 (1.9)

Erythrocytes (10'2/L) 4.4(0.8) 4.4(0.8) 4.3(0.8)

Normablasts (cells/L) 0.0 (0.6) 0(0.1) 0(0)

White blood cell count (109/L) 10.0(7.3) 10.1(7.4) 6.7 (5.1)

Platelets (1 0% ub) 255 (96) 258 (95) 200 (106)

Sodium (mmol/L) 137 (5) 137 (5) 134 (5

Chloride (mmol/L) 101 (5) 101 (5) 98 (6)

Potassium (mmol/L) 4.0 (0.6) 4.0 (0.6) 3.8(0.4)

Total calcium (mmol/L) 2.3(0.2) 2.3(0.2) 2.2(0.2)

Creatinine (mg/dL) 1.2(1.0) 1.2(1.0) 1.1(0.5

GFR (mL/min) 70 (27) 70 (27) 70 (24)

BUN (mg/dL) 20(17) 21 (17) 20 (16)

Total bilirubin (mg/dL) 0.7 (0.9) 0.7 (0.9 0.7 (0.7)

ALT (U/L) 39 (119) 40 (122) 28 (17)

gGT (U/L) 74 (183) 75 (186) 53 (59)

LDH (U/L) 264 (188) 262 (190) 304 (137)

Cholinesterase (kU/L) 6.7 (2.3) 6.8 (2.3) 6.2 (2.3)

Alkaline phosphatase (U/L) 106 (132) 108 (134) 78 (39)

Prothrombin time (%)? 84 (25) 84 (26) 86 (22)

ALT, alanine aminotransferase; BUN, blood urea nitrogen; GFR, glomerular filtration rate; gGT, gamma glutamyl transferase; Hb, hemoglobin; Hct, hematocrit; LDH, lactate

dehydrogenase; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MPV, mean platelet volume; RDW-CV, red

blood cell distribution width; SD, standard deviation.

Sl conversion factors: To convert Hb or MCHC to g/L, multiply values by 10, Het % x 0.01 — Proportion of 1.0, creatinine mg/aL x 88.4 — umol/L, GFR mL/min x 60 — mL/s, BUN

mg/al x 0.357 — mmol/L, total bilirubin mg/al. x 17.104 — umol/L, ALAT, gGT, LDH, alk. Phosphatase U/L x 0.0167 — ukat/L.

Data are given as mean values + SD, if not otherwise indicated.

“Normal range 78%—123% for our laboratory.
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and 98%, respectively (F1 score = 0.21). The importance of
single features for the model is displayed in Figure 1B.

Discussion

Our results suggest that machine learning methods can pre-
dict SARS-CoV-2 RT-PCR results using routine blood values
with fair accuracy. Although from a bedside perspective the

Table 2. Confusion Matrix for Model Results

Confusion Matrix Actual Positive Actual Negative

Predicted positive (%) 34 (6.8 +3.2) 232 (46.4 + 9.6)
Predicted negative (%) 204 +0.7) 1071 (2142 £ 9.1)
Accuracy: 86.1% (%) PPV: 20.0 NPV: 98.8

NPV, negative predicted value, PPV, positive predicted value.
First number: All folds, parentheses: mean and standard variance per fold.

value of such a model to predict a positive SARS-CoV-2 test
result was poor, the high negative predictive value of 99%
allows clinicians to reliably predict a negative SARS-CoV-2
test result with acceptable safety. The machine learning
algorithm used, Random Forests, although not new, is a
proven and effective method.

When evaluating the feature importance reported by the ma-
chine learning models, leukocyte count ranked as the most
important feature. Elevated white blood cell counts have
been observed early on in COVID-19 and have been linked
to inflammation, similar to an increase in the neutrophil-to-
lymphocyte ratio.® Another highly ranked feature, hemo-
globin level, has been associated with mortality from
COVID-19.° Serum calcium changes are considered to be
important for various functions of viruses such as structure
and gene expression and release, along with promoting in-
flammation pathways linked to lung cell damage and edema
formation.'®!"
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Figure 1

Machine learning model results. A, ROC, AUC (SD): 0.898 (0.002); every fold displayed in individual color. B, Relative feature importance of
Random Forests algorithm obtained from the Boruta package of R.® ShadowMin, shadowMax, and shadowMean refer to features created
by the Boruta algorithm?® by shuffling the original features’ values (so-called shadow features) and training a model for prediction on the
combined original and shuffled feature values; using this model, the Z-scores for the shadow features’ importances are calculated. Those
features that are ranked more important than their shadow counterpart are marked as important. The Boruta algorithm is used as a validation
method for feature importances calculated by the Random Forest algorithm. Blue boxplots are minimal, average, and maximum Z-scores of
shadow features; red, yellow, and green boxplots are features that were rejected, remain tentatively important, and are confirmed important,
respectively. Box upper and lower horizontal edges are first and third quartiles, whiskers denote the 1.5 interquartile range of feature
importance, and circles are outliers. AUC, area under the curve; CRP, C-reactive protein; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; MCV, mean corpuscular volume; GFR, glomerular filtration rate; Hb, hemoglobin; RDW-CV, red blood
cell distribution width; ROC, receiver operating characteristic; SD, standard deviation.
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Our results may have relevant clinical implications, particu-
larly for settings where SARS-CoV-2 RT-PCR testing is not
readily available and/or personal protection equipment is in
short supply.

Although World Health Organization (WHO) considerations
have defined acceptable and desirable price ranges for large-
volume SARS-CoV-2 RT-PCR testing, demand vs general
availability and currently reported current prices commonly
exceed these recommendations by a factor of 10 or higher.
On the contrary, commonly reported reference costs of rou-
tinely ordered laboratory tests that were identified as features
of high importance in our prediction model are well below the
WHO-designated desirable range for SARS-CoV-2 RT-PCR
tests.' It can therefore be considered beneficial from an eco-

nomic point of view to employ the presented model as support

for clinical decision-making.

When interpreting the results of our analysis, 2 limitations
must be considered. First, RT-PCR test results can be
false-negative and false-positive.' This potential im-
pairs the validity of the model to predict true-negative
RT-PCR results. Second, although 1357 study patients
were included in our analysis, the sample size may still be
considered low for machine learning methods, especially
regarding the asymmetry of the classification problem.
Inclusion of more patients may therefore have yielded
more valid results.

Science

12,13

Conclusion

In conclusion, machine learning methods can reliably
predict a negative SARS-CoV-2 RT-PCR test result using

standard blood values.

www.labmedicine.com
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ABSTRACT

Objective: Tyrosine kinase inhibitors (TKIs) are considered
standard first-line treatment in patients with chronic myeloid
leukemia. Because ABL kinase domain mutations are the most
common causes of treatment resistance, their prevalence and
assessment during treatment may predict subsequent response
to therapy.

Methods: The molecular response in Bcr-Abl1' was tested via
quantitative real-time polymerase chain reaction. We used the
direct sequencing technique to discover the mutations in the
ABL kinase domain. The IRIS trial established a standard
baseline for measurement — (100% BCR-ABL1 on the
‘international scale’) and a major molecular response (good
response to therapy) was defined as a 3-log reduction in the

Chronic myeloid leukemia (CML) is a clonal
myeloproliferative neoplasm, resulting from the 1(9;22)
(934;91) translocation, forming the chimeric gene
Bcr-Abl1 on chromosome 22."2 The encoded Ber-Abl1
protein deregulates tyrosine kinase activity and plays a
major role in the pathogenesis of CML. The expression

Abbreviations:

TKI, tyrosine kinase inhibitor; CML, chronic myeloid leukemia; IM, imatinib
mesylate; NI, nilotinib; DA, dasatinib; CHR, complete hematologic
response; Ph+, Philadelphia positive; PCyR, partial cytogenetic response;
CCyR, complete cytogenetic response; MR, molecular response; RT-

PCR, real-time polymerase chain reaction; WBC, white blood cell; PB,
peripheral blood; MCH, mean corpuscular hemoglobin; MCV, mean
corpuscular volume; NS, not significant.

"Iranian Blood Transfusion Organization, High Institute of Research

and Education in Transfusion Medicine, Tehran, Iran, 2Hematology and
Oncology Center, Taleghani Hospital, Shahid Beheshti University of
Medical Sciences, Tehran, Iran, *Department of Hematology, Tehran
Medical Sciences Branch, Islamic Azad University, Tehran, IR Iran and Head
of Payvand Clinical & Specialty Laboratory, Dr. Poopak Research Center

*To whom correspondence should be addressed.
bpoopak@gmail.com

amount of BCR-ABL1 — 0.1% BCR-ABL1 on the international
scale.

Results: We observed 11 different mutations in 13 patients, including
E255K, which had the highest mutation rate. A lack of hematologic
response was found in 22 patients, who showed a significantly higher
incidence of mutations.

Conclusion: Detection of kinase domain mutations is a reliable method
for choosing the best treatment strategy based on patients’ conditions,
avoiding ineffective treatments, and running high-cost protocols in
patients with acquired resistance to TKIs.

