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ON THE COVER: Historically, RNA was thought to exclusively provide a template for the synthesis of proteins. However, it is becoming 
increasingly clear that RNA has an essential role in regulating gene expression. About 3 decades ago, small noncoding fragments of sin-
gle-stranded RNA consisting of approximately 22 nucleotides each were discovered and given the name “micro-RNA,” customarily abbrevi-
ated miRNA. Since then, research has demonstrated that these RNA fragments bind to complementary sequences in messenger RNA to halt 
transcription, thereby regulating gene expression. A host of miRNAs have been characterized, and dysregulation of miRNA expression has 
been associated with numerous diseases, catalogued in an online database, miR2Disease. This has proved to be fertile ground in the hunt for 
biochemical markers of disease, and Laboratory Medicine receives many manuscripts on the subject. One such paper, in this issue, explores 
the relationship between a miRNA designated miR-149 and progression of hepatocellular carcinoma.
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ABSTRACT

Metabolomics is a field of systems biology that draws on the scien-

tific methods of other groups to qualitatively or quantitatively char-

acterize small molecule metabolites in organisms, revealing their 

interconnections with the state of the organism at an overall relative 

macroscopic level. Diabetic kidney disease (DKD) is well known as 

a chronic metabolic disease, and metabolomics provides an excel-

lent platform for its clinical study. A growing number of metabolomic 

analyses have revealed that individuals with DKD have metabolic 

disturbances of multiple substances in their bodies. With the continu-

ous development and improvement of metabolomic analysis technol-

ogy, the application of metabolomics in the clinical research of DKD is 

also expanding. This review discusses the recent progress of metab-

olomics in the early diagnosis, disease prognosis, and pathogenesis of 

DKD at the level of small molecule metabolites in vivo.

Diabetes mellitus (DM) is one of the chronic noncommunicable diseases 
that seriously endangers human life and health, affects the quality of life 
of patients, and increases the economic burden of countries. According 
to the latest data from the International Diabetes Federation, there were 
about 463 million people with DM worldwide in 2019, and it was ex-
pected to reach 700 million by 2045.1 Diabetic kidney disease (DKD) is 

not only one of the most common chronic microvascular complications 
of diabetes but is also an important cause of end-stage renal disease 
(ESRD). Some research shows that about 30% to 50% of ESRD world-
wide is due to DKD.2 Alicic et al3 revealed that the prevalence of DKD in 
diabetic patients to be 40%. Current clinical indicators used to diagnose 
DKD include estimation of glomerular filtration rate (eGFR) and urine 
albumin creatinine ratio (UACR), although they have limited high sensi-
tivity and specificity. The eGFR decreases significantly only when severe 
renal damage occurs in patients with DKD because the blood creatinine, 
which is used to calculate the eGFR, drops significantly only when the 
eGFR is below 50% of normal. Increased UACR is considered a character-
istic manifestation of renal damage, but some studies have shown that 
a significant proportion of DKD patients do not have albuminuria.4,5 In 
terms of treatment, despite the fact that the number of patients with 
DM and DKD is increasing annually, there are very limited therapies 
available to slow down or reverse the progression. The main therapeu-
tic strategies for DKD include strict blood pressure and glycemic con-
trol, antidiabetic drugs, etc; however, these measures only slow down 
the progression of DKD, and there is no way to reverse DKD so far. This 
requires us to examine DKD from a new perspective, deepen the mech-
anism research, discover more biomarkers that can help early diagnosis, 
and develop new treatment strategies.

DKD is a chronic metabolic disease that often causes metabolic 
disorders of water, electrolytes, proteins, and lipids in the body. The dy-
namics of small molecule metabolites (relative molecular mass <1000) 
in an organism reflect the physiological or pathological state of the or-
ganism in real time. Metabolomics gives us a new perspective on DKD, 
which would help us to deepen our mechanistic studies, discover more 
biological markers for early diagnosis, and develop new therapeutic 
strategies.

Metabolomics
Metabolomics originated in the 1970s,6 when Professor Nicholson7 
proposed the concept of “metabolomics” and drew up a metabolic fin-
gerprint by scanning body fluids through nuclear magnetic resonance 
(NMR) techniques. With the completion of the sequencing of the Hu-
man Genome Project marking the advent of the postgenomic era, more 
and more research is focusing on the functional analysis of genomes. 
The emergence of metabolomics bridges the gap between genes and 
disease phenotypes and provides a possibility for the functional anal-
ysis of genomes. Metabolomics mainly focuses on the quantitative 
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 analysis of small molecule metabolites in organisms by following the re-
search ideas of genomics to find the relationship between metabolites 
and physiological/pathological changes in the organism. Currently, 
 metabolomics, genomics, transcriptomics, and proteomics have become 
important components of systems biology. The core concept of metabol-
omics is to use the metabolic state of the organism to reflect its overall 
functional status. It allows a comprehensive analysis of the dynamics 
of endogenous and exogenous compounds in the body and systemat-
ically reflects the expression levels of genes and proteins in the body 
in response to various stimuli. Many metabolic substances in the body 
have been maintained in a relatively balanced and stable state for a long 
time, which is regulated and influenced by genes, diet, environmental 
factors, and intestinal microorganisms; once this balance is disrupted, it 
would herald the onset or development of disease.8 Metabolomics, as an 
emerging omics discipline, has a wide range of applications in the fields 
of plants, food, disease diagnosis, and microbiology.9 Meanwhile, it has 
a multidisciplinary intersection and is closely related to organic chem-
istry, analytical chemistry, chemometrics, informatics, and biology.10,11 
Metabolomics is positioned downstream of proteomics and belongs to 
the continuation of the central dogma, which allows the mapping of 
body fluids (plasma, urine, tissue fluids, etc) and metabolic profiles to 
dynamically reflect the function and state of the organism. Compared 
with transcriptomics and proteomics, metabolomics has its own unique 
advantages: (1) as a continuation of the central dogma, it can amplify 
small changes at the gene level; (2) as the end product of gene expression 
and body metabolism, the number of metabolites in the body is much 
smaller than the number of genes and proteins; (3) as a relatively macro-
scopic representation of the body’s state, metabolomics is closer to the 
phenotype of disease and allows us to visualize the current physiologi-
cal or pathological state of the organism; (4) the chemical composition 
of metabolites is similar across species, and the metabolomic analysis 
techniques used are more generalizable.12

In general, the main processes of metabolomics research include 
sample collection and preparation, sample testing, metabolic data 
 collection, and data analysis. Currently, the samples used for metab-
olomics are mainly from blood, urine, and tissue fluids, and a suffi-
cient number of representative samples are usually required to reduce 
 individual differences. Different analysis platforms require different 
sample preparation processes; for example, nuclear magnetic resonance 
(NMR) does not require much processing of the sample and is nonin-
vasive and nondestructive,13 while liquid chromatography/gas chroma-
tography (LC/GC) coupled with mass spectrometry (MS) may require 
derivatization to increase the volatility of the sample.14 Data analysis is 
the most critical part of performing metabolomics studies. The sample 
testing process would generate a large amount of fragmented data. In 
order to extract potentially valuable information from these data, it is 
necessary to reduce the dimensionality of the data with the help of some 
multivariate mathematical statistical analysis methods. Partial least 
squares-discriminant analysis (PLS-DA), principal component analysis 
(PCA), neural networks, cluster analysis, and support vector machines 
are the most commonly used data analysis methods in metabolom-
ics.12,15 The appropriate data analysis method is selected according to the 
specific experimental design scheme as well as the experimental results. 
For example, PCA can be chosen when the results are more different be-
tween groups, while PLS-DA is preferred when the results are less dif-
ferent between groups and the sample size is more different between 
groups.15 On the basis of PLS-DA, characteristic variables of diseases is 

then screened out by the variable importance of projection (VIP), with 
the screening criterion of VIP >1.16 In turn, this would then be used 
to construct machine learning models and regression models for early 
identification and diagnosis of diseases. In addition, metabolic path-
way enrichment analysis based on characteristic variables can find the 
specific metabolic pathways associated with diseases, which would con-
tribute to the study of pathogenesis. MetaboAnalyst (4.0), the R-code-
based online analysis tool for metabolomics, provides a convenient 
one-stop shop for metabolomics data analysis (screening of character-
istic markers, cluster analysis, and enrichment of metabolic pathways), 
interpretation, and integration with other omics data.17 The basic flow 
chart of metabolomics research is shown (FIGURE 1).

Metabolomics Analysis Platform
Given that metabolomics requires the detection of large samples, high-
throughput analytical platforms play a crucial role in this. Currently, 
metabolomics typically employs NMR, MS, LC/GC, and coupling of vari-
ous analytical platforms to analyze and map metabolites.18 The coupling 
of these techniques can improve the resolution, sensitivity, and selec-
tivity during sample analysis and help to map more metabolic profiles. 
Different metabolomics analysis platforms have their own unique 
features14,19–22;  the characteristics of the main metabolomics analysis 
platforms are shown in TABLE 1.

Early Diagnosis of DKD Based on Metabolomics
Although DKD still faces great challenges in terms of treatment, early 
diagnosis of DKD has become a promising research direction. The gold 
standard for the diagnosis of DKD is renal puncture biopsy, but this 
invasive test is difficult for patients to accept in the clinical setting. At 
present, DKD is mostly diagnosed clinically, and the main diagnostic 
criteria are eGFR and UACR. As mentioned above, eGFR and UACR still 
have some limitations as diagnostic criteria for DKD, which forces us to 
search for biological markers with higher sensitivity and specificity. Me-
tabolomics, with its high-throughput detection technology and unique 
data processing methods, is uniquely positioned to find specific biologi-
cal markers (TABLE 2).23–36

Currently, most of the biological markers identified based on metab-
olomics that contribute to the early diagnosis of DKD are focused on 
fatty acids, amino acids, lipids, and nucleotide metabolites. Fatty acids 
have an important impact on the metabolism of the body, and fat mo-
bilization can increase the level of nitric oxide (NO) accumulation in 
the matrix, ultimately leading to increased glomerulosclerosis.37 Some 
studies have shown that pathologically elevated saturated fatty acids 
have a strong toxic effect on cells,34 which in turn promotes the develop-
ment and progression of diabetes.28 The role of unsaturated fatty acids 
in DKD is still a controversial topic. Some studies have shown that oleic 
acid ameliorates palmitic acid-induced endoplasmic reticulum stress, 
inflammation, and insulin resistance38,39; however, other researchers 
suggested that high levels of oleic acid cause endoplasmic reticulum 
stress and apoptosis, causing proliferation or damage to glomerular thy-
lakoid cells.40,41 Phospholipids are key components of the phospholipid 
bilayer of biological membranes, which includes glycerophospholipids 
and sphingolipids. Peng et  al42 showed that the expression levels 
of phosphatidylethanolamine (m/z = 750), phosphatidylglycerol 
(m/z = 747), and phosphatidylcholine (m/z = 802) were lower in DKD 

patients than in healthy controls. In addition, Zhu et  al29 identified 
plasma phospholipids in T2DM and DKD patients based on an HPLC-ESI/
MS platform and screened 18 phospholipids (VIP >1, P < .05) as poten-
tial biomarkers by PLS-DA data analysis, including 2 novel biomarkers, 
phosphatidylinositol (m/z = 909) and sphingomyelin (m/z = 801). Sev-
eral amino acid metabolic abnormalities were also observed in DKD 
individuals. Glutamate has an important role in regulating insulin se-
cretion and maintaining glucose homeostasis in the body,43 which has 
been suggested as a potential biological marker for early diagnosis of 
DKD.34 In addition, plasma tryptophan levels were found to be positively 
correlated with estimated glomerular filtration rate in studies,31 while 
its metabolite, kynurenine, was negatively correlated with eGFR.30