Keywords: chronic myeloid leukemia, mutation, TKI, sequencing

of this chimeric protein may be essential for the devel-
opment of the disease. Constitutive tyrosine kinase ac-
tivity promotes cell growth and proliferation through the
phosphorylation of downstream signaling molecules.®*

Understanding the molecular basis of CML has allowed

the development of targeted drugs against cancer cells.®
Imatinib mesylate (IM), as a first-generation tyrosine kinase
inhibitor (TKI), is used for the treatment of all newly diag-
nosed patients with CML. Once IM reaches the target
cancer cells, the drug works by inhibiting the tyrosine kinase
activity of the Ber-Abl1 fusion protein.

However, despite significant treatment achievements,
drug resistance is still one of the major obstacles to
effective management for patients with CML. It is esti-
mated that approximately 20% to 40% of patients re-
ceiving IM therapy demand drug substitutions, possibly
because of a lack of tolerance or resistance responses.®
Therefore, the second generation of TKis, including
nilotinib (NI) and dasatinib (DA), has helped patients
overcome drug resistance alongside IM therapy. In a

158 © American Society for Clinical Pathology 2020. All rights reserved. For permissions, please e-mail: journals.permissions @oup.com



related development, resistance to first- and second-
generation CML drugs led to the emergence of a third-
generation TKI, ponatinib.”

There are 2 major reasons for drug resistance in CML (pri-
mary and secondary) following treatment. Primary resistance
is referred to when the expected response to therapy is not
obtained among newly diagnosed patients. Secondary resist-
ance is defined by the achievement and then subsequent loss
of a hematologic or cytogenetic response. Mutations in BCR-
ABL are rarely responsible for primary resistance and Mutations
are often responsible for secondary resistance. A number of
different guidelines have been used to identify potential patients
who are treatment resistant. The National Comprehensive
Cancer Network criteria for inadequate response to treatment
include lack of complete hematologic response (CHR) after

3 months of treatment (Philadelphia positive [Ph+] cells >95%),
lack of partial cytogenetic response (PCyR) after 6 months of
treatment (Ber-Abl1 >10%), and lack of complete cytogenetic
response (CCyR) after 12 months of treatment (Bcr-Abl1 >1%)
(https://www.nccn.org). On the other hand, the European
LeukemiaNet® (ELN) recommendations for determining CML
treatment resistance are as follows: no CHR or Philadelphia
positive (Ph+) cells >95% after 3 months of treatment, Ber-
Abl1 >10% or Ph+ cells >35% after 6 months of treatment,
Ber-Abl1 >1% or Ph+ cells >1% after 12 months of treatment,
and loss of CHR, CCyR, or PCyR or confirmed loss of major
molecular response (MR) after 12 months of treatment.®

Numerous factors are involved in developing acquired resist-
ance to TKis, which can be divided into 2 groups dependent
on (constitutive expression of Ber-Abl1 because of kinase
domain mutations) or independent of the Bcr-Abl1 oncogene.®
The Bcr-Abl1 mutations are the major reason for resistance

to TKI therapy: 40% to 90% of patients with a high risk of
treatment-resistant CML carry at least 1 mutation in the Ber-
Abl1 kinase domain.'® Approximately 100 different types of
mutations can be linked to IM resistance and lead to more
than 50 amino acid changes in the Ber-Abl1 oncoprotein. '
Based on Bcr-Abl1 domains, the mutations occur at 4 different
sites: the P-loop domain, IM binding site, catalytic domain,
and activation loop."? It has also been reported that the level
of IM resistance in various mutations depends on the type of
alterations and their positions in the ABL kinase domain.'®'* In
addition, many studies have emphasized the importance of the
identified mutation profile in selecting the correct protocol for
further treatment; eg, the ELN committee has considered the
Bcer-Abl1 mutation analysis as a requirement before choosing
medication for patients with IM-resistant CML .%'°

www.labmedicine.com
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The measurement of Ber-Abl1 mutation frequencies in
different populations may facilitate patient assessments,
specifying the most appropriate treatment and ultimately
improving patient outcomes. However, there is a shortage of
available information on the genetic profile of patients with
treatment-resistant CML in Iran.'® Therefore, the purpose

of this study was to evaluate ABL kinase domain mutations
among Iranian patients with CML with resistance to TKis.

Materials and Methods

Study Design

We performed a descriptive cross-sectional study of patients
with CML with resistance to TKiIs. All patients were selected
based on the 2013 ELN recommendations.? The study
population consisted of 63 patients with CML treated with
different protocols who were referred to the Payvand Clinical
and Specialty Laboratory, Tehran, Iran, from February 2016
to January 2017. We excluded 13 of the 63 patients from
the analysis because they achieved a deep and durable MR
to treatment. Our research was approved by the medical
ethics committee of the Research Center of Iranian Blood
Transfusion Organization, Tehran, Iran, and all the patients
signed an informed consent form before entering the study.

Analysis of the Ber-Abl1 transcripts was conducted as
follows. Ten mL peripheral blood was collected in EDTA-
evacuated tubes. The total RNA in the buffy coat was

then extracted according to the ELN protocol,® using
guanidinium thiocyanate and isopropanol. The RNA
quantity and purity were characterized by optical ab-
sorption biophotometry to prevent protein contamin-

ation (260:280 ratio). Subsequently, cDNA synthesis was
carried out according to the instructions supplied by

the reverse transcription reagent kit (Fermentas, Spain).

We used quantitative real-time polymerase chain re-

action (RT-PCR) for the measurement of the Bcr-Abl1
transcripts and ABL as a control gene. The Bcer forward
(5’-TGACCAACTCGTGTGTGAAACTC) and ABL kinase re-
verse (5’-TCCACTTCGTCTGAGATACTGGATT) primers were
included in the commercial Metabion kit. For the Ber-Abl1
mutation analysis, specimens with confirmed treatment
failure were analyzed in terms of the ABL kinase domain
mutation. The PCR method was run by the ABL kinase for-
ward (5 CGCAACAAGCCCACTGTCT) and reverse primers.
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PCR Conditions

The cDNA specimens were amplified using the respective
master mix in a 48-well thermal cycler (PEQ Star, Germany).
In a reaction volume of 2.5 uL, 1X Long PCR buffer (com-
plete) and 2 uL MgCI2; 0.5 mM dNTP, 1.25 L forward
primer and 1.25 pL reverse primer, 0.4 pL Taq polymerase
and 5 uL. cDNA were added.

The annealing temperature was 95°C. To ensure the amplifi-
cation of the target band, PCR products underwent electro-
phoresis on a 1% agarose gel, poststained with SYBR Green
dye. The length of the amplified band was 863 bp. The PCR
products with primers were directly sequenced after the for-
mation of the desired band on an electrophoresis gel.

Bioinformatics Analysis

For quick and easy comparison between the mutated and
normal specimens, MEGA6 Software was used to de-
tect any probable mutation of the ABL gene transcript by
aligning the ABL gene sequence of the patients with the
ABL reference gene.

Statistical Analysis

In the beginning, descriptive statistics were performed on the
obtained results. The Kolmogorov-Smirnov test was con-
ducted to evaluate the normality of data. Through the quanti-
tative data analysis, independent t-test, and Mann-Whitney U
test were conducted, depending on our variables and results.
A X2 statistic was used to investigate the qualitative data of the
patients. All statistical analyses were performed using SPSS
v.19.0. A P value <.05 was considered statistically significant.

Results

We analyzed 50 patients with CML who did not respond to
the first-line TKI therapy adequately. Given the high disper-
sion of age (range, ages 6 years-90 years), the median age
of the patients was 41 years. In terms of gender distribution,
36 patients (72%) were male with an average of 2.57 men/
women (Table 1).

Patients were divided into 3 groups based on the time of
CML development. As shown in Table 1, most patients
(those with and without the ABL kinase domain mutation)
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experienced treatment failure in <5 years since the onset

of disease. Half of the patients with the mutation were pre-
scribed first-generation TKIs and the other half were treated
with second-generation TKis (see Table 1).

The hematologic examination was performed first to
evaluate the patients’ response to treatment. The values
of the hematologic parameters are shown in Table 2. The
average white blood cell (WBC) count was 58.48 and
16.09 among the groups with and without the mutation,
respectively. Twenty-two patients (44 %) with a WBC count
>10x10%L, a platelet count >450x10%L, a basophil count
>5% of total WBC, and an accumulation of immature
myeloid cells in the peripheral blood (PB) were considered
as the nonhematologic responders to treatment (Table 3).

We used the RT-PCR technique to study the levels of MR
and the Bcr-Abl1/ABL ratio to predict patients’ responses
to particular treatments. Finally, the patients were categor-
ized into 3 groups: Ber-Abi1 >10%, Ber-Abi1 >1% (MR1),
and Bcr-Abl1® >0.1% (MR2). The total average of the
Bcer-Abl1/ABL ratio for all the patients who were treatment
resistant was 41.9 (Table 4).

Direct sequencing of ABL gene transcripts of all the speci-
mens was conducted after the loss of response to therapy.
Among patients with loss of treatment response, 11 dif-
ferent mutations were found in 13 patients (26%); E255K
mutation was the most frequent (20%) followed by G250E
and F359V, each with a frequency of 13.5%. The presence
of 2 simultaneous mutations was revealed in 2 patients
(E255K/F486S vs E255K/M244V). The incidence of muta-
tions and their locations are shown in Table 2. Considering
the 26% prevalence of mutations in the treatment-resistant
population, at least 5 good responders to therapy were
required to compare the mutation patterns. Consequently,
we established a control group of 6 patients and found no
mutation after specimen sequencing.

We also compared the hematologic indices of WBC and
platelets between patients with and without mutations (see
Table 3). Among the patients with mutations, 5 (38.4%) had
a normal WBC count and 8 (61.6%) had an elevated WBC
count. The average values of neutrophils, monocytes, and
lymphocytes were significantly higher among patients with
mutations. According to these findings, the emergence of
mutations was significantly higher among patients with a
lack of hematologic response (see Table 3). The mutation
pattern of individuals with a lack of hematologic response is
shown in Table 5.
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Table 1. Patient Characteristics

Variables With Mutations Without Mutations Total
Sex (M:F) 1.6 31 2:57
Median age, y (range) 37.5(13-59) 47.5 (6-90) 41 (6-90)
First-line therapy (%)
Hydroxyurea - 2(5.3) 24
Interferon - 1(2.6) 1(2)
IM 13 (100) 34 (89.4) 46 (92)
NI - 1(2.6) 1(2)
Second-line therapy (%)
Without change 7(53) 18 (47.4) 24 (48)
IM - 3(7.9 3(6)
NA 6 (47) 12 (31.6) 18 (36)
DA - 1(2.6) 1(2)
Multiple drug therapy® - 4(10.5) 4(8)
Disease duration (%)
<5y 9(69) 27 (71) 36 (72)
6-10y 3(23) 9(33.3) 11 (22)
>10y 1(8) 2(5.2) 3(6)

M + hydroxyurea, IM + interferon, IM + NI, DA + NI.

Table 2. Mutation Spectrum in Studied Patients

Mutation Type T315I S417F E459K F486S Y253H M244V K247 R E255V G250E F359V E255K
Location ATP binding C-terminal loop C-terminal loop C-terminalloop Ploop Ploop Ploop Ploop Ploop SH2 contact P loop
Frequency (%)* 1 (6.6) 1(6.6) 1(6.6) 1(6.6) 1(6.6) 166 1(06.6 1(6.6) 2(13.5 2(13.5) 3(20)

4Two patients had 2 mutations simultaneously (E255K/M244V and E255K/F4865).

Table 3. Comparison of Patient Characteristics and Hematologic Response Between Patients with and
Without Mutation

Variables Mutation P Value
Yes (n =13) No (n = 37)

Age,y 37.83+£13 43.89 £ 17 NS
Sex (%)

Male 9(69.3) 28 (73.7) NS

Female 4(30.7) 10 (26.3) NS
Disease duration, y 51=+3 447 +39 NS
WBC (%)

<4x10%uL 0 5(13.5) .035

4-11 x 10%/pL 5(38.4) 25 (64.9) —

>11x10%/ulL 7 (61.6) 8(21.6) —

Mean 58.48 + 102 16.09 + 34 .026
Neutrophils (uL) 19.23 + 20 x 10° 11.5+29 017
Monocytes (uL) 33+52x10° 092+1.4 .018
Lymphocytes (uL) 7.7+ 9x10° 312+42 026
Hemoglobin (g/dL) 11.6+28 125+2.2 NS
Platelets (/uL) 326.3 + 296.8 x 10° 292.1 +296.4 NS
MCV (fL) 91.6+6.3 90.5+8.7 NS
MCH (pg) 29.6+23 29.8+28 NS
Hematologic response (%)

Yes 4(31) 24 (65) .03

No 9(69) 13 (35)

MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume, NS, not significant.
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Table 4. MR
Variables With Mutations Without Mutations Total
MR (%)
>10 11 (85) 23 (62) 34 (68)
MR1 2 (15) 9(24) 11(22)
MR2 0 5(14) 5(10)
Response (%)
Failure 13(100) 34 (92 47 (94)
Warning 3(8) 3(6)
Optimal 0 0 0
Ber/ABL transcript analysis
ABL/Bcr-ABL transcript Mean Median Standard deviation Min Max
41.9 20 53 0.12 223
Table 5. Relation Between Mutation Kind and Hematologic Response
Factor BCR-ABL/ABL P Value
Hematologic response Yes 28.59 .028
No 62.3
Mutation Yes 83.15 .005
No 30.02
Pearson correlation
Characteristics
Age,y 50 Correlation: 0.343 .015
Disease duration, mo 50 Correlation: 0.133 .35

and Mutation Occurrence

Table 6. Correlation Between BCR-ABL/ABL Transcript Patient Characteristics, Hematologic Response,

Nonhematologic Response Variables (%)Frequency
MR Failure 22 (100)
Optimal 0(0)
Mutation Yes 9(38)
No 13(61.9)
Mutation Kind E255K and F486S 1(4.5)
E255K and M244K 1(4.5)
E255K 1 (4.5)
E255V 1 (4.5)
E459K 1(4.5)
F359V 2(9)
G250E 1 (4.5)
T315 1(4.5)
Wild-type 13 (59)
To determine the association between the mutation occur-
rence and hematologic response with Ber-Abl1", the mean Discussion

difference in Bcr-Abi1" levels was evaluated in patients
with mutations, those without mutations, and those lacking
hematologic response (Table 6).
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As a first-generation TKI, IM revolutionized the treatment
of patients with CML."”"® It is the first-line therapy for
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hundreds of thousands of patients throughout the world,
and sustained treatment response is achieved in most
patients. Although it is thought to be an effective treat-
ment protocol in 60% of patients, nearly 20% of patients
with CML have shown a relatively poor response to IM
therapy, and most other patients continue to experience
treatment-resistant conditions.'® In recent years, meeting
the challenges of patients with IM resistance has led to
failures in the management of patients with CML.'%'7:18
The development of multiple Bcr-Abl1 kinase domain mu-
tations is one of the greatest challenges of IM therapy.®
Therefore, strategies for identifying these mutations have
become a major issue in terms of providing prognostic
information and selecting the appropriate treatment
afterward,'>117.18

According to the 2013 ELN recommendations,8 all patients
with CML harboring Bcr-Abl1 kinase domain mutations
encounter treatment resistance and may undergo partial
or complete treatment failure depending on the type of
mutation.”® More than 90 different mutations have been
identified in patients with acquired resistance to TKis.
Previous research has shown that the substitutions of 15
amino acids are the main reason behind the 80% to 90%
prevalence of resistance mutations. In addition, 7 mutant
codons (G250E, Y253H, E255K, T315l, M351T, F359, and
H396) are responsible for approximately 60% to 70% of
such conditions.? A comprehensive study by Khorashad,
de Lavallade, et al®? on 319 patients showed that the
emergence of Bcr-Abl1 kinase domain mutations is the
only factor that independently contributes to the loss of
CCyR. They also discovered a greater risk of disease pro-
gression among patients with these mutations compared
with those without the mutations.?” Appropriate informa-
tion on risk factors related to kinase domain mutations is
extremely helpful in improving the effectiveness of moni-
toring IM resistant patients.

Numerous studies have been conducted concerning the
impact of Bcr-Abl1 kinase domain mutations on the out-
come of patients with CML. Various research has estimated
differing overall prevalence of such mutations in patient
populations, likely because of a distinct study profile (pro-
spective vs retrospective studies.), patient selection, or
molecular methods for identification of the disease-causing
mutations.'® 182326 Some mutations cause partial or com-
plete treatment failure, so identifying such changes facili-
tates the choice of proper treatment methods in patients
who are therapy resistant.?’

www.labmedicine.com
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Hematologic examinations showed that almost 44% of

our patients failed to achieve hematologic response, and
the lack of MR and increased levels of Bcr-Abl1 expres-
sion in all the patients resulted in the possibility of domain
kinase mutations. Earlier reports showed that a significant
increase in the Bcr-Abl1 ratio is strongly associated with
the occurrence of acquired mutations.”® In contrast, muta-
tion probability is very low among patients with decreased
levels of Bcr-Abl1 ratio or stable conditions.'>?*%° Almost
all our patients with a mutation exhibited elevated levels

of the Ber-Abl1 transcript, which reflected the importance
of ABL kinase domain mutation analysis among the poor
molecular responders to treatment. A lack of hematologic
response was found in 69% of patients with ABL kinase do-
main mutations, making a statistically significant difference
between patients with and without these mutations. This
issue points out the indispensable role of patient follow-up
over a 3-month period. Based on available medical records,
none of our patients had continuous follow-up support

for assessing response to therapy. Considering that all

the patients had evidence of molecular relapse and that
hematologic relapse occurred in only 22 out of 50 studied
cases, we could, as in other investigations, assume that a
hematologic relapse is a delayed event compared with mo-
lecular relapse in patients at high risk of treatment-resistant
conditions. Therefore, the most important implication of
these findings is that the hematologic examination alone

is not a potential predictive marker for clinical response to
treatment.