Prognostic Risk Assessment for DKD Based on  
Metabolomics
Metabolites in the organism are constantly changing dynamically in 
response to internal and external factors, and fluctuations in the met-
abolic profile suggest changes in the physiological/pathological state 
of the organism. By mapping and analyzing the metabolic profile of 
the organism, the disease progression and prognosis would be better 
assessed. Tavares et  al44 investigated the role of plasma metabolites 
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then screened out by the variable importance of projection (VIP), with 
the screening criterion of VIP >1.16 In turn, this would then be used 
to construct machine learning models and regression models for early 
identification and diagnosis of diseases. In addition, metabolic path-
way enrichment analysis based on characteristic variables can find the 
specific metabolic pathways associated with diseases, which would con-
tribute to the study of pathogenesis. MetaboAnalyst (4.0), the R-code-
based online analysis tool for metabolomics, provides a convenient 
one-stop shop for metabolomics data analysis (screening of character-
istic markers, cluster analysis, and enrichment of metabolic pathways), 
interpretation, and integration with other omics data.17 The basic flow 
chart of metabolomics research is shown (FIGURE 1).

Metabolomics Analysis Platform
Given that metabolomics requires the detection of large samples, high-
throughput analytical platforms play a crucial role in this. Currently, 
metabolomics typically employs NMR, MS, LC/GC, and coupling of vari-
ous analytical platforms to analyze and map metabolites.18 The coupling 
of these techniques can improve the resolution, sensitivity, and selec-
tivity during sample analysis and help to map more metabolic profiles. 
Different metabolomics analysis platforms have their own unique 
features14,19–22;  the characteristics of the main metabolomics analysis 
platforms are shown in TABLE 1.

Early Diagnosis of DKD Based on Metabolomics
Although DKD still faces great challenges in terms of treatment, early 
diagnosis of DKD has become a promising research direction. The gold 
standard for the diagnosis of DKD is renal puncture biopsy, but this 
invasive test is difficult for patients to accept in the clinical setting. At 
present, DKD is mostly diagnosed clinically, and the main diagnostic 
criteria are eGFR and UACR. As mentioned above, eGFR and UACR still 
have some limitations as diagnostic criteria for DKD, which forces us to 
search for biological markers with higher sensitivity and specificity. Me-
tabolomics, with its high-throughput detection technology and unique 
data processing methods, is uniquely positioned to find specific biologi-
cal markers (TABLE 2).23–36

Currently, most of the biological markers identified based on metab-
olomics that contribute to the early diagnosis of DKD are focused on 
fatty acids, amino acids, lipids, and nucleotide metabolites. Fatty acids 
have an important impact on the metabolism of the body, and fat mo-
bilization can increase the level of nitric oxide (NO) accumulation in 
the matrix, ultimately leading to increased glomerulosclerosis.37 Some 
studies have shown that pathologically elevated saturated fatty acids 
have a strong toxic effect on cells,34 which in turn promotes the develop-
ment and progression of diabetes.28 The role of unsaturated fatty acids 
in DKD is still a controversial topic. Some studies have shown that oleic 
acid ameliorates palmitic acid-induced endoplasmic reticulum stress, 
inflammation, and insulin resistance38,39; however, other researchers 
suggested that high levels of oleic acid cause endoplasmic reticulum 
stress and apoptosis, causing proliferation or damage to glomerular thy-
lakoid cells.40,41 Phospholipids are key components of the phospholipid 
bilayer of biological membranes, which includes glycerophospholipids 
and sphingolipids. Peng et  al42 showed that the expression levels 
of phosphatidylethanolamine (m/z = 750), phosphatidylglycerol 
(m/z = 747), and phosphatidylcholine (m/z = 802) were lower in DKD 

patients than in healthy controls. In addition, Zhu et  al29 identified 
plasma phospholipids in T2DM and DKD patients based on an HPLC-ESI/
MS platform and screened 18 phospholipids (VIP >1, P < .05) as poten-
tial biomarkers by PLS-DA data analysis, including 2 novel biomarkers, 
phosphatidylinositol (m/z = 909) and sphingomyelin (m/z = 801). Sev-
eral amino acid metabolic abnormalities were also observed in DKD 
individuals. Glutamate has an important role in regulating insulin se-
cretion and maintaining glucose homeostasis in the body,43 which has 
been suggested as a potential biological marker for early diagnosis of 
DKD.34 In addition, plasma tryptophan levels were found to be positively 
correlated with estimated glomerular filtration rate in studies,31 while 
its metabolite, kynurenine, was negatively correlated with eGFR.30

Prognostic Risk Assessment for DKD Based on  
Metabolomics
Metabolites in the organism are constantly changing dynamically in 
response to internal and external factors, and fluctuations in the met-
abolic profile suggest changes in the physiological/pathological state 
of the organism. By mapping and analyzing the metabolic profile of 
the organism, the disease progression and prognosis would be better 
assessed. Tavares et  al44 investigated the role of plasma metabolites 

in the assessment of DKD prognosis by an untargeted metabolomics 
approach. The results of the research showed that an adverse event 
(death, doubling of blood creatinine, or dialysis treatment) occurred 
in 30.3% of DKD patients during 2.5  years of follow-up; univariate 
Cox regression analysis showed that 1,5-anhydroglucitol (hazard ra-
tio (HR): 0.10, 95% CI: 0.02–0.63, P =.01), norvaline (HR: 0.01, 95% 
CI: 0.001–0.4, P =.01), and aspartic acid (HR: 0.12, 95% CI: 0.02–0.64, 
P =.01) were negatively associated with the occurrence of DKD ad-
verse events. Niewczas et al45 conducted a prospective study with 158 
patients with type 1 diabetic kidney disease followed up for a long 
period of time (median follow-up, 11.5  years). During the follow-up 
period, 99 patients (63%) progressed to ESRD; for the shorter the 
duration of diabetes, the younger the age, and the poorer the gly-
cemic control, the faster the decline in renal function.45 To further 
find the independent risk factors for the progression of DKD, they 
examined the serum of patients by high-throughput metabolom-
ics technology, and the results revealed that 7 modified metabolites, 
including C-glycosyltryptophan, pseudouridine, O-sulfotyrosine, 
N-acetylthreonine, N-acetylserine, N6-carbamoylthreonyladenosine, 
and N6-acetyllysine, were independent risk factors for the progression  
of DKD to ERSD.45 Another comprehensive study of plasma metabolic 
profiles in patients with type 2 diabetes mellitus showed that certain 

FIGURE 1. Basic flow chart of metabolomics research. PLS-DA, partial least squares-discriminant analysis.

TABLE 1. The Characteristics of the Main Metabolomics Analysis Platforms

Analysis Platform Advantages Disadvantages 

NMR Simple handling of samples; noninvasive and unbiased detection and analysis; 
lower cost

High investment in equipment; relatively low detection sensitivity; narrow 
dynamic detection range; difficult to detect metabolic small molecules with 
relatively large differences in concentration simultaneously

MS Excellent repeatability and objectivity; high sensitivity and wide detection range; 
rapid analysis and identification of multiple chemicals simultaneously

Preparation of large quantities of samples; relatively high daily costs; requires 
some knowledge of the metabolic small molecules being tested

LC-MS High sensitivity; no need for high temperature; no derivatization of the sample  
is required; relatively simple sample preparation compared to GC-MS

Poor repeatability; database not yet robust

GC-MS High precision, sensitivity and durability; excellent performance in the analysis 
of volatile substances; library of standard spectra available

Sample derivatization; more cumbersome sample preparation; difficult to use 
for difficult volatiles

GC-MS, gas chromatography-mass spectrometry; LC-MS, liquid chromatography–mass spectrometry; MS, mass spectrometry; NMR, nuclear magnetic 
resonance.
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metabolites (amino acids and their derivatives) predicted the onset 
of ESRD approximately 10  years earlier and independent of base-
line albuminuria and renal function.46 Tofte et  al47 illustrated that 
alterations in plasma metabolites  (particularly polyols and branched-
chain amino acids) were associated with future renal impairment in 
the type 1 diabetes mellitus (T1DM) population; ribonucleic acid was 
associated with a higher risk, while the amino acids isoleucine, leu-
cine, and valine were associated with a lower risk of combined renal 
endpoint (≥30% decline in eGFR, ESRD, and all-cause mortality). 
Acylcarnitine is essential for intracellular energy metabolism and plays 
an essential role in the β-oxidation metabolism of fatty acids. Research 
has shown impaired fatty acid oxidation in patients with DKD; the ab-
normal plasma acylcarnitine levels could be a reflection of the degree 
of disease progression.48,49 It has also been shown that metabolites 
such as uremic toxin and carnitine were strongly associated with the 
 progression of microproteinuria in patients with T1DM.50 Looker 
et al51 showed that 14 markers, such as symmetrical dimethylarginine, 
uracil, acylcarnitine, and hydroxyproline, were associated with a rapid 
decline in renal function in patients with T2DM, suggesting that their 
combination might greatly improve the prediction of renal function in 
the future (TABLE 3).44–47,49–51

Study of the Pathogenesis of DKD on Metabolomics
Metabolic profiles represent the complete collection of metabolites in 
an organism, and perturbations in metabolic profiles may help to reveal 
the pathogenesis of the disease early. The convergence of multiple omics 
plays an important role in the study of DKD pathogenesis. Recent studies 
have shown that a novel oral hypoglycemic agent (SGLT-1) could act as a 
renoprotective agent by inhibiting glucose reabsorption and reducing re-
nal tubular energy expenditure,52–54 which laterally suggested an energy 
imbalance in the renal tissues of DKD patients. Sharma et al,55 through 
urinary metabolomics studies in DKD patients, identified 13 metabolites 
whose expression was significantly reduced, and the reduction in organic 
anion expression was associated with the downregulation of the expres-
sion of the organic anion transporter (OAT) gene in DKD patients. Bio-
informatics analysis revealed that 12 of the 13 differentially expressed 
metabolites were associated with mitochondrial metabolism and that the 
expression of PGC1α, a major regulator of mitochondrial activity, was sig-
nificantly lower in the renal tissue of DKD patients (overall inhibition of  
mitochondrial activity).55 Multiple metabolic pathways (pentose phos-
phate, purine and pyrimidine metabolism, hexosamine biosynthesis, and 
tricarboxylic acid cycle) were overactivated, and mitochondrial complex 
1 activity was enhanced in DKD mouse models (streptozotocin-induced), 

TABLE 2. Biological Markers in the Early Diagnosis of Diabetic Kidney Disease (DKD)

Researchers Country Platform Species Sample Major Differential Metabolites Metabolic Pathways 