Our findings further indicated that 26% of patients who had
a poor MR and treatment failure harbored mutations within
the ABL kinase domain region. The prevalence of such
mutations was evaluated in individuals with the appropriate
response to treatment as a control group to confirm the role
of ABL kinase domain mutations on developing resistance
to therapy. Considering the 26% prevalence of mutations, at
least 5 good responders to therapy were required to com-
pare the mutation patterns. We determined that there were
no ABL kinase domain mutations among 6 control patients
with the proper response to treatment. Thus, these findings
show the role of such mutations in the development of re-
sistance observed during treatment of patients with CML.

It has also been suggested that the mutation rate and
pattern are different within various population subgroups.
According to a recent study conducted on 32 patients
with CML with hematologic relapse, more than 90% of
patients developed mutations after IM therapy.?* Kagita
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et al’’ showed that 46.03% of patients with drug-resistant
CML harbored ABL kinase domain mutations, in which
T315] was the most common cause of treatment failure in
the Indian population. In another study of CML in India, a
range of Bcr-Abl1 mutations in 44% of patients with drug
resistance (39% within the kinase domain, 4% within the
SH2-SH3 domain, and 1% with Ber-Abl1 amplification)
was described.?® Pagnano et al®' carried out a study in
Latin America suggesting a 41% prevalence of muta-
tions among patients with CML who were unresponsive

to different protocols, with T315I as the most problematic
mutation. This finding is consistent with the 31% mutation
frequency found in a study on the Spanish population by
Marcé and colleagues.®® Although the prevalence of mu-
tations in all above-mentioned studies was higher than in
this study, Elias et al*®® reported a 22.4% frequency of ABL
kinase domain mutations among Malaysian patients with
CML. On the other hand, the mutation frequency was only
11.9% in a Dutch CML screening population undergoing IM
therapy.®*

Although the T315] mutation had the highest incidence of
Bcr-Abl1 changes in many surveys, E255K, G250E, and
F359V were the most common mutations presented in

our study. In total, 50% of patients developed mutations
within the P-loop domain, and 30% had C-terminal domain
changes. Per the study of Rostami et al'® in Valiasr Hospital,
Tehran, Iran, the P-loop domain has been considered the
most prevalent mutated site in the Ber-Abl1 transcript.
Chahardouli et al*® revealed that drug-binding and P-loop
domains, with a prevalence of 29% and 26%, respectively,
were the most frequent mutated sites among the patients
with CML who were referred to Shariati Hospital, Tehran,
Iran. Collectively, the P-loop domain is the most frequently
mutated site among the Iranian CML population, specifically
affecting the risk of disease progression.? It is also associ-
ated with extremely poor prognosis among patients treated
using IM.25:26:%

Half of our patients were previously treated with IM, and the
other half were prescribed NI, whereas all the patients in
other studies only continued their treatment protocol with
IM. Hochhaus, Saglio, et al*’ suggested that the incidence
of mutations in patients with NI treatment was lower than in
those treated using IM. Based on the common mutations of
TKiIs, DA is the most appropriate drug affecting the majority
of mutations, and ponatinib should be specifically pre-
scribed in cases with T325| mutation.*®*° According to the
2013 ELN recommendations,® NI or DA could be prescribed
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as first-line therapy in patients diagnosed with CML. Several
studies have shown that the emergence of new mutations in
individuals who had taken DA was much lower than in those
with IM treatment.??*%*2 On the other hand, P-loop domain
mutation is more prevalent among patients treated using IM
than in patients treated using DA.** Therefore, the results of
the present research highlight the importance of identifying
such mutations.

Among the patients with treatment resistance, the emer-
gence of mutations was associated with an increased level
of WBC, and less common neutrophils, lymphocytes, and
monocytes. There was a positive association between the
WBC count and Bcr-Abl1, which is only statistically signifi-
cant with monocytes. However, it has been shown that the
Bcr-Abl1 transcript level has a significant positive relation-
ship with the WBC count.?” This difference could result
from the smaller sample size of our study than in similar
research. Because the Bcr-Abl1/ABL ratio was significantly
different between the patients with mutations and those
without mutations, it was assumed that the occurrence of
mutations causes Bcr-Abl1/ABL stability against the therapy
and therefore leads to an increased number of WBC in the
PB. According to our test results, mutations detected in the
ABL kinase domain were the cause of the rising Bcr-Abl1/
ABL ratio and resistance in patients with CML undergoing
their first tyrosine kinase therapy. In patients using IM
therapy, an increasing Bcr-Abl1/ABL ratio with respect to
the international scale established by the ELN® is a means
of detecting patients with IM resistance. In 85% of patients
with mutations in our study, the Ber-Abl1/ABL ratio was
more than 10%. In addition, 15% of patients with mutations
were detected in MR1.

It has been understood that the more that the disease
progresses, the more likely it is that the mutations will
occur in the kinase domain.?**® We found that 72% of
our patients experienced treatment failure in <5 years
since the onset of disease, which is not consistent

with previous findings. This result may have numerous
reasons, including patient ethnicity, environmental effects
on the emergence of mutations, and the type of treat-
ment protocols in other similar studies. Furthermore, the
frequency of mutations in our research was lower than

in most studies, probably because of the smaller sample
size of our patient groups. Technical limitations seem to
be another important factor in this regard. We used the
direct sequencing technique, with a sensitivity of 20% to
25%, to assess the mutation pattern.*®** The advantages
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Table 7. Sensitivity of Different TKls Based on BCR-ABL Mutations
Drug Sensitivity IM NI DA Ponatinib
Sensitive BCR-ABL, N BCR-ABL, N BCR-ABL, N BCR-ABL, N
G250E G250E T315l
F359v F359V
Y253H Y253H
Semi-sensitive G250E E255K E255K E255K
E255V E255V E255V
Y253H — —
Resistant T315l T315l T315I —
E255K F359V — —
E255V — — —
Y253H — — —
Mutations E459K, K247R, S417F, F486S, and M244V not shown, treated with high dose of IM, Ni, DA, or ponatinib.

of using high-sensitivity counting techniques include the
precise identification of novel mutations. Note that there is
not enough information regarding the patients’ history and
their treatment protocols.

Numerous studies have assessed the identification

of an appropriate treatment strategy related to ABL
kinase domain mutations, summarized in Table 7.3%3%4°
Comparing these findings with the mutation pattern
found in our research indicated that most patients did
not receive a specific treatment protocol in accordance
with the type of mutation in the ABL kinase domain that
they had shown. Therefore, evaluating the Bcr-Abl1
kinase domain mutations may modify the therapeutic
approach and the appropriate drug selection process of
patients with CML.

Conclusion

Our results showed that patients with therapy-resistant
CML had a lower incidence of mutations in the ABL kinase
domain with a different pattern as compared with most
other studies. Regular monitoring at specified intervals

by consideration of approved guidelines is necessary to
detect resistance in patients and the best management of
therapeutic agents.
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ABSTRACT

Objective: To provide faster laboratory data reporting, we evaluated the
accuracy of Sysmex XN (Sysmex Inc, Kobe, Japan) absolute neutrophil
count (ANC) in the presence of analyzer flagging.

Methods: Sysmex XN and manual microscopy ANC were compared with
80 autovalidated control specimens and with 280 study specimens with
analyzer flagging regarding immature granulocytes (IG) >3% or other
leukocyte abnormalities. Specimens with ambiguous neutrophil clusters
were excluded.

Results: A slight positive overall method bias was seen for Sysmex XN
compared to manual microscopy (n = 280), 0.025 (95% confidence

Neutrophils, in addition to lymphocytes, constitute the ma-
jority of the total white blood cell count (WBC) in healthy
adults and older children. Neutrophils are also the major
type of granulocytes. They are formed from bone marrow
stem cells by maturation via precursor cells. Normally

only mature neutrophils—segmented and band cells—are
found in peripheral blood." Body stress reactions, such

as infection, inflammation, pregnancy, and compensatory
production, can cause the appearance of immature gran-
ulocytes (IG), usually metamyelocytes and myelocytes, but
sometimes more immature promyelocytes or occasionally
even blasts, in the circulation. Mature neutrophils are rela-
tively short-lived and mobile with an ability to enter tissues.
Neutrophils are crucial in the defense against microbes by

Abbreviations:

ANC, absolute neutrophil count; |G, immature granulocytes; Cl, confidence
interval; WBC, total white blood cell count; WNR, white cell nucleated
channel; WDF, WBC differential channel; WPC, white progenitor cell
channel; TAT, turnaround time; 1QR, interquartile range; MGG, May-
Griinwald-Giemsa dye; Q4, fourth quartile.

"Laboratory of Haematology, Tykslab, Laboratory Division, Turku University
Hospital, Turku, Finland
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anna.linko-parvinen@tyks.fi

interval [CI], —0.023 to 0.069) x 109/L. With I1G > 10% (n = 123)

the bias was larger, but not clinically significant, 0.17 (95% Cl,
0.060-0.25) x 109/L. No clinically significant difference was seen in
neutropenic (ANC < 1.5 x 109/L) specimens (n = 91), 0.070 (95% Cl,
—0.013 t0 0.14) x 109/L.

Conclusion: These data indicate that Sysmex XN ANC can be reported
in the presence of certain analyzer flagging to improve patient care.

Keywords: absolute neutrophil count, Sysmex XN, method comparison,
hematology, immature granulocytes, analyzer flagging

chemotaxis, phagocytosis, and degranulation. In neutro-
penia the risk of infection is correlated with the severity of
the neutropenia, the risk significantly increasing when the
absolute neutrophil count (ANC) is less than 0.5 x 10%/L.2°

The Sysmex XN-10 and XN-20 (Sysmex Inc, Kobe, Japan)
automated hematology analyzers use a flow cytometry
method with cell lysing and fluorescent staining to enu-
merate blood cells and to perform WBC differential. Three
different light detection channels enable the differential
depending on the size, the structure, and the nucleic acid
content of the cells. The WBC is received from white cell
nucleated (WNR) and WBC subpopulations from WBC dif-
ferential (WDF) channels. In case of abnormal lymphocyte
or blast cell flagging, white progenitor cell (NWPC) channels
may be used for reflex testing, if available.

The mature neutrophil cluster and the absolute neutrophil
count (ANC) include segmented neutrophils and band cells
in Sysmex XN analyzers. The IG, including metamyelocytes,
myelocytes, and promyelocytes, create a cluster above the
mature neutrophil cluster in the side-fluorescence light vs
side-scattered light gram in the WDF channel. The detection
of IG is based on the granularity and nucleic acid content of
the cells together with the cell size.®
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The presence of abnormal cells, |G, or blasts or an in-
creased amount of band cells can cause analyzer flagging
based on Sysmex XN algorithms, and specimens are
recommended to be reviewed by manual microscopy.

The flagging may be based on qualitative characteristics

of the leukocytes or quantitative changes in the leuko-

cyte subsets. In some studies an automated hematology
analyzer (Sysmex XE-2100) has been more precise in the
enumeration of IG than manual counting,7 and other studies
have shown that a high IG percentage causes a systematic
positive error compared with IG in manual microscopy.®

An |G of 3% is widely used as the limit for IG flagging and
microscopic review of specimens.® International guidelines
also recommend slide review with neutropenic specimens,®
although improvement of hematology analyzers, such as the
Sysmex XN-series, has brought this need into question.®'°

Manual microscopy, despite being the gold standard, is
generally considered to have low reproducibility and to

be prone to human error. It is time consuming and labor
demanding, causing delays in patient care.'’ The need for
the ANC in patient care may be imminent for risk evaluation,
the state of infection, or timing of certain medications.

We evaluated the performance of the Sysmex XN analyzer
compared with manual microscopy in ANC enumeration in
the presence of analyzer flagging, either as flagging from
the WDF channel or as a reflex test from the WPC channel
(only in the Sysmex XN-20 model). To improve specimen
flow and turnaround time (TAT), we determined whether
analyzer ANC could be reported in these specimens. In
addition, we evaluated neutropenic specimens separately.
We compared these data with autovalidated ANC results
from control specimens without analyzer flagging.

Materials and Methods

Specimens

All specimens were anonymized routine analysis whole-
blood specimens with a request for ANC from adult female
and male patients, collected in K?EDTA tubes and stored at
room temperature at the Tykslab, Turku University Hospital,
Turku, Finland. The Sysmex XN analysis or blood film
preparation was performed within 8 hours after specimen
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collection. The study specimens were collected from 12,404
patients from September 1, 2017 to November 30, 2017.

A total of 280 specimens, including 132 (47 %) from women
and an overall median age of 62 years (interquartile range
[IQR] with 25th-75th percentile, ages 48-67 years), were
included in the study. All the specimens had a request,
based on clinical need, for ANC and had analyzer flagging
regarding WBC differential or neutrophils. For those speci-
mens with a request for ANC only, no WBC differential or IG
percentage is reported. The autovalidated control speci-
mens were routine analysis specimens with a request for
ANC, based on clinical need, with no analyzer flagging from
80 adult patients, 34 (43%) from women, with an overall
median age of 59 years (IQR = ages 37-71 years). They
were collected, as part of the laboratory’s quality control
protocol, from a total of 18,196 specimens with a request
for ANC from September 1, 2018 to December 31, 2018.
For this kind of study, no informed consent or ethics com-
mittee evaluation is required in our institution. The Turku
Clinical Research Center approved the study.

Laboratory Tests

The specimens were analyzed with the Sysmex XN-10

or Sysmex XN-20 (Sysmex Inc, Kobe, Japan), referred to
as Sysmex XN in this study, or analyzers using the WNR,
WDF, or WPC channels. The analyzer total leukocyte count
(from the WNR channel), neutrophil percentage, ANC, and
IG percentage (from the WDF channel) were recorded.

The quantitative analyzer flagging reported for the study
specimens showed a low WBC (<1 * 10%L), left shift, and
immature granulocytes (with a limit of 3%); the qualitative
analyzer flagging showed atypical/abnormal lymphocytes/
blasts and an abnormal WBC scattergram. The flagging
thresholds were set according to the instrument recom-
mendations, except for the low WBC threshold. Specimens
with ambiguous neutrophil clusters (ie, grey cell clusters or
neutrophil clusters fused to another cell group), where the
analyzer could not separate neutrophils from other leuko-
cytes and thereafter provide a reliable ANC, were excluded
from the study. The Sysmex XN ANC precision was 1.8%
for intra-assay and 3.5% for interassay analysis, the report-
able range was 0-440 x 10%L for WBC, and the ANC adult
reference range was 1.5-6.7 x 10%/L.

The blood films for manual microscopy were made with

the Sysmex XP10 (Sysmex Inc, Kobe, Japan) and dyed
with May-Grinwald-Giemsa dye (MGG; RAL Diagnostics,
Martillac, France) or prepared manually and dyed with MGG
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(Reagena, Toivala, Finland). In manual microscopy, 200
WBC were evaluated,'” and segmented and band-form
neutrophils were included in the mature neutrophil per-
centage. This percentage together with the analyzer WBC
was used to determine the manual microscopy ANC, which
is the usual procedure to report microscopy-reviewed ANC
in our institution. The inter-reviewer imprecision for manual
microscopy ANC has generally been 5% to 6% in our la-
boratory. The reportable range and reference range were the
same as with the Sysmex XN.

The effect of reporting the ANC primarily from the Sysmex
XN was evaluated later by using the TAT from specimen col-
lection to result reporting. We compared the fourth quartiles
(Q4) in 2018 (n = 13,959), when the ANC specimens were
reviewed by microscopy in the presence of the analyzer
flagging described above, and 2019 (n = 11,358), when only
the specimens with ambiguous neutrophil clusters were
reviewed. In addition, the TAT for the ANC specimens with
microscopy review (n = 21) in Q4 in 2019 was assessed.

Statistical Analysis

To determine the effect of IG percentage, the study spe-
cimens were divided into 3 categories with IG <3%, and
manual microscopy performed with flagging other than

IG (n =58): 1G 3% t0 4.9% (n = 20), 5% t0 9.9% (n = 79),
and >10% (n = 123). Neutropenia was defined as ANC <
1.5 x 10%L with manual microscopy in the study speci-
mens and as ANC < 1.5 x 10%/L with the Sysmex XN in
the autovalidated control specimens. Neutropenic study
specimens (n = 91) were evaluated overall and based on
IG percentage as above and compared with autovalidated
neutropenic specimens (n = 14). In all autovalidated control
specimens the IG was <3%.

IBM SPSS Statistics 25 and MedCalc 19.1.5 with the
Wilcoxon signed-rank test, Spearman’s rho, and the
Passing-Bablok model with the CUSUM linearity test were
used for the statistical analysis.

Results

The Passing-Bablok analysis showed excellent correlation
with no significant deviation from linearity for the ANC
measured with the Sysmex XN and with manual micros-
copy in all the study specimens, including the IG per-
centage-based subgroups, and in the autovalidated control
specimens (Figure 1). When the neutropenic specimens
were examined separately, a good correlation between the
analysis methods with no significant deviation from linearity
was seen (Figure 2).

There was a statistically significant difference in the Sysmex
XN ANC in the autovalidated control specimens (n = 80)
with a slight systematic negative error compared with
manual microscopy. In addition, an overall statistically sig-
nificant difference with a systematic positive error was seen
in the study specimens (n = 280) compared with manual mi-
croscopy. The method bias in the ANC between the Sysmex
XN and manual microscopy was slightly higher with an IG
>5% and more pronounced with an IG >10% compared
with specimens with a lower IG percentage or specimens
with flagging other than IG (Table 1).