Peng et al23 China LC-MS Human Plasma 5-HET, LTB4, 5,6-DHET, 14,15-DHET, and 9,10-diHOME Lipoxygenase metabolites and cyto-
chrome P450s metabolic pathway

Devi et al24 India HPLC-
MS

Human Plasma Acyl ethanolamides, acetylcholine, monoacylglycerols, 
and cortisol

 

Gordin et al25 USA LC-MS Human Plasma Sorbitol, aconitate, and fumarate Glycolytic, polyol, and tricarboxylic acid 
cycle pathways

Liu et al26 China HPLC-
MS

Human Urine 5-Hydroxyindoleacetic acid, deoxycholic acid, nutriacholic 
acid

Tryptophan metabolism, bile acid metab-
olism, and glycine metabolism pathway

Ng et al27 Singa-
pore

GC-MS Human Urine Octanol, oxalic acid, phosphoric acid, benzamide, creati-
nine, and N-acetylglutamine

 

Tan et al28 Singa-
pore,

LC-MS Human Plasma Glutamine, phenylacetylglutamine, 3-indoxyl sulfate, xan-
thine, and dimethyluric acid

 

Zhu et al29 China NPLC-
TOF/MS

Human Plasma LPC (C18:2), PE (C16:0/18:1), PE (pC18:0/20:4), PI 
(C18:0/22:6), PS (C18:0/18:0), SM (dC18:0/20:2)

 

Hirayama et al30 Japan CE-TOF/
MS

Human Serum Creatinine, aspartic acid, γ-butyrobetaine, citrulline, and 
symmetric dimethylarginine

 

Zhang et al31 China HPLC-
MS

Human Serum L-Tryptophan, 5-hydroxyindoleacetic acid, indole-3-
acetamide

Tryptophan metabolism pathway

Shao et al32 China GC-TOF/
MS

Human Serum 
and 
urine

Serum: benzoic acid, fumaric acid, erythrose, fructose 
6-phosphate, taurine, and L-glutamine. 

Urine: D-glucose, L-valine, L-histidine, sucrose, gluconic 
acid, glycine, and oxalic acid

Serum: 9 metabolic pathways  

Urine: 12 metabolic pathways

Zhang et al33 China UPLC-
MS

Human Serum Hexadecanoic acid (C16:0), linolelaidic acid (C18:2N6T), 
linoleic acid (C18:2N6C), piperidine, and azoxystrobin acid

linoleic acid metabolism, aminoacyl-tRNA 
biosynthesis, and arginine metabolism

Du et al34 China GC/
LC–MS

Rat Plasma Oleic acid, glutamate, and guanosine  

Ma et al35 China UPLC-
MS

Human Urine Dihydrouracil, ureidopropionic acid, and pantothenic acid Pantothenate and coenzyme A biosynthe-
sis pathway

Dai et al36 China UPLC-
TOF/MS

Rat Serum 
and 
urine

Serum: guanosine triphosphate, lysoPC(18:1), retinyl ester, 
etc 

Urine: aminoadipic acid, adenine, and 2-oxo-4-
methylthiobutanoic acid, etc

Serum: purinem, alanine, aspartate, and 
glutamate metabolism 

Urine: purine, lysine degradation, and 
sphingolipid metabolism

GC-MS, gas chromatography-mass spectrometry; HPLC-MS, high performance liquid chromatography-mass spectrometry; LC-MS, liquid chromatogra-
phy–mass spectrometry.

while specific mitochondrial complex 1 inhibitors were effective in reducing 
glomerular and tubular injury through modulation of the body’s metabolic 
state and oxidative stress.56 Some scholars have reported abnormalities in 
fatty acid metabolism in DKD.33 Saulnier et al57 showed a correlation be-
tween urinary metabolites and renal structure in patients with DKD, where 
 short-chain fatty acids in urine were associated with structural destruction 
of endothelial cells in the early stages of DKD. In addition, other studies 
have shown that defects in fatty acid oxidation play a key role in the devel-
opment of renal fibrosis.48 Multi-omics studies in DKD have revealed that 
accumulation of extracellular matrix, abnormal activation of the inflam-
matory microenvironment, and metabolic disturbances contributed to the 
development of glomerulosclerosis and tubulointerstitial fibrosis. Further 
integrative analysis revealed that linoleic acid metabolism and fatty acid 
β-oxidation are significantly inhibited in the pathogenesis and progression 
of DKD.58 Carnitine is an important substance in the oxidative metabo-
lism of fatty acids and protects against cellular oxidative stress from vari-
ous sources59; indeed, Devi et al24 showed abnormal carnitine metabolism 
in patients with DKD. The role of NADPH oxidase 4 in the development 
and progression of DKD is poorly understood. You et al60 demonstrated the 
presence of abnormal tricarboxylic acid cycle-related metabolites in DKD 
mice and that NADPH oxidase 4 could cause an increase in ferredoxin levels. 
This in turn led to endoplasmic reticulum oxidative stress and increased ex-
pression of HIF-1α and TGF-β. Chinese medicines are increasingly used 
in the treatment of DKD, but the mechanism of action is not well under-
stood. Studies in network pharmacology combined with metabolomics 
have shown that herbal medicines (shenyankangfu tablets) may improve 
insulin resistance by regulating the biosynthesis of unsaturated fatty acids 
and the metabolism of starch and sucrose.61 Epigenetics has become more 
widely accepted in the pathogenesis of DKD.62 High glucose conditions 
may alter the histone amino acid modification status (methylation, acet-
ylation), causing changes in chromatin structure, facilitating the binding 
of transcription factors, and ultimately leading to the expression of genes 
associated with inflammation and fibrosis.63 Epigenetic markers could 
not only lead to abnormal expression of metabolism-related genes64 but 
may also predispose offspring to metabolic abnormalities and shortened 
lifespan.65 A prospective cohort study by Niewczas et al45 demonstrated 
that circulating levels of 7 modified metabolites (C-glycosyltryptophan, 
pseudouridine, O-sulfotyrosine, N-acetylthreonine, N-acetylserine,  
N6-carbamoylthreonyladenosine, and N6-acetyllysine) were associated 
with the rate of decline in renal function and the risk of ESRD. It has 
also been observed that elevated levels of serum modified amino acid 
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while specific mitochondrial complex 1 inhibitors were effective in reducing 
glomerular and tubular injury through modulation of the body’s metabolic 
state and oxidative stress.56 Some scholars have reported abnormalities in 
fatty acid metabolism in DKD.33 Saulnier et al57 showed a correlation be-
tween urinary metabolites and renal structure in patients with DKD, where 
 short-chain fatty acids in urine were associated with structural destruction 
of endothelial cells in the early stages of DKD. In addition, other studies 
have shown that defects in fatty acid oxidation play a key role in the devel-
opment of renal fibrosis.48 Multi-omics studies in DKD have revealed that 
accumulation of extracellular matrix, abnormal activation of the inflam-
matory microenvironment, and metabolic disturbances contributed to the 
development of glomerulosclerosis and tubulointerstitial fibrosis. Further 
integrative analysis revealed that linoleic acid metabolism and fatty acid 
β-oxidation are significantly inhibited in the pathogenesis and progression 
of DKD.58 Carnitine is an important substance in the oxidative metabo-
lism of fatty acids and protects against cellular oxidative stress from vari-
ous sources59; indeed, Devi et al24 showed abnormal carnitine metabolism 
in patients with DKD. The role of NADPH oxidase 4 in the development 
and progression of DKD is poorly understood. You et al60 demonstrated the 
presence of abnormal tricarboxylic acid cycle-related metabolites in DKD 
mice and that NADPH oxidase 4 could cause an increase in ferredoxin levels. 
This in turn led to endoplasmic reticulum oxidative stress and increased ex-
pression of HIF-1α and TGF-β. Chinese medicines are increasingly used 
in the treatment of DKD, but the mechanism of action is not well under-
stood. Studies in network pharmacology combined with metabolomics 
have shown that herbal medicines (shenyankangfu tablets) may improve 
insulin resistance by regulating the biosynthesis of unsaturated fatty acids 
and the metabolism of starch and sucrose.61 Epigenetics has become more 
widely accepted in the pathogenesis of DKD.62 High glucose conditions 
may alter the histone amino acid modification status (methylation, acet-
ylation), causing changes in chromatin structure, facilitating the binding 
of transcription factors, and ultimately leading to the expression of genes 
associated with inflammation and fibrosis.63 Epigenetic markers could 
not only lead to abnormal expression of metabolism-related genes64 but 
may also predispose offspring to metabolic abnormalities and shortened 
lifespan.65 A prospective cohort study by Niewczas et al45 demonstrated 
that circulating levels of 7 modified metabolites (C-glycosyltryptophan, 
pseudouridine, O-sulfotyrosine, N-acetylthreonine, N-acetylserine,  
N6-carbamoylthreonyladenosine, and N6-acetyllysine) were associated 
with the rate of decline in renal function and the risk of ESRD. It has 
also been observed that elevated levels of serum modified amino acid 

metabolites (O-sulfotyrosine) were highly correlated with chronic decom-
pensation of renal function.66

Conclusion
Metabolomics, as an important component of systems biology, is 
expanding its application in DKD clinical research. Numerous small mol-
ecule metabolites (such as amino acids and lipids) in the body have been 
screened and are expected to become biological markers for the early 
diagnosis of DKD. The evolution of the metabolic profile with the disease 
course gives us enough opportunities to evaluate the prognosis of DKD, 
enabling us to make early interventions. Metabolomics as a new tool 
gives us a new perspective through which to look at the pathogenesis of 
DKD. Powered by information biology techniques, we have understood 
that there are disorders of mitochondrial energy metabolism within 
individuals with DKD, which severely compromise the structure and 
function of the kidney. Epigenetics plays an important role in the path-
ogenesis of DKD, and an increasing number of researches show the pres-
ence of abnormal modified metabolites in DKD patients. In addition, 
metabolomics also has given herbal medicine an arena to demonstrate 
its efficacy. In the future, with the innovation of high-throughput anal-
ysis platforms, cross-fertilization of multi-omics, and comprehensive 
infiltration of information biotechnology, we will be further exposed to 
the nature of DKD, which is necessary if we are to overcome it.
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ABSTRACT

Objective: We evaluated the relevant published studies exploring the 

association between chemerin concentrations and acute coronary 

syndromes (ACSs).

Methods: A systematic search was performed in October 2021 using 

PubMed, Scopus, Embase, and Cochrane Library. We included full 

articles and assessed their quality using the Newcastle-Ottawa 

score.

Results: We found 6 studies in the systematic review and 5 of 

these were included in our meta-analysis. Mean difference (MD) 

of 41.69  ng/mL (95% CI, 10.07–73.30), 132.14  ng/mL (95% CI, 

−102.12–366.40), and 62.10  ng/mL (95% CI, 10.31–113.89) in 

chemerin levels was seen in ACS patients vs control subjects, ACS 

patients vs stable angina pectoris patients (SAP), and type 2 dia-

betes mellitus (T2DM) ACS patients vs nondiabetic ACS patients, 

respectively.