There was no statistically significant difference in the neu-
tropenic autovalidated control specimens (n = 14), but a
slight systematic positive error in the neutropenic study

Table 1. Median ANC Analyzed with the Sysmex XN and Manual Slide Review, Method Bias of the
Sysmex XN Compared with Manual Microscopy, Median |G Percentage, and WBC

Specimen Group (n) ANC Sysmex ANC Microscopy Method Bias® P Value IG (%)® WBC (x
XN (x 10%/L)2 (x 10%/L)? 10°%/L)°

Control specimens (80) 3.6 (2.2-5.1) 3.7 (2.3-5.3) -0.018 (- 0.075t0 0.048)  <.001 0.45(0.30-0.80) 6.4 (4.6-8.3)
IG <3 (58) 2.0 (1.0-3.6) 1.9(1.0-3.1) 0.049 (0.0071 to 0.099) 793 0.97 (0.21-1.9) 3.7 (2.0-6.2)
G 3-4.9 (20) 1.6 (1.1-12) 15 (1.1-12) 0.020 (~0.056 to 0.067) 456 4.0 (3.4-4.3) 5.8 (3.1-21)
IG 5-9.9 (79) 2.2 (1.1-6.0) 2.0 (1.2-5.0) 0.085 (0.019 t0 0.14) <.001 7.8 (6.6-8.7) 4.5(2.8-10)
IG>10 (123) 6.1 (2.5-13) 4.6 (1.7-11) 0.17 (0.060 to 0.25) <.001 16 (13-21) 9.4 (3.7-18)
All study specimens (280) 3.2 (1.3-9.4) 2.8 (1.2-8.1) 0.025 (-0.023 to 0.069) <.001 8.9 (4.2-15) 5.5(2.8-13)

#The numbers in parentheses denote IQR (25th and 75th percentiles).
The numbers in parentheses denote 95% Cl.

ANC, absolute neutrophil count; Cl, confidence interval; 1G, immature granulocytes; IQR, interquartile range; WBC, total white blood cell count.
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specimens (n = 91) with IG >5% or 10% (Table 2). Of the
neutropenic study specimens, 18 were severely neutropenic
(ANC < 0.5 x 10%L with manual microscopy). In these spe-
cimens, the ANC median (IQR) with manual microscopy was
0.19 (0-0.49) x 10%L and with the Sysmex XN it was 0.3
(0.090-0.82) x 10%L (P <.001).

The TAT for the ANC was slightly shorter when ANC results
were primarily reported from the Sysmex XN in presence

of analyzer flagging in Q4/2019 vs Q4/2018, when the ANC
specimens with analyzer flagging were invariably reviewed
by manual microscopy (Table 3). A clear delay in the TAT

of the ANC was seen in those specimens still requiring mi-
croscopy review in Q4/2019 (n = 21; 0.15% of all the ANC
requests). Previously, the microscopy review was performed
on approximately 2% to 3% of the ANC requests (data

not shown).

Discussion

The data for the ANC in the autovalidated control speci-
mens show how well manual microscopy of 200 leuko-
cytes correlates to the Sysmex XN result when there are
no detected leukocyte abnormalities or analyzer flagging
regarding the leukocytes. Interestingly, manual micros-
copy gave a slightly higher ANC than did the Sysmex XN.
The difference was statistically significant but too small
to have clinical significance. Similar deviations have been
seen previously, but with IG percentage.® One explanation
for the difference may be the lower amount of cells, usu-
ally 200, reviewed using manual microscopy. A higher cell

Science

count could reduce the effect of the random distribution
of cells on the film."® Hematology analyzers count thou-
sands of cells, and it is generally accepted that they are
more precise and have higher repeatability compared with
manual microscopy.

The majority of the specimens in this study had flagging re-
garding IG. The specimens with IG <3% (58/280 specimens)
were reviewed by microscopy because of other analyzer
flagging, mainly showing an abnormal WBC scattergram.

In these specimens, the ANC measured with the Sysmex
XN was slightly higher compared with manual microscopy,
contrary to the results with the control specimens. The
difference was statistically nonsignificant and did not have
any clinical effect. The analyzer flagging primarily con-
cerned leukocyte subpopulations other than neutrophils,
mainly abnormal or atypical lymphocytes. It is possible that
the leukocyte distribution on the microscopy slide in these
specimens differed from that on the specimens without any
analyzer flagging, explaining the opposite deviation trend
compared with that in the autovalidated control specimens.
This result could be because of physiological and morpho-
logical changes, such as altered adhesion properties of
activated lymphocytes. It is known, for example, that mono-
cytes may cluster on the feathered edge of the blood film."

A similar, slightly positive error in the ANC was seen in the
specimens with analyzer flagging for IG. The positive error
increased with a higher IG percentage and was statistic-
ally significant with an IG >5%. However, up to IG = 10%
the difference was minimal and had no true clinical signifi-
cance. In the specimens with IG >10%, the median ANC
with the Sysmex XN was 6.1 x 10%/L compared with a
median ANC of 4.6 x 10%L with manual microscopy. The

(<1.5 x 10%L) Specimens

Table 2. Median ANC Analyzed with the Sysmex XN and Manual Slide Review, Method Bias of the
Sysmex XN Compared with Manual Microscopy, Median IG Percentage, and WBC in Neutropenic

Specimen Group (n)  ANC Sysmex ANC Microscopy Method Bias P Value 1G (%)? WBC (x
XN (x 10%/L)? (x 10%/L)? (x 10%/L)° 10°%/L)°

Control specimens (14) 0.83 (0.61-1.4) 0.98 (0.82-1.3) -0.097 (-0.28 t0 0.063) .506 0.80(0.28-1.3) 2.6 (2.3-3.3)
IG <3 (23) 0.85(0.32-1.2) 0.82 (0.40-1.2) 0.081 (-0.0049 to 0.14) .088 0.93 (0-1.34) 1.7 (1.2-2.8)
IG 3-4.9 (10) 1.2 (0.95-1.4) 1.1(0.97-1.3) 0.044 (-3.6 10 0.23) 760 39(34-43) 38(28-5.2)
1G 5-9.9 (32) 1.1(0.83-1.4) 1.0 (0.68-1.2) 0.11 (-0.12 t0 0.31) .005 7.3(6.7-8.2) 2.6 (1.8-3.1)
1G >10 (26) 1.1(0.92-1.3) 0.9 (0.6-1.3) 0.18 (0.0044 to 0.29) <.001 14 (13-19) 2.1(1.6-3.0)
All study specimens (91) 1.1 (0.81-1.3) 1.0 (0.65-1.2) 0.070 (-0.013 t0 0.14) <.001 7.8(2.2-11)  2.3(1.6-3.1)

#The numbers in parentheses denote IQR (25th and 75th percentiles).
The numbers in parentheses denote 95% Cl.

ANC, absolute neutrophil count; Cl, confidence interval; IG, immature granulocyte; IQR, interquartile range; WBC, total white blood cell count.
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Table 3. TAT with 30%, 50%, and 90% of Specimens Reported for Q4/2018 and Q4/2019.

Specimen Group Quartile n TAT 30% (h) TAT 50% (h) TAT 90% (h)
ANC including specimens requiring microscopy review Q4/2018 13,959 1.1 1.6 4.4
ANC not requiring microscopy review Q4/2019 11,358 0.9 1.5 43
ANC requiring microscopy review Q4/2019 21 5.2 6.4 23.4

ANC, absolute neutrophil count; TAT, turnaround time.

ambiguous cell clusters (n = 21) were reviewed.

TAT represents time from specimen collection to result reporting. In 2018, all ANC specimens with analyser flagging were reviewed by manual microscopy; in 2019, only specimens with

clinical significance of this error for ANC interpretation was
minimal because the most important function of the ANC is
to evaluate the risk of infection and the possible recovery of
a bone marrow production arrest. In the presence of large
proportion of IG, compensatory bone marrow production

is ongoing and possible neutropenia is decreasing. For
further evaluation, we examined the neutropenic specimens
(ANC < 1.5 x 10%L with manual microscopy in the study
specimens or with the Sysmex XN in the autovalidated
control specimens). In the neutropenic specimens, the same
slightly negative error in the autovalidated specimens and
the slightly positive error in the study specimen were seen
as in all the ANC results. Again, the difference between

the Sysmex XN and manual microscopy was statistically
significant in specimens with IG >5%. However, even in the
neutropenic specimens with the highest |G percentage, the
method bias was 0.18 x 10%L (95% confidence interval,
0.0044-0.29), and again the clinical significance of the devi-
ation was zero.

In severely neutropenic (ANC < 0.5 x 10%L with manual
microscopy, n = 18) study specimens, a slight positive
error for Sysmex XN was seen. The severely neutropenic
specimens for which the Sysmex XN ANC deviated from
manual microscopy ANC had IG >5%. These specimens
are challenging to be reviewed by manual microscopy be-
cause they contain different neutrophil maturation stages
with concurrent neutropenia; this characteristic can cause
large subjective variation. In neutropenia, a methodological
error with falsely high ANC combined with missing com-
pensatory bone marrow production could be of high clin-
ical importance. No such cases were seen in these data.

The challenges in microscopy review of cytopenic speci-
mens can be seen in the correlation of the 2 methods. There
was 1 possible outlier (ANC 3.5 x 10%/L with the Sysmex

XN vs 1.4 x 10%L with manual microscopy; IG 26%). This
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outlier was not removed from the data analysis because the
ANC derived from manual microscopy was reported for the
patient. It is possible that the large IG percentage caused
an incorrect classification of neutrophils and subjective
underestimation of granulocyte maturation of neutrophils

in microscopy review. In other specimens with similar IG
percentages, no clear or consistent deviations were seen

in neutropenic or normocytic specimens. These consider-
ations are of great importance when the benefits of ana-
lyzer result reporting are considered because hematology
analyzers count thousands of cells, even with cytopenia,
increasing the need for precision.®"""°

The reliability of the analyzer result in neutropenic spe-
cimens has been debated previously.'® According to the
data presented here, the Sysmex XN was reliable in re-
porting the ANC in the presence of analyzer flagging and
IG. The analyzer-derived ANC was reliable in neutropenic
specimens even with high IG percentages. The Sysmex
XN may be able to sufficiently differentiate mature neutro-
phil clusters from IG clusters if the amount of neutrophils
is low, but a slight positive error occurred in specimens
with higher ANC and higher IG compared with manual
microscopy. This result may be explained by partial fusion
of the cell clusters. A high proportion of IG can cause
poorer repeatability and precision in manual microscopy
as well. Note that neutrophils are short lived and several
variables, eg, inflammation status, timing of medication,
and time of day, affect the ANC.'® Thereafter, the trend

of the ANC together with a full WBC differential is usu-
ally needed to further evaluate the course of neutropenia
instead of a single ANC measurement. In this context, the
minor differences between the analyzer report and manual
microscopy are not clinically relevant, because the ana-
lyzer report is usually readily available at any time of day
and the interindividual variation in manual microscopy is
considered.>'®"®
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The TAT comparison showed a slightly faster total ANC
reporting in Q4/2019, when the data from this study were
applied and only a minuscule portion (0.15%) of the ANC
specimens was reviewed by manual microscopy. Those
specimens still requiring microscopy review, virtually all with
ambiguous cell clusters, had a clearly longer TAT. This result
reflects the previous TAT for the ANC specimens requiring
microscopy review, ie, approximately 2% to 3% of the

ANC requests in Q4/2018, indicating that ignoring analyzer
flagging with ANC requests deliberately provides faster yet
reliable ANC result reporting.

In our laboratory, the WBC differential or IG percentage is
not reported with an ANC request, so the method com-
parison for these parameters was not evaluated in this
study. Another weakness of this study is a rather low
number of neutropenic specimens, although the total
number of the study specimens is adequate.

Conclusion

This is the first study to examine the reporting of ANC in the
presence of analyzer flagging in a clinical setting. In conclu-
sion, the ANC can be reported from the Sysmex XN in the
presence of analyzer flagging, regardless of IG percentage,

if the neutrophil cluster is adequately identified by the ana-
lyzer. Sysmex XN analyzers can also be regarded to be as
reliable as manual microscopy to report ANC in neutropenic
specimens with analyzer flagging. However, clinicians should
be informed of the possible uncertainty included in reporting
the ANC with analyzer flagging. Each laboratory reporting
clinical data should consider laboratory-specific rules to
determine which analyzer flagging may be ignored and when
ANC specimens should be evaluated by microscopy. LM
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ABSTRACT

Objective: Sodium fluoride (NaF) has been applied to inhibit
glycolysis in venous specimens for decades. However, it has had
little effect on the rate of glycolysis in the first 1 to 2 hours,
resulting in a decrease of glucose, so a more efficient method is
needed. Recently, we discovered that WZB117, a specific Glut1
inhibitor, restricts glycolysis by inhibiting the passive sugar
transport of human red blood cells and cancer cells. The purpose
of this study was to evaluate the results of intravenous blood
glucose determination after the addition of WZB117.

Methods: Venous specimens from 40 pairs of healthy volunteers
were collected for several days and placed in tubes containing

NaF plus EDTA-disodium (Na2) without WZB117 (the A group); citric
acid, trisodium citrate, and EDTA-Na2 without WZB117 (B group);
and NaF plus EDTA-Na2 with WZB117 (C group). The glucose
concentration was measured after venipuncture and compared
with test tubes treated for 1 hour, 2 hours, and 3 hours before
centrifugation. Glucose level was determined by the hexokinase
method. The paired t-test was used to examine differences in
glucose values at baseline and at different time points. The number
of misdiagnoses and the misdiagnosis rate were calculated at 2

Blood glucose concentrations are essential in defining dia-
betes mellitus. The most recent guidelines for laboratory
analysis in the diagnosis and management of diabetes mel-
litus recommend that glucose concentrations be measured in
plasma specimens separated from cells within 60 minutes. If
that cannot be achieved, a tube containing a rapidly effective
inhibitor such as sodium fluoride (NaF) is used." However,
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diagnostic stages: high risk of diabetes (glucose level of 6.1 mmol/L)
and diagnosis of diabetes (glucose level of 7.0 mmol/L).

Results: Glucose levels decreased by 1.0% at 1 hour and by 2.1% at 3
hours in the C group tubes and simultaneously decreased by 1.7% at 1
hour and by 2.5% at 3 hours in the B group tubes. In contrast, glucose
levels decreased by 4.1% at 1 hour and by 6.3% at 3 hours in the A group
tubes. There was a statistically significant difference in glucose levels
measured in the A group tubes and B group tubes at 1 hour, 2 hours, and 3
hours. The misdiagnosis rate of clinical diagnosis in diabetes was highest
in the A group tubes (7.0%o at 1 hour, 0.1%. at 3 hours at 7.0 mmol/L
point; 14.6%o at 1 hour, 0.4%o at 3 hours at 6.1 mmol/L point) and lowest
in the C group tubes (2.95%o at 1 hour, 0% at 3 hours at 7.0 mmol/L
point; 4.8%o at 1 hour, 0.1%o at 3 hours at 6.1 mmol/L point).

Conclusion: The tube addition of WZB117 is more suitable for
minimizing glycolysis and has no effect on glucose levels even if
specimens are left uncentrifuged for up to 3 hours.

Keywords: glucose concentration, WZB117, glycolysis, NaF, Glucose
Transporter 1, misdiagnosis rate

NaF is not an effective agent to prevent glycolysis. The
glycolytic enzyme (enolase) targeted by fluoride is located far
downstream in the glycolytic pathway, but enzymes upstream
of enolase remain active and continue to metabolize glucose
until substrates are exhausted.? Thus, the antiglycolytic ac-
tion of fluoride is delayed for up to 4 hours.® Therefore, tubes
with only enolase inhibitors, such as NaF, should not be
relied on to prevent glycolysis.* A recent study reported that
acidification inhibits hexokinase and phosphofructokinase,
enzymes that act early in the glycolytic pathway.” It had been
marketed in Europe as the Venosafe Glycemia tube but is not
currently available in China.?

In reviewing the entire glycolytic pathway, we found that
the first step in glycolysis is the uptake of glucose by
red blood cells. However, red blood cells cannot uptake
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glucose from the blood freely and need a glucose trans-
porter, Glut1, which is the only glucose transporter isoform
in red blood cells.®

WZB117 is a novel inhibitor of glucose transport.” As a
potential anticancer agent, WZB117 can inhibit glucose
transport in human red blood cells.® The purpose of this
study was to prepare WZB117 buffer tubes and compare
the plasma glucose results between these buffer tubes and
NaF buffer tubes.

Materials and Methods

A total of 40 healthy adult participants were recruited with
consent, which was approved by the First Affiliated Hospital
of Chongging Medical University ethics committee. The par-
ticipants were informed about the subject and objective of
the study; there were 20 men and 20 women, aged 20 years
to 36 years (average 28 years). Specimens were collected

in the following glass tubes: A group tubes with NaF plus
EDTA-disodium (Na2) provided by Chongging Kaigi Medical
Technology Co, Ltd (batch number: 1206267); B group
tubes with citric acid, trisodium citrate, and EDTA-Na2 with
WZB117; and C group tubes with NaF and EDTA-Na2 in the
presence of 44.2 micrograms of WZB117.

Twenty four mL of venous specimens were collected daily
according to standard procedures and each divided into the
A, B, and C tubes. Blood glucose levels were measured at
baseline, 1 hour, 2 hours, and 3 hours after venipuncture,
respectively. The first tube was labeled “0 h,” was centri-
fuged within 3 minutes, and glucose analysis was com-
pleted within 30 minutes. The remaining specimens, marked

“1h,” “2 h,” and “3 h,” were stored at room temperature.
They were centrifuged after their respective waiting periods,
and glucose levels were analyzed.

Glucose was determined by the anhexokinase method using
the Hitachi 7600-020 automatic biochemical analyzer. The
agent was the original set (batch number: 68159801), the
calibration product was the CFAS calibration product (batch
number: 17215601), and the indoor quality control products
were provided by Bio-Rad (batch numbers: 473704, 473804).

All data were normally distributed and expressed as
mean + standard deviation. The paired t-test was used to
detect differences in baseline blood glucose (at 0O hours)
and blood glucose concentrations at 1 hour, 2 hours, and
3 hours after intravenous administration in each group.