Conclusion: Chemerin levels were significantly elevated in patients 

with ACS compared to controls, as well as in T2DM–ACS patients 

compared to nondiabetic ACS patients. However, no significant MD in 

chemerin levels was observed between SAP and ACS patients.

Ischemic heart disease (IHD) is composed of atherosclerotic cardiovascular 
disease and coronary artery disease (CAD). IHD’s prevalence rate is on the 
rise (about 1655 per 100,000 people).1 Although the morbidity and mor-
tality rates of IHD are decreasing worldwide, the IHD burden continues to 
be high, especially in areas with a low socioeconomic demographic index.2 
CAD comprises acute coronary syndrome (ACS) and chronic coronary syn-
drome, previously called “stable CAD”.3,4 ACS is a term representing several 
ischemic-related myocardial conditions such as ST-elevation myocardial in-
farction (MI), non-ST elevation MI, and unstable angina.5

Genetics and environmental factors such as hypertension, DM, and 
dysregulated inflammation play a role in the initiation and progression 
of atherosclerosis and ACS.6,7 Obesity, classified as a global epidemic dis-
ease,8 is another established pivotal player and risk factor in the devel-
opment of cardiovascular diseases9 and ACS.10 Its prevalence globally is 
on the rise8 and can induce cardiovascular system structural and func-
tional alterations.11 In addition, it can cause endothelial dysfunction 
and a prothrombotic and inflammatory state.8

Adipose tissue, a metabolically active endocrine organ12 releas-
ing multiple immunomodulatory (anti- and pro-inflammatory) 
adipokines,13,14 is dysregulated in obesity.15 Several adipokines, such as 
leptin16 and adiponectin,17 are associated with cardiovascular diseases 
and are regarded as potential biomarkers.18 Chemerin, also called ret-
inoic acid receptor responder 2,19 is an adipokine initially discovered 
in  lesions from psoriatic skin.20 It is secreted principally by adipose 
 tissue and skin21 and is abundantly expressed in white adipose tissue, 
lung, and liver.22 Its effect is mainly mediated by G protein-coupled re-
ceptor 1 and chemokine-like receptor 1.19

Chemerin is involved in multiple biological processes, including inflam-
mation, glucose homeostasis, adipogenesis, and angiogenesis.19 In addition, 
it is associated with multiple diseases including psoriasis,23 diabetes mel-
litus,24,25 rheumatoid arthritis,26 inflammatory bowel disease,27 cardiovas-
cular disease,28,29 ACS30 and cancers (such as lung, breast,31 gastric,32 and 
hepatocellular cancers33). Its role as anti- or pro-inflammatory or tumori-
genic is controversial and is context- and tissue-specific.19

A positive link between chemerin levels and severity of CAD34 was 
reported; however, others have shown that it is an independent pre-
dictor of CAD.35 Few studies have assessed the link between chemerin 
levels and ACS, and those reveal inconclusive findings.

Consequently, we carried out this systematic review and meta-
analysis, which is, to the best of our knowledge, the first to assess the 
link between chemerin and ACS, as well as differences in chemerin levels 
in patients with and without type 2 DM (T2DM).

Materials and Methods
This systematic review and meta-analysis was written according to the 
preferred reporting items for systematic reviews and meta-analyses 
(PRISMA) 2020 statement.36

Data Sources and Search Strategy
We searched several electronic databases, including PubMed, Embase, 
Scopus, and Cochrane Library to identify observational studies 
assessing chemerin levels in ACS patients. A predefined search string 
was used as follows: “chemerin” OR “RARRES2 protein, human” (Sup-
plementary Concept) AND “Acute Coronary Syndrome”(Mesh) OR 
“Acute Coronary Syndrome” (All Fields) OR “ST Elevation Myocar-
dial Infarction” (Mesh) OR “ST Elevation Myocardial Infarction” (All 
Fields) OR “Non-ST Elevated Myocardial Infarction” (Mesh) OR “Non-
ST Elevated Myocardial Infarction” (All Fields) OR “Myocardial Infarc-
tion” (Mesh) OR “Myocardial Infarction” (All Fields) for PubMed, and a 
similar one for Scopus, EMBASE, and Cochrane Library. Moreover, we 
also manually searched the references of included articles for possible 
relevant missed publications. The literature search was conducted from 
inception until October 25, 2021, by 2 investigators (A.I. and M.Z.A) 
independently. Discrepancies were resolved through discussion and 
a consensus was reached. No filters or restrictions were applied dur-
ing the search regarding duration, country, or language. The titles 
and abstracts were screened for eligibility. Subsequently, we assessed 
the full text of the articles that fulfilled our inclusion and exclusion 
criteria. Data extraction was performed by one investigator (M.Z.A.) 
and verified by another (D.E.I.), and any discrepancies were resolved 
by mutual consensus. The extracted data included author names, pub-
lication year, country, design of the study, studied population, total 
sample size, ACS percentage, mean age, sex distribution, body mass 
index (BMI), chemerin measurement technique and source, chemerin 
levels, and main study outcome, which were collated and presented in 
the manuscript.

Eligibility Criteria
The inclusion criteria of original articles in our systematic review and 
meta-analysis were as follows: (1) observational studies of cohort, 
cross-sectional, or case-control design assessing chemerin levels in 
ACS patients; (2) chemerin assessed from serum or plasma; (3) ACS 
diagnosis according to each study criteria; (4) human studies without 
restrictions to sex, race, or ethnicity; (5) studies published in English, 
German, French, or Romanian languages.

The exclusion criteria were as follows: (1) IHD patients without 
a clear ACS group; (2) stable CAD patients without ACS patients; (3) 
editorials, letters, commentaries, short surveys, case reports, review ar-
ticles, practice guidelines, conference abstracts, and abstracts published 
without a full article.
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ABSTRACT

Objective: We evaluated the relevant published studies exploring the 

association between chemerin concentrations and acute coronary 

syndromes (ACSs).

Methods: A systematic search was performed in October 2021 using 

PubMed, Scopus, Embase, and Cochrane Library. We included full 

articles and assessed their quality using the Newcastle-Ottawa 

score.

Results: We found 6 studies in the systematic review and 5 of 

these were included in our meta-analysis. Mean difference (MD) 

of 41.69  ng/mL (95% CI, 10.07–73.30), 132.14  ng/mL (95% CI, 

−102.12–366.40), and 62.10  ng/mL (95% CI, 10.31–113.89) in 

chemerin levels was seen in ACS patients vs control subjects, ACS 

patients vs stable angina pectoris patients (SAP), and type 2 dia-

betes mellitus (T2DM) ACS patients vs nondiabetic ACS patients, 

respectively.

A positive link between chemerin levels and severity of CAD34 was 
reported; however, others have shown that it is an independent pre-
dictor of CAD.35 Few studies have assessed the link between chemerin 
levels and ACS, and those reveal inconclusive findings.

Consequently, we carried out this systematic review and meta-
analysis, which is, to the best of our knowledge, the first to assess the 
link between chemerin and ACS, as well as differences in chemerin levels 
in patients with and without type 2 DM (T2DM).

Materials and Methods
This systematic review and meta-analysis was written according to the 
preferred reporting items for systematic reviews and meta-analyses 
(PRISMA) 2020 statement.36

Data Sources and Search Strategy
We searched several electronic databases, including PubMed, Embase, 
Scopus, and Cochrane Library to identify observational studies 
assessing chemerin levels in ACS patients. A predefined search string 
was used as follows: “chemerin” OR “RARRES2 protein, human” (Sup-
plementary Concept) AND “Acute Coronary Syndrome”(Mesh) OR 
“Acute Coronary Syndrome” (All Fields) OR “ST Elevation Myocar-
dial Infarction” (Mesh) OR “ST Elevation Myocardial Infarction” (All 
Fields) OR “Non-ST Elevated Myocardial Infarction” (Mesh) OR “Non-
ST Elevated Myocardial Infarction” (All Fields) OR “Myocardial Infarc-
tion” (Mesh) OR “Myocardial Infarction” (All Fields) for PubMed, and a 
similar one for Scopus, EMBASE, and Cochrane Library. Moreover, we 
also manually searched the references of included articles for possible 
relevant missed publications. The literature search was conducted from 
inception until October 25, 2021, by 2 investigators (A.I. and M.Z.A) 
independently. Discrepancies were resolved through discussion and 
a consensus was reached. No filters or restrictions were applied dur-
ing the search regarding duration, country, or language. The titles 
and abstracts were screened for eligibility. Subsequently, we assessed 
the full text of the articles that fulfilled our inclusion and exclusion 
criteria. Data extraction was performed by one investigator (M.Z.A.) 
and verified by another (D.E.I.), and any discrepancies were resolved 
by mutual consensus. The extracted data included author names, pub-
lication year, country, design of the study, studied population, total 
sample size, ACS percentage, mean age, sex distribution, body mass 
index (BMI), chemerin measurement technique and source, chemerin 
levels, and main study outcome, which were collated and presented in 
the manuscript.

Eligibility Criteria
The inclusion criteria of original articles in our systematic review and 
meta-analysis were as follows: (1) observational studies of cohort, 
cross-sectional, or case-control design assessing chemerin levels in 
ACS patients; (2) chemerin assessed from serum or plasma; (3) ACS 
diagnosis according to each study criteria; (4) human studies without 
restrictions to sex, race, or ethnicity; (5) studies published in English, 
German, French, or Romanian languages.

The exclusion criteria were as follows: (1) IHD patients without 
a clear ACS group; (2) stable CAD patients without ACS patients; (3) 
editorials, letters, commentaries, short surveys, case reports, review ar-
ticles, practice guidelines, conference abstracts, and abstracts published 
without a full article.

Risk of Bias Assessment in Individual Studies
The investigators (M.Z.A. and M.I.) independently used the Newcastle-
Ottawa Scale (NOS), objectively evaluating the bias risk and inter-
nal validity of the included studies.37 Discrepancies between the 2 
investigators regarding the quality assessment of the included studies 
were handled through discussion. Separate assessment forms were used 
for case-control studies and cross-sectional studies. All assessed stud-
ies were scored based on how many stars were obtained. The selection, 
comparability, and outcome section criteria were verified, and the study 
was subsequently graded with scores ranging between 0 to 9 stars. The 
number of stars were added up in each study to compare the quality of 
included studies in a quantitative manner. High-quality studies were 
considered to have received 7 stars or more. The methodological quality 
assessment did not affect the eligibility of the studies.

Summary Measures and Synthesis of Results
We used the R with Metafor package (OpenMeta [Analyst]) for the 
data analyses of the meta-analysis.38,39 The principal summary out-
come was the mean difference (MD) of chemerin levels. Further-
more, we assessed the inconsistencies and heterogeneities among 
the studies by the Q test and I2 statistics. As recommended by the 
Cochrane Handbook40 for identifying and measuring heterogeneity, 
we estimated I2 values of 0% to 40% as not important, 30% to 60% 
as moderate heterogeneity, 50% to 90% as substantial heterogene-
ity, and 75% to 100% as considerable heterogeneity. To analyze the 
estimated total effect size, we used the random-effects model and MD. 
Combining groups in studies with several subgroups of ACS patients 
or control subjects without a total group was performed according to 
the Cochrane Handbook recommendations.40  Subgroup analysis was 
conducted by comparing chemerin levels in ACS patients vs controls, 
ACS patients vs stable angina pectoris (SAP) patients, and ACS-T2DM 
patients vs ACS nondiabetic patients, according to the available values 
from the extracted data. Data from each study were reported as the 
estimated MD with 95% CI, lower bound, upper bound, standard er-
ror, and P value. Statistical significance was considered if the P value 
was  < .05. The analyses were conducted if 2 or more studies reported 
the same outcome with available mean and SD or median (interquar-
tile range) of chemerin levels.

Results

General Results
The primary search yielded 202 articles (PubMed = 11 articles, 
EMBASE = 36 articles, Scopus = 94 articles, and Cochrane Library = 61), 
as illustrated in FIGURE 1. A  total of 16 articles were found to be 
duplicates and hence removed, resulting in 186 studies. The remaining 
studies were then evaluated according to the inclusion and exclusion 
criteria by the screening of titles and abstracts for eligibility. Of these, 
170 articles were deemed irrelevant, and 1 article was a review, causing 
171 records to be excluded and the remaining 15 reports to be sought for 
retrieval and assessed for eligibility. Another 10 reports were excluded 
for the following reasons: no clear ACS group,41,42 Chinese language,43 
stable CAD,44 conference abstracts (repeated in original study),45,46 se-
rum chemerin levels not clearly reported in different groups,47 baseline 
vs postintervention study,48 or conference abstract.49,50 At this point, an 
additional study was identified through other sources (n = 1) by manually 
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searching the reference lists of pertinent articles, leading to a final total of 
628,51–55 studies to be included in the systematic review and only 5 stud-
ies included in the meta-analysis.

Study Characteristics
A summary of the main characteristics of included studies is shown 
in TABLE 1. This systematic review included a total of 983 subjects. 
One study did not report the sex distribution among the controls,55 
hence preventing the calculation of sex distribution accurately. The 
meta-analysis included 731 individuals of whom 537 (73.46%) were 
male and 194 (26.54%) were female. All 6 studies reported the mean 
age of the participants. BMI of the subjects was not reported in 2 
studies.51,54 Five studies were cross-sectional by design, and 1 was 
a nested case-control study.55 In terms of the region, 2 studies were 
conducted in Europe (1 each in Turkey and Greece), 3 in Asia (1 each 
in China, Saudi Arabia, and India), and 1 study was carried out in 
the USA.

Chemerin Evaluation
All studies used the enzyme-linked immunosorbent assay (ELISA) 
method to measure chemerin, and in terms of testing samples, 4 studies 
used serum samples to measure chemerin, and 2 studies used plasma 
samples.

Chemerin Levels in ACS Patients vs Controls
The serum and plasma chemerin levels were evaluated in three stud-
ies, comparing the levels in patients that had ACSs against the control 
subjects as shown in FIGURE 2.28,51,52 The collective analysis of in-
cluded studies showed that chemerin levels were 41.69 ng/mL (95% CI, 
10.07 to 73.30) higher in ACS than controls. Considerable heterogeneity 
was reported with I2 = 95.82% and P < .001.

A subgroup analysis, including 2 studies evaluating serum chemerin 
levels, was conducting as outlined in FIGURE 3.51,52 The pooled anal-
ysis of included studies showed serum chemerin levels were higher 
in ACS patients than in controls, with an MD of 53.904  ng/mL (95% 
CI, 15.284  to 92.524). Considerable heterogeneity was found with 
I2 = 91.57% and P < .001.

Plasma Chemerin Levels in ACS Patients vs SAP Patients
Plasma chemerin levels were evaluated in 2 studies comparing patients 
with ACSs and patients with SAP; this is highlighted in FIGURE 4.28,54 
The pooled analysis of included studies showed plasma chemerin levels 
were higher in ACS than SAP patients by 132.14  ng/mL (95% CI, 
−102.18  to 366.40), but the results were not statistically significant. 
Considerable heterogeneity was reported with I2 = 99.1% and P < .001.

Serum Chemerin Levels in ACS Patients with T2DM vs 
ACS Patients without T2DM
Chemerin levels were assessed in 2 studies comparing the serum 
chemerin levels in ACS patients with T2DM and ACS patients that did 
not have T2DM, as presented in FIGURE 5.51,53 The pooled analysis of 
the studies assessing serum chemerin in ACS patients showed chemerin 
levels were higher in patients with T2DM by 62.10  ng/mL (95% CI, 
10.31 to 113.89) compared to those without T2DM. Substantial hetero-
geneity was reported with I2 = 81.89% and P = .019.

Quality Assessment
The NOS was used to evaluate the methodological quality of the included 
eligible studies as shown in Supplementary Tables 1 and 2. The NOS for 
cross-sectional studies was used in 5 studies,28,51–54 whereas the NOS 
for case-control studies was used in 1 study.55 The nested case-control 
study received a score of 7, rating it a good quality study, whereas the 
cross-sectional studies scored higher; 2 studies had a score of 8,52,54 2 
studies received a score of 9,51,53 and 1 cross-sectional study was rated 
10.28 By this standard, all these studies were considered “good quality.” 
Finally, all evaluated studies had a clearly formulated research question 
and objective with satisfactory sample size. All studies used clearly de-
fined measures of exposure that are considered reliable and valid. All 
studies assessed the ascertainment of exposure in a satisfactory fash-
ion.28,51–55

Discussion
With substantial morbidity and mortality, CAD remains a major 
public health concern in developed countries.56 In the US alone, ap-
proximately 720,000 people experience a new episode of ACS every 
year.57 This puts great financial stress on the health care system.57 It is 
estimated that, on average, the annual cost of managing a single ACS 
patient in 2001–2002 was 32,000 USD.58 The cost and utilization of 
resources associated with ACS would likely place an even higher level 
of financial burden on the healthcare system in 2021. It is therefore 

FIGURE 1. PRISMA flow diagram outlining the identification, 
screening, and inclusion phases. ACS, acute coronary 
syndromes, CAD, coronary artery disease.
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imperative to find cost-effective ways of detecting the presence of ACS 
earlier. This could potentially prevent the onset of an adverse event, 
ensure a favorable outcome for the patient, and not stretch resources 

that could be used elsewhere. Hence, we have performed this sys-
tematic review and meta-analysis to examine chemerin levels in ACS 
patients. Chemerin levels were found to be significantly elevated in 

TABLE 1.  Studies Evaluating Chemerin Levels in Adult ACS Patients

First Author/Year/Country Study Design Study Characteristics Main Findings 

Aronis et al/ 2014/USA55 Nested case-control • Population: ACS patients and healthy controls  
• Total subjects: 252 (cases: n = 90) (controls: n = 162)  
• ACS: 90 (55.55%)  
• Mean age (y): ACS: 67.25 ± 9.11; controls: 65.85 ± 9.84 
• Sex (males): all 90 ACS cases were male (sex for controls not indicated) 
• BMI (kg/m2): ACS: 27.86 ± 3.43; controls: 26.70 ± 3.73  
• Chemerin measurement method: ELISA (Biovendor) 
• Chemerin level (ng/mL): ACS: 178.24 ± 116.51; controls: 183.2 ± 115.53  
• Chemerin measurement: serum

Chemerin levels do not predict 
the development of ACS.

Ji et al/2014/China28 Cross-sectional • Population: ACS (SAP, UAP, AMI) patients and healthy controls  
•  Total subjects: 220 (cases: n = 180 [SAP = 60, UAP = 60, AMI = 60]; controls: 

n = 40) 
• ACS: 180 (81.8%)  
•  Mean age (y): SAP = 61.9 ± 9.9, UAP = 60.6 ± 9.9, AMI = 62.9 ± 10.3; 

controls: 62.6 ± 7.9 
•  Sex (males): ACS: 122 (67.7%) (SAP = 44 [73.3%], UAP = 37 [61.6%], 

AMI = 41 [68.3%]); controls: 29 (72.5%) 
•  BMI (kg/m2): SAP = 24.8 ± 3.0, UAP = 25.8 ± 2.7, AMI = 25.9 ± 2.6); controls: 

23.2 ± 3.9 
• Chemerin measurement method: ELISA (R&D Systems) 
•  Chemerin level (ng/mL): ACS: 51.95 ± 18.13 (SAP = 42.85 ± 11.60, 

UAP = 53.62 ± 14.65, AMI = 59.38 ± 22.46); controls: 37.55 ± 7.42 
• Chemerin measurement: plasma

Chemerin is a novel biomarker 
of ACS but not of SAP.

Kadoglou et al/2015/Greece53 Cross-sectional • Population: ACS patients and healthy controls  
• Total subjects:110 (cases: n = 78) (controls: n = 32)  
• ACS: 78 (70.9%)  
• Mean age (y): ACS: 66.2 ± 14.4; controls: 63.1 ± 9 
• Sex (males): ACS: 63 (80.8%); controls: 25 (78.1%), 
• BMI (kg/m2): ACS: 28.86 ± 3.80; controls: 27.67 ± 3.65  
• Chemerin measurement method: ELISA (BioVendor) 
• Chemerin level (ng/mL): ACS: 263.37 ± 73.32; controls: not given 
• Chemerin measurement: serum

Patients with AMI showed at 
admission lower omentin-1 and 
higher chemerin serum levels 
compared with healthy controls.

Ates et al/2018/Turkey54 Cross-sectional • Population: ACS patients and SAP controls 
• Total subjects:127 (cases: n = 97) (controls: n = 30)  
• ACS: 97 (76.37%) 
• Mean age (y): ACS: 59.1 ± 7.4; controls: 59.3 ± 8.3 
• Sex (males): ACS 62 (63.3%); control 20 (66.7%), 
• BMI (kg/m2): not measured 
• Chemerin measurement method: ELISA (BioVendor) 
• Chemerin level (ng/mL): ACS: 451.3 ± 101.2; controls: 581.5 ± 173.7 
• Chemerin measurement: plasma

Chemerin levels were higher 
in STEMI patients with greater 
thrombus burden and higher 
level of inflammation.

Baig et al/2020/Saudi Arabia52 Cross-sectional • Population: ACS patients and healthy controls  
• Total subjects: 174 (cases: n = 122) (controls: n = 52) 
• ACS: 122 (70.1%)  
• Mean age (y): ACS: 54.94 ± 9.08; controls: 53.38 ± 5.99 
• Sex (males): ACS: 105 (86.06%); controls: 34 (65.38%), 
• BMI (kg/m2): ACS: 27.93 ± 5.22; controls: 27.68 ± 4.35 
•  Chemerin measurement method: ELISA (Mesochem Technology) 
• Chemerin level (ng/mL): ACS: 173.80 ± 60.78; controls: 99.45 ± 57.68  
• Chemerin measurement: serum

Serum chemerin and omentin-1 
levels were independently asso-
ciated with the MI.