A P value <.05 was considered statistically significant.

Results

The mean glucose concentrations at 0 hours, 1 hour, 2
hours, and 3 hours after venipuncture in groups A, B, and C
are shown in Table 1. There was a significant reduction in
the glucose level 1 hour, 2 hours, and 3 hours from veni-
puncture compared with baseline blood glucose concen-
tration (P <.001) in groups A and B. However, there was no
significant difference baseline and 1 hour in the C group

(P = .116); the significant difference occurred 2 hours and 3
hours after centrifugation in the C group.

Mean biases from the respective baseline glucose meas-
urements for all groups processed at 1 hour, 2 hours, and 3
hours are calculated in Table 2. The baseline glucose con-
centration in all 3 groups showed no significant difference.

Table 1. Mean Glucose Concentrations Measured in A, B, and C Groups Processed at Different Time

Points
Tube Type Glucose Concentration(mmol/L) P Value
Oh 1h 2h 3h Ohvs1h Ohvs2h Ohvs3h
A 5.89+1.44 5.65+1.39 559 +1.43 553 +1.41 <.001 <.001 <.001
B 5.93 +1.44 5.86 = 1.42 5.83 £ 1.41 5.78 £1.40 <.001 <.001 <.001
C 5.84 +1.48 5.81 +1.11 5.75 +1.46 572 +1.45 116 <.001 <.001

NaF, sodium fluoride,; Na2, disodium.

with WZB117.

Glucose concentrations are presented as mean + standard deviation. The 0 hour measurement means baseline glucose concentrations; 1 hour, 2 hours, and 3 hours mean glucose
concentrations in specimens left uncentrifuged for 1 hours, 2 hours, and 3 hours after venipuncture, respectively. We considered P <.05 as statistically significant. The A group
represents NaF plus EDTA-Na2 without WZB117; the B group represents citric acid, trisodium citrate, and EDTA-Na2 without WZB117; and the C group represents NaF plus EDTA-Na2
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Table 2. Mean Biases from Respective Baseline Glucose Measurements for All Tubes at Different
Time Points

Tube Type Means of Differences 95% CI P Value
(n = 40) (%)

Ao h—A1 h -4.1 -3.41t0-4.8 <.001

Ao h—A2 h -5.3 -4.11t0-6.5 <.001

AO h—A3 h —6.3 -5.3t0-7.2 <.001

B0 h—B1h -1.2 -1.0t0-1.3 .021

B0 h—B2h -1.7 -1.6t0-1.7 .012

B0 h—B3 h -2.5 -2.3t0-2.5 .009

C0 h—C1h -1.0 0.8t0o-1.2 116

C0 h—C2h -1.5 -1.4t0-1.6 <.001

C0 h—C3 h -2.1 -1.9t0-2.2 <.001

Ao h—BOh 0.8 -0.51t0 2.1 .073

Ao h—COh -0.9 -0.1t0-1.8 .267
Glucose bias relative to the baseline value was highest in the A tubes and lowest in the C tubes. The bias from the baseline glucose concentration was clinically significant (>2.2%) at all
time points for the A group; in the C group the observed bias did not exceeded half of the recommended criteria even with a delay of 3 hours.
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Figure 1

Decrease of glucose concentrations with time in A, B, and C groups

However, glucose levels were significantly decreased in both
the A and B groups at 1 hour, 2 hours, and 3 hours, whereas
the mean glucose concentration in the C group tubes de-
creased by only 1.0% (P = .116) at 1 hour. The glucose bias
relative to the baseline was highest in the A group and lowest
in the C group at all time points. The bias from the baseline
glucose concentration was clinically significant (>2.2%) at
the 3 hour time point for the A and B groups; in the C group
the observed bias did not exceed half of the recommended
criteria even with a delay of 3 hours (shown in Figure 1).

Because glucose tests have preanalytic variability, it is
possible that an abnormal result (ie, above the diag-
nostic threshold) will produce a value below the diag-
nostic cutpoint, especially if the glucose specimens

www.labmedicine.com

are collected at room temperature and not centrifuged
promptly. Guidelines and recommendations for laboratory
analysis in the diagnosis and management of diabetes
mellitus.'® We collected 22,630 specimens from patients
whose fasting plasma glucose results were near the
above 2 diagnostic thresholds from January 2018 to June
2018. There were 5669 specimens that sat for more than
1 hour after collection before acceptance by the clinical
laboratory, accounting for 25% of all inpatient clinical
specimens. Specifically, 5024 specimens were measured
with a delay of 1 hour to 2 hours (22% of all specimens),
450 specimens were measured with a delay of 2 hours

to 3 hours (2% of all specimens), and 195 specimens
were measured with a delay of more than 3 hours (0.9%
of all specimens). According to Figure 1 decrease rate
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Table 3. Number of Possible Misdiagnoses and Misdiagnosis Rate at 2 Diagnostic Thresholds of
7.0 mmol/L and 6.1 mmol/L at DifferentTime Points

Tube 7.0 mmol/L 6.1 mmol/L
Number/(%) Number/(%)
1h-2h 2h-3h >3 h 1h-2h 2h-3h >3 h
A 163/7.0 9/0.4 2/0.1 398/17.6 30/1.3 9/0.4
B 69/3.0 2/0.9 1/0.05 238/10.5 19/0.8 6/0.3
C 68/2.95 2/0.9 0/0 109/4.8 10/0.4 3/0.1

EDTA-Na2 with WZB117.

The A group represents Naf plus EDTA-Na2 without WZB117; the B group represents citric acid, trisodium citrate, and EDTA-Na2 without WZB117; the C group represents NaF plus

of blood glucose in the A group and C group in 1 hour to
3 hours, the number of possible misdiagnoses and the
misdiagnosis rate for diabetes are calculated for the 2
diagnostic stages in Table 3. As shown in the table, the
number of possible misdiagnoses and the misdiagnosis
rate was highest in the A group and lowest in the C group
at the 2 clinical diagnosis points at different time points.

Discussion

Many studies have reported lower results for plasma
glucose obtained in NaF tubes. These results indicate

a delayed and inefficient inhibition of glycolysis by NaF,
leading to falsely low plasma glucose concentrations and,
potentially, a failure to diagnose diabetes. Citric acid as an
immediate inhibitor of glycolysis has been confirmed to re-
duce errors in glucose level measurement and diagnoses of
diabetes.®""

In the glycolytic pathway, fluoride inhibits enolase, which
is far downstream in the pathway. Enzymes upstream of
enolase remain active and continue to metabolize glu-
cose until substrates are exhausted. A citrate buffer
inhibits hexokinase and phosphofructokinase, enzymes
that act early in the glycolytic pathway. However, one new
problem that drew our attention is that human red blood
cells cannot freely uptake glucose from the blood. They
need the glucose transporter Glut1, which is the only glu-
cose transporter isoform in red blood cells. We studied
WZB117, which inhibits passive glucose transport in
human red blood cells and cancer cell lines and limits gly-
colysis,’ to determine whether it could be applied to inhibit
glycolysis.
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Our study aimed to assess the ability of tubes containing
WZB117 to prevent glycolysis after delayed specimen cen-
trifugation and to compare it with glucose stability in tubes
containing citric acid, trisodium citrate, and EDTA-Na2, and
tubes containing NaF plus EDTA-Na2. We observed a sig-
nificant inhibition of glycolysis by WZB117 and an inability
of NaF to prevent glucose loss even after a 1-hour delay
from venipuncture to centrifugation.

Consequently, through this study we can confirm the in-
effectiveness of NaF as a glycolysis inhibitor in the first

3 hours after venipuncture. This study also showed that
glycolysis was stopped immediately with a citrate buffer
and that glucose concentrations were entirely stable
uncentrifuged for 3 hour, showing a 2.5% decrease. The
glucose concentrations decreased only 1.0% at 1 hour,
1.5% at 2 hours, and 2.1% at 3 hours after venipuncture
when WZB117 was added into the whole blood specimens.
Based on the U.S. diabetes guidelines from 2015, there
was a significant difference in blood glucose measurements
between baseline and 2 hours and 3 hours after centrifu-
gation, and the observed bias did not exceed half of the
recommended criteria even with a delay of 3 hours. A more
rapid glycolysis inhibition was achieved.

There are 2 possible limitations in our study. First, a gradient
experiment of WZB117 in glycolysis inhibition was not con-
ducted because of insufficient time. Second, the effect of
the addition of WZB117 to serum tubes should be meas-
ured comparing the plasma glucose results in citrate buffer
tubes and NaF tubes. Further studies should be conducted
to investigate the effectiveness of the above concerns and
obtain more accurate and effective data.

In summary, replacement of NaF with a better and more
effective glycolysis inhibitor is certainly overdue. Our study

www.labmedicine.com



highlights and provides the new thought that there may be
some significant inhibition of glycolysis with inhibitors of
glucose transporters.

Conclusion

There is a need to change preanalytical conditions to
prevent the loss of glucose in whole blood for glucose es-
timation. As an inhibitor of glucose transport, WZB117 can
significantly inhibit glycolysis. LM
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