Kumar et al/2020/India51 Cross-sectional • Population: ACS patients (with and without diabetes) and healthy controls  
•  Total subjects: 100 (cases: n = 70, ACS-NDM: n = 37, ACS-DM: n = 33; 

controls: n = 30) 
• ACS: 70 (70%); ACS-NDM: 37%, ACS-DM: 33%  
•  Mean age (y): ACS-NDM: 61.35 ± 9.49, ACS-DM: 59.06 ± 9.12; controls: 

59.87 ± 5.88 
•  Sex (males): ACS: 54 (77.14%), ACS-NDM: 31 (83.78%), ACS-DM: 23 (69.69%); 

controls: 20 (66.66%) 
• BMI (kg/m2): not mentioned 
• Chemerin measurement method: ELISA (Elabscience) 
•  Chemerin level (ng/mL): ACS-NDM: 0.42 ± 0.22, ACS-DM: 0.80 ± 0.61; 

controls: 0.25 ± 0.10  
• Chemerin measurement: serum

Chemerin levels are markedly 
elevated in ACS patients, more 
so in those with coexisting 
diabetes.

ACS, acute coronary syndrome; AMI, acute myocardial infarction; BMI, body mass index; DM, diabetes mellitus; ELISA, enzyme-linked immunosorbent 
assay; MI, myocardial infarction; NDM, nondiabetic; SAP, stable angina pectoris; STEMI, ST-elevation myocardial infarction; UAP, unstable angina pectoris.
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patients with ACS in comparison to the control cases. Chemerin was 
also significantly elevated in patients with T2DM–ACS compared to 
the patients who had just ACS without T2DM.

In our systematic review and meta-analysis, we found that chemerin 
levels were significantly increased in ACS patients compared to controls. 
Chemerin is a novel adipokine that is associated with adipogenesis 
and inflammation, and it is known to be responsible for CAD develop-
ment.59 Chemerin is also shown to be involved in endothelial activation 
and the development of atherosclerosis.60 In a cross-sectional study, 
chemerin was shown to be associated with peripheral arterial stiffness; 
the circulating chemerin level was an independent risk factor for arte-
rial stiffness, even after adjusting for other cardiovascular risk factors.61 
Atherosclerosis and plaque disruption are known to have a principal 
pathological role in ACS patients.62 Lehrke et  al63 reported that total 
chemerin levels do not reflect atherosclerotic plaque burden. However, 
the insufficient statistical power and the study’s cross-sectional design 
could potentially explain the lack of association between total chemerin 
level and coronary artery atherosclerosis. In contrast, Spiroglou et al64 
showed that adiponectin, visfatin, and chemerin expressions from 
immunohistochemical staining were associated with both aortic and 
coronary atherosclerosis, indicating the possible involvement of these 
locally produced adipokines in the atherogenic process. Furthermore, 
chemerin was reported to be an independent marker for the presence 
of atherosclerosis in chronic kidney disease patients.65 Chemerin may 
represent a novel link between metabolic signals and atherosclerosis.34 
Therefore, the elevation in chemerin levels in ACS can be explained by its 
role in inflammation and atherosclerosis, although further investigation 
is required to specifically explore chemerin’s implication in coronary ar-
tery atherosclerosis. Nonetheless, chemerin appears to have extensive 
complicity in other cardiovascular diseases, such as heart failure, acute 
ischemic stroke, and dilated cardiomyopathy.66–69

When comparing the chemerin level in ACS patients against that of 
SAP patients, we found that the mean difference in chemerin levels be-
tween both groups was not significant. Chemerin was elevated in both 
cases; hence it is not possible to discern between ACS and SAP based on 
chemerin values alone. A correlation between increased serum chemerin 
levels and CAD was reported in 3 case-control studies.34,35,70 Further-
more, in another study involving 131 Korean patients, the researchers 
were able to show a significant correlation between circulating chemerin 
levels and the severity of coronary artery stenosis; however, chemerin 
was not shown to be an independent risk factor for multiple vessel dis-
ease.71 This was further supported by a recent investigation in which 
chemerin and vaspin were reported as potential biomarkers for coronary 
artery stenosis in Egyptian patients.72

The elevated chemerin levels in T2DM-ACS patients compared to 
nondiabetic ACS patients are in concurrence with previously reported 
findings. Chemerin is reported to be independently associated with 
the presence of CAD in patients with T2DM.73 In 2 other case-control 
studies, 1 carried out in Turkey and the other in China, a similar pat-
tern was seen where metabolic syndrome patients with CAD had higher 
serum chemerin levels than patients without CAD.35,74 In patients 
with CAD, serum chemerin levels are correlated with other inflam-
mation markers as well as insulin resistance and an unfavorable lipid 
profile.34,50,75 Chemerin was also found to be implicated in the develop-
ment of some subtypes of diabetic microangiopathy.76 The underlying 
mechanism regulating chemerin secretions may be different depending 

on the presence or absence of diabetes/prediabetes. Chemerin was as-
sociated with metabolic syndrome in animal experiments in T2DM 
and obesity.59 Moreover, in a cross-sectional study, it was seen that 
chemerin was found to strongly correlate with increased levels of tu-
mor necrosis factor-α, interleukin-6, C-reactive protein, leptin, and 
resistin  inflammation markers. Chemerin also correlated with BMI, ec-
topic adipose tissue, triglycerides, low high-density lipoprotein choles-
terol, and hypertension, components of the metabolic syndrome trait 
cluster.63 Chemerin mRNA was found to be substantially more highly 
expressed in adipose tissue of patients with T2DM and correlates with 
circulating chemerin, BMI, percentage body fat, and C-reactive pro-
tein.77 In 2 other studies, it was shown that chemerin levels were much 
higher in T2DM patients compared to healthy individuals.62,77 The cu-
mulative increase in chemerin in ACS–T2DM patients is likely to be 
individually explained by the ACS and T2DM and the inflammation 
resulting from both of these pathologies. It seems that chemerin has 
the potential to be an independent biomarker for individuals that have 
ACS–T2DM; however, further primary research is needed with larger 
sample sizes to determine chemerin’s feasibility in targeted therapies 
for cardiodiabetic patients.

There were 3 studies that used serum to measure chemerin level 
and the other 2 used plasma; thus, the accuracy of measurement could 
be different in these 2 types of specimens. At the moment, a clear rec-
ommendation regarding whether chemerin levels should be assessed 
from serum, plasma, or full blood in the studied pathology cannot be 
concluded, as the available data are very limited. Nevertheless, a study 
conducted by Karsten et al78 reported a four-fold increase in the levels 
of 48 cytokines (interleukins, tumor necrosis factor-α, interferon-γ, 
proteins as chemerin) in red blood cells compared to plasma levels. 
They also mentioned that small hemolysis might modify the cytokine 
plasma levels. Chemerin might exhibit a similar behavior, but this 
should be confirmed in future studies. In practice, full blood analyses 
for chemerin levels are less common compared to serum or plasma 
analyses. Thus, the evaluation whether serum or plasma chemerin 
levels should be used in a clinical setting remains unclear until future 
studies clarify this issue.

In terms of limitations, the available literature on chemerin’s 
 association with ACS is very limited as it is a relatively recent topic of 
investigation. The number of included studies in our qualitative and 
quantitative synthesis is small, mainly studies of cross-sectional design, 
and hence causality cannot be implied. Subgroup analysis according to 
ACS types was not possible due to insufficient available data in the in-
cluded studies. Furthermore, the patients weren’t followed in the long-
term. Although several studies reported that chemerin levels can differ 
between sexes and according to BMI,79,80 we were not able to conduct a 
subgroup analysis evaluating chemerin levels in different sexes and BMI 
due to limited available information in the published studies. We found 
important heterogeneity between several included studies in our review. 
Concerning risk of bias assessment, the NOS scores were high. Never-
theless, 1 study suffered from comparability, and 1 in ascertainment of 
the exposure.

In terms of the strengths of this analysis, we conducted a compre-
hensive search comprising several medical databases, which allowed us 
to study the association in a systematic manner. The selected studies 
were conducted in different parts of the world, covering different ethnic 
regions, rendering this analysis a more representative one.
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on the presence or absence of diabetes/prediabetes. Chemerin was as-
sociated with metabolic syndrome in animal experiments in T2DM 
and obesity.59 Moreover, in a cross-sectional study, it was seen that 
chemerin was found to strongly correlate with increased levels of tu-
mor necrosis factor-α, interleukin-6, C-reactive protein, leptin, and 
resistin  inflammation markers. Chemerin also correlated with BMI, ec-
topic adipose tissue, triglycerides, low high-density lipoprotein choles-
terol, and hypertension, components of the metabolic syndrome trait 
cluster.63 Chemerin mRNA was found to be substantially more highly 
expressed in adipose tissue of patients with T2DM and correlates with 
circulating chemerin, BMI, percentage body fat, and C-reactive pro-
tein.77 In 2 other studies, it was shown that chemerin levels were much 
higher in T2DM patients compared to healthy individuals.62,77 The cu-
mulative increase in chemerin in ACS–T2DM patients is likely to be 
individually explained by the ACS and T2DM and the inflammation 
resulting from both of these pathologies. It seems that chemerin has 
the potential to be an independent biomarker for individuals that have 
ACS–T2DM; however, further primary research is needed with larger 
sample sizes to determine chemerin’s feasibility in targeted therapies 
for cardiodiabetic patients.

There were 3 studies that used serum to measure chemerin level 
and the other 2 used plasma; thus, the accuracy of measurement could 
be different in these 2 types of specimens. At the moment, a clear rec-
ommendation regarding whether chemerin levels should be assessed 
from serum, plasma, or full blood in the studied pathology cannot be 
concluded, as the available data are very limited. Nevertheless, a study 
conducted by Karsten et al78 reported a four-fold increase in the levels 
of 48 cytokines (interleukins, tumor necrosis factor-α, interferon-γ, 
proteins as chemerin) in red blood cells compared to plasma levels. 
They also mentioned that small hemolysis might modify the cytokine 
plasma levels. Chemerin might exhibit a similar behavior, but this 
should be confirmed in future studies. In practice, full blood analyses 
for chemerin levels are less common compared to serum or plasma 
analyses. Thus, the evaluation whether serum or plasma chemerin 
levels should be used in a clinical setting remains unclear until future 
studies clarify this issue.

In terms of limitations, the available literature on chemerin’s 
 association with ACS is very limited as it is a relatively recent topic of 
investigation. The number of included studies in our qualitative and 
quantitative synthesis is small, mainly studies of cross-sectional design, 
and hence causality cannot be implied. Subgroup analysis according to 
ACS types was not possible due to insufficient available data in the in-
cluded studies. Furthermore, the patients weren’t followed in the long-
term. Although several studies reported that chemerin levels can differ 
between sexes and according to BMI,79,80 we were not able to conduct a 
subgroup analysis evaluating chemerin levels in different sexes and BMI 
due to limited available information in the published studies. We found 
important heterogeneity between several included studies in our review. 
Concerning risk of bias assessment, the NOS scores were high. Never-
theless, 1 study suffered from comparability, and 1 in ascertainment of 
the exposure.

In terms of the strengths of this analysis, we conducted a compre-
hensive search comprising several medical databases, which allowed us 
to study the association in a systematic manner. The selected studies 
were conducted in different parts of the world, covering different ethnic 
regions, rendering this analysis a more representative one.

Conclusion
Chemerin levels were considerably elevated in patients with ACS 
compared to controls. This pattern was not seen in SAP, where ACS and 
SAP patients did not present a significant mean difference in chemerin 
levels. Furthermore, ACS–T2DM patients presented with significantly 
higher chemerin levels than nondiabetic ACS patients. Thus, chemerin 

has the potential to become a novel biomarker for ACS and possibly play 
a role in developing targeted therapy, especially in patients who have 
concurrent T2DM.

Further research is needed to identify whether serum or plasma 
chemerin levels would be more practical and precise for use in a clin-
ical setting. Moreover, chemerin levels according to sex and BMI in 

FIGURE 3. Serum chemerin levels in acute coronary syndrome patients vs controls.

FIGURE 4. Plasma chemerin levels in acute coronary syndrome patients vs stable angina pectoris patients.

FIGURE 5. Serum chemerin levels in acute coronary syndrome (ACS) patients with type 2 diabetes mellitus (T2DM) vs ACS 
patients without T2DM.

FIGURE 2. Chemerin levels in acute coronary syndrome patients vs controls.
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ACS patients compared to controls requires further assessment. Large 
cohorts, a subsequent long-term follow-up, and comparison of the 
degree of atherosclerosis and ACS type with that of the biochemical 
markers are considered necessary in future studies. For chemerin to be 
an effective biomarker for ACS, more research is needed to establish 
baseline chemerin levels and cut-off limits to establish the occurrence 
of ACS as it is seen in the case of cardiac troponin levels. Moreover, ACS 
patients need to be followed up to assess the short- and long-term prog-
nostic significance of chemerin levels.

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

Objective: The prognostic markers of hepatocellular carcinoma 

(HCC) patients with bone metastasis are of great significance for the 

design of treatment strategy, the maintenance of life quality of the 

patients, and the improvement of cancer prognosis. MicroRNA-149 

(miR-149) rs2292832 C/T polymorphism in HCC patients has been 

reported to be associated with the risk of HCC, but whether it can 

predict the prognosis of HCC patients with bone metastasis remains 

unclear. The goal of our study was to examine the prognostic impact 

of miR-149 rs2292832 C/T polymorphism on HCC patients with bone 

metastasis.

Methods: A total of 67 cases of HCC patients with bone metasta-

sis (BC group) and 73 cases of HCC patients without bone metas-

tasis (NC group) were included in this study. The miR-149 levels in 

blood leukocytes and tumor tissues were determined by qRT-PCR. 

Genotyping analysis of miR-149 rs2292832 was performed using poly-

merase chain reaction (PCR)-restriction fragment length polymorphism 

assay.

Results: The blood leukocyte miR-149 levels were significantly 

decreased in HCC patients, compared with the healthy controls, and 

they were significantly decreased in the BC patients, compared with 

the NC cases. BC patients carrying miR-149 rs2292832 CC+CT phe-

notype have a better overall survival (OS) rate, whereas no significant 

correlation was found between miR-149 rs2292832 CC+CT pheno-

type and the OS rate in NC group. The miR-149 rs2292832 CC+CT 

phenotype was correlated with certain bone turnover markers and 

bone metabolism markers but was not correlated with receptor ac-

tivator of nuclear factor-kappaB ligand (RANKL) expression. Mean-

while, the combination of miR-149 rs2292832 CC+CT phenotype and 

RANKL expression could improve the prognosis assessment of HCC 

patients with bone metastasis.

Conclusion: miR-149 rs2292832 polymorphism might be a novel 

prognostic biomarker for HCC patients with bone metastasis. A  fol-

low-up study with a larger cohort from a multicenter should be 

performed to test our conclusions.

Hepatocellular carcinoma (HCC) is the fifth most common cancer 
worldwide and the second leading cause of cancer death in China.1 
Bone metastasis is a frequent complication of HCC, and the survival 
period of patients after diagnosis of bone metastasis is very short.2 
To date, it is still unclear which factors can affect prognosis in HCC 
patients with bone metastasis. Sporadic reports have found that the 
expression of some specific proteins such as receptor activator of nu-
clear factor-kappaB ligand (RANKL) expressions may be associated 
with prognosis of HCC-related bone metastasis.3 However, due to 
the limitation of sensitivity and specificity, no target can be used in 
clinic yet. Recently, it has been reported that noncoding RNAs, like 
microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), can pre-
dict the prognosis in HCC patients with bone metastasis, and inter-
fering with their expression in animals can affect tumor progression. 
This indicates that these molecules might be both indicators and treat-
ment targets.4,5
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As potential therapeutic targets in tumor cells, miRNAs perform 
important roles in regulating gene expression.6 Certain miRNA ex-
pression profiling has proven useful in diagnosing and understanding 
the development and progression of bone metastases.7,8 As an impor-
tant miRNA, miR-149 is located at 2q37.3 and has been documented to 
target both oncogenes and tumor suppressors, leading to dual impacts 
among cancers.9,10 Further, miR-149 has been confirmed to play a key 
role in drug sensitivity and resistance.11 However, the relationship be-
tween miR-149 and the occurrence and prognosis of bone metastasis in 
HCC is not clear yet.

Sequence variants in miRNA genes are described as mechanisms that 
can contribute to their deregulation.12 A mutation or a single-nucleotide 
polymorphism (SNP) at a miRNA region might affect the transcription 
of miRNA primary transcripts, their processing to mature miRNA, or 
miRNA target interactions.13 So far, many studies have investigated the 
association between the miR-149 rs2292832 C/T SNP and cancer risk.14,15 
However, to the best of our knowledge, the relationship between miR-149 
rs2292832 C/T polymorphism and bone metastasis of HCC has not been 
reported. In this study, we aimed to determine the association between 
miR-149 expressions and miR-149 rs2292832 C/T polymorphism and 
bone metastasis risk in HCC and further explore their predicting functions 
on the prognosis of HCC patients with bone metastasis.

Materials and Methods

Patients
The inclusion criteria for this study were the following: (1) patients were 
histologically diagnosed as having  HCC; (2) demographic variables, in-
cluding age, race, and sex, were available; (3) tumor characteristics, includ-
ing histological grade, T stage, N stage and bone metastasis status, were 
available. Patients diagnosed with common comorbidities, such as hepatic 
encephalopathy, ascites, incision infection, gastrointestinal bleeding, 
or with poor compliance were excluded from the present study. In total, 
67 HCC patients with bone metastases (BC group) and 73 cases of age-
matched HCC patients without bone metastases (NC group) were enrolled 
from Peking University Shougang Hospital, the Fourth Medical Center of 
PLA General Hospital, and Linyi Central Hospital, which are 2 academic 
hospitals and 1 local hospital (in Shandong), and all the included subjects 
were Chinese Han people. An additional 30 healthy volunteers (HV group) 
were included in this study as baseline analysis. The clinical assessment and 
grouping of all the included subjects were carried out in a double-blind way.

The diagnosis and treatment of HCC patients with or without bone 
metastasis were all performed according to the guidelines issued in 
China.16 The treatment modalities for HCC included curative therapy (sur-
gical resection, radiofrequency ablation, transplantation), transarterial 
chemoembolization (TACE), systemic chemotherapy, or symptomatic 
treatment, depending on the performance, extent of disease, and clas-
sification within or beyond Milan criteria at the time of presentation. 
Patients were considered for chemotherapy or palliative radiation based 
on functional status, extent of disease, presence of pain or neurologic 
complications, or risk for pathologic fractures. Chemotherapy that was 
offered to patients with bone metastases from HCC included sorafenib, 
doxorubicin, cisplatin, 5FU, capecitabine, gemcitabine, doxetacel, and 
axitinib. The putative therapeutic approaches and the corresponding 
outcomes were all clarified with the patients, and the therapeutic tim-
ing and approach were agreed and decided by both patients and doctors.

The presence of bone or extraskeletal metastases was determined by 
imaging, including bone scans, fluorodeoxyglucose-positron emission 
tomography, computed tomography, and magnetic resonance imaging 
and will be confirmed by histological examination of the disease via 
bone biopsy or surgical pathology. Radiologically abnormal lesions with-
out pathological confirmation found in patients diagnosed with other 
types of invasive cancer within the previous 5 years were not considered 
as metastatic tumors.16,17

Sample Preparation
Patients’ blood and urine samples were collected on admission or within 
24 hours. Urine was obtained as a morning second-void sample. Blood 
samples of all subjects were collected from cubital veins in the morn-
ing. The whole blood samples from the individuals were stored in an 
EDTA-coated vacutainer tube. The blood leukocytes were isolated from 
the whole blood of the included subjects by density-gradient centrifuga-
tion method using Ficoll medium (Amersham Pharmacy Biotechnology), 
according to our previous report.18 Briefly, mix 1  mL whole blood and 
1 mL PBS, and then add them to the top layer of 1 mL Ficoll solution. The 
mixtures were centrifuged at 2000 rpm for 20 min, and then the cell layer 
of blood leukocytes was gently sucked out. The serum was separated from 
blood samples by centrifuging at 2000g for 10 min at 4°C.

Bone Turnover Markers and Bone Metabolism 
Markers Assay
Serum procollagen type I  carboxy terminal peptide beta special se-
quence (β-CTX), procollagen I  N-terminal propeptide (PINP), urinary 
N-telopeptide of type I collagen (NTX), and serum bone-specific alkaline 
phosphatase (BAP) were measured with electrochemiluminescence as-
say using kits from Roche Laboratory according to the manufacturer’s 
instructions.

Reverse Transcription-Quantitative Polymerase Chain 
Reaction Assay
TRIzol reagent (Invitrogen) was used to extract the total RNA from the 
blood leukocyte according to the manufacturer’s protocol. Subsequently, 
reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 
for miRNA and mRNA were carried out in the Eppendorf Realplex4 
machine with the TaqMan MicroRNA Assay kit (Thermo Fisher) and 
PrimeScript RT-PCR kit (Takara), respectively. No-template cases were 
used as negative controls and were processed the same as the target 
templates. U6 small nuclear RNA and glyceraldehyde-3-phosphate de-
hydrogenase were used as an endogenous control for data normaliza-
tion for microRNA levels and mRNA levels, respectively. Meanwhile, 
a fixed healthy control sample was selected as the calibration sample, 
and the expression of the targets in this sample were all set as “1.” The 
normalized levels of the target genes of other samples were calculated 
by the 2−∆∆Cq method, which were the ratios of them to the target gene 
expressions in the calibration sample.

Genotyping of miR-149 rs2292832 C/T Polymorphism
Genomic DNA was extracted from a 200-μL whole blood sample of the 
patient by a commercial DNA isolation kit (BioTeke Corporation; prod-
uct ID:DP2201) according to the manufacturer’s instructions. The miR-
149 rs2292832 genotypes for the patients were determined using a 
PCR-restriction fragment length polymorphism assay according to the 
previous report.19

Statistical Analysis
Each experiment was performed no less than 3 times, and data were 
represented as the mean ± standard deviation (SD). All statistical 
analyses were performed using SPSS software version 17.0 (SPSS Com-
pany) and GraphPad (Prism 8.0, GraphPad). Descriptive data were 
summarized as mean (SD) or frequency (percentage) as appropriate. 
The differences between the 2 groups were determined using 2-tailed 
Student t-test or the Mann-Whitney U test for variables with an abnor-
mal distribution. The χ2 test or Fisher exact test was used to analyze 
the relationship between miR-149 expressions or miR-149 rs2292832 
C/T polymorphism and the clinicopathological features. Survival curves 
were calculated using the Kaplan–Meier method and compared by the 
log-rank test. P < .05 was considered to indicate a statistically significant 
difference.

Results

Patient Characteristics
The detailed information of the included HCC patients is summarized 
in TABLE 1. This study included 67 BC patients and 73 NC patients. 
Larger tumor size (>5 cm) patients and later T-stage (stage T3 or T4) 
patients were found in the BC group than in NC cases. There was no 
significant difference in age, histologic type, hepatitis B virus (HBV) in-
fection between group BC and group NC. Of the 67 BC patients, bone 
metastasis occurred by hematogenous spread in 55 cases (82.1%). Fifty-
eight patients (86.6%) had extraskeletal metastasis at the time of diag-
nosis of bone metastasis.

MiR-149 Expressions in HCC Patients With or Without 
Bone Metastasis
The blood leukocyte miR-149 expressions were lower in total HCC patients 
(BC cases + NC cases) than in the HV group. Decreasing miR-149 levels 
were observed in BC cases, compared with the NC cases (FIGURE 1A). 
Meanwhile, the miR-149 levels in HCC tissues from BC group were sig-
nificantly lower than that in NC group (FIGURE 1B). The miR-149 levels 
in HCC adjacent tissues were significantly increased, compared with that 
in tumor tissues, in both BC and NC group (FIGURES 1C and 1D), and 
the miR-149 expressions in leukocytes was consistent with that in HCC 
tissues (FIGURES 1E and 1F).

Association of miR-149 Expressions With Prognosis of 
HCC Patients With or Without Bone Metastasis
Subsequently, we investigated whether miR-149 levels have clinical 
significance as prognostic markers in HCC patients. First, we found 
that there was no significant difference in the survival rate of both BC 
and NC patients under different curative therapy (data not shown), 
indicating that the therapy method had not affected overall survival 
rate. Subsequently, the normalized mean miR-149 level in BC group 
was at 0.665, and we divided the 67 BC cases into BCmiR-149low sub-
group (36 cases) and BCmiR-149high subgroup (31 cases), using this 
mean value as cutoff. Also, the normalized mean miR-149 level in NC 
group was at 0.899, and we divided the 73 NC cases into NCmiR-149low 
subgroup (43 cases) and NCmiR-149high subgroup (30 cases) using this 
mean value as cutoff. Then the Kaplan-Meier survival analysis was 
used to determine the association of miR-149 expressions with prog-
nosis of HCC patients with or without bone metastasis. First, we can 
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The presence of bone or extraskeletal metastases was determined by 
imaging, including bone scans, fluorodeoxyglucose-positron emission 
tomography, computed tomography, and magnetic resonance imaging 
and will be confirmed by histological examination of the disease via 
bone biopsy or surgical pathology. Radiologically abnormal lesions with-
out pathological confirmation found in patients diagnosed with other 
types of invasive cancer within the previous 5 years were not considered 
as metastatic tumors.16,17

Sample Preparation
Patients’ blood and urine samples were collected on admission or within 
24 hours. Urine was obtained as a morning second-void sample. Blood 
samples of all subjects were collected from cubital veins in the morn-
ing. The whole blood samples from the individuals were stored in an 
EDTA-coated vacutainer tube. The blood leukocytes were isolated from 
the whole blood of the included subjects by density-gradient centrifuga-
tion method using Ficoll medium (Amersham Pharmacy Biotechnology), 
according to our previous report.18 Briefly, mix 1  mL whole blood and 
1 mL PBS, and then add them to the top layer of 1 mL Ficoll solution. The 
mixtures were centrifuged at 2000 rpm for 20 min, and then the cell layer 
of blood leukocytes was gently sucked out. The serum was separated from 
blood samples by centrifuging at 2000g for 10 min at 4°C.

Bone Turnover Markers and Bone Metabolism 
Markers Assay
Serum procollagen type I  carboxy terminal peptide beta special se-
quence (β-CTX), procollagen I  N-terminal propeptide (PINP), urinary 
N-telopeptide of type I collagen (NTX), and serum bone-specific alkaline 
phosphatase (BAP) were measured with electrochemiluminescence as-
say using kits from Roche Laboratory according to the manufacturer’s 
instructions.

Reverse Transcription-Quantitative Polymerase Chain 
Reaction Assay
TRIzol reagent (Invitrogen) was used to extract the total RNA from the 
blood leukocyte according to the manufacturer’s protocol. Subsequently, 
reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 
for miRNA and mRNA were carried out in the Eppendorf Realplex4 
machine with the TaqMan MicroRNA Assay kit (Thermo Fisher) and 
PrimeScript RT-PCR kit (Takara), respectively. No-template cases were 
used as negative controls and were processed the same as the target 
templates. U6 small nuclear RNA and glyceraldehyde-3-phosphate de-
hydrogenase were used as an endogenous control for data normaliza-
tion for microRNA levels and mRNA levels, respectively. Meanwhile, 
a fixed healthy control sample was selected as the calibration sample, 
and the expression of the targets in this sample were all set as “1.” The 
normalized levels of the target genes of other samples were calculated 
by the 2−∆∆Cq method, which were the ratios of them to the target gene 
expressions in the calibration sample.

Genotyping of miR-149 rs2292832 C/T Polymorphism
Genomic DNA was extracted from a 200-μL whole blood sample of the 
patient by a commercial DNA isolation kit (BioTeke Corporation; prod-
uct ID:DP2201) according to the manufacturer’s instructions. The miR-
149 rs2292832 genotypes for the patients were determined using a 
PCR-restriction fragment length polymorphism assay according to the 
previous report.19

Statistical Analysis
Each experiment was performed no less than 3 times, and data were 
represented as the mean ± standard deviation (SD). All statistical 
analyses were performed using SPSS software version 17.0 (SPSS Com-
pany) and GraphPad (Prism 8.0, GraphPad). Descriptive data were 
summarized as mean (SD) or frequency (percentage) as appropriate. 
The differences between the 2 groups were determined using 2-tailed 
Student t-test or the Mann-Whitney U test for variables with an abnor-
mal distribution. The χ2 test or Fisher exact test was used to analyze 
the relationship between miR-149 expressions or miR-149 rs2292832 
C/T polymorphism and the clinicopathological features. Survival curves 
were calculated using the Kaplan–Meier method and compared by the 
log-rank test. P < .05 was considered to indicate a statistically significant 
difference.

Results

Patient Characteristics
The detailed information of the included HCC patients is summarized 
in TABLE 1. This study included 67 BC patients and 73 NC patients. 
Larger tumor size (>5 cm) patients and later T-stage (stage T3 or T4) 
patients were found in the BC group than in NC cases. There was no 
significant difference in age, histologic type, hepatitis B virus (HBV) in-
fection between group BC and group NC. Of the 67 BC patients, bone 
metastasis occurred by hematogenous spread in 55 cases (82.1%). Fifty-
eight patients (86.6%) had extraskeletal metastasis at the time of diag-
nosis of bone metastasis.

MiR-149 Expressions in HCC Patients With or Without 
Bone Metastasis
The blood leukocyte miR-149 expressions were lower in total HCC patients 
(BC cases + NC cases) than in the HV group. Decreasing miR-149 levels 
were observed in BC cases, compared with the NC cases (FIGURE 1A). 
Meanwhile, the miR-149 levels in HCC tissues from BC group were sig-
nificantly lower than that in NC group (FIGURE 1B). The miR-149 levels 
in HCC adjacent tissues were significantly increased, compared with that 
in tumor tissues, in both BC and NC group (FIGURES 1C and 1D), and 
the miR-149 expressions in leukocytes was consistent with that in HCC 
tissues (FIGURES 1E and 1F).

Association of miR-149 Expressions With Prognosis of 
HCC Patients With or Without Bone Metastasis
Subsequently, we investigated whether miR-149 levels have clinical 
significance as prognostic markers in HCC patients. First, we found 
that there was no significant difference in the survival rate of both BC 
and NC patients under different curative therapy (data not shown), 
indicating that the therapy method had not affected overall survival 
rate. Subsequently, the normalized mean miR-149 level in BC group 
was at 0.665, and we divided the 67 BC cases into BCmiR-149low sub-
group (36 cases) and BCmiR-149high subgroup (31 cases), using this 
mean value as cutoff. Also, the normalized mean miR-149 level in NC 
group was at 0.899, and we divided the 73 NC cases into NCmiR-149low 
subgroup (43 cases) and NCmiR-149high subgroup (30 cases) using this 
mean value as cutoff. Then the Kaplan-Meier survival analysis was 
used to determine the association of miR-149 expressions with prog-
nosis of HCC patients with or without bone metastasis. First, we can 

see that the survival time of BC patients is significantly shorter than 
that of NC cases (FIGURE 2A). Meanwhile, the data indicated that 
the BCmiR-149high subgroup had significantly better overall survival 
(OS) prognosis than the BCmiR-149low subgroup (FIGURE 2B), while 
there was no significant difference in OS between NC-miR149low group 
and NC-miR-149high subgroup (FIGURE 2C). Further, as shown in 
TABLE 2, there was no significant association between any character-
istics with miR-149 level in both BC and NC patients.

Association of miR-149 rs2292832 Polymorphism 
With Prognosis of HCC Patients With or Without Bone 
Metastasis
Among 67 BC patients, a total of 37 patients carried the CT/CC genotype 
at miR-149 rs2292832 SNP site (BC−C subgroup), whereas 30 patients 
carried the TT genotype (BC−T subgroup). Meanwhile, 43 cases of NC 
patients carried the CT/CC genotype (NC−C subgroup), whereas 30 NC 
cases carried the TT genotype (NC−T subgroup). Kaplan-Meier analy-
sis indicated that BC−C subgroup had a better OS prognosis, compared 
with the BC−T subgroup (FIGURE 3A), whereas there was no signifi-
cant difference of OS prognosis between the NC−C and NC−T subgroups 
(FIGURE 3B). Furthermore, as shown in TABLE 3, BC−C subgroup 
exhibited less late T stage (T3 or T4) disease compared with the BC−T 

TABLE 1.  Characteristics of HCC Patients

Characteristics 
HCC Patients (n = 140)

P Valuea 
BC Patients (n = 67) NC Patients (n = 73) 

Age, y    

 ≤50 24 31 .421

 >50 43 42  

Sex    

 M 47 48 .578

 F 20 25  

Tumor size, cm    

 ≤5  31 49 .0130

 >5  36 24  

T stage    

 T1 or T2 32 50 .0129

 T3 or T4 35 23  

HBV infection    

 Negative 19 22 .817

 Positive 48 51  

Spread pattern    

  Hematogenous 
spread

55 NS NS

  Direct invasion 
from primary or 
 metastatic tumor

12 NS NS

Extraskeletal 
 metastasis

   

 Negative 9 NS NS

 Positive 58 NS NS

BC, HCC patients with bone metastasis; HBV, hepatitis B virus; HCC, 
hepatocellular carcinoma; NC, HCC patients without bone metastasis; NS, 
not statistically significant.
aχ2 test was used for comparison between the 2 groups. 
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FIGURE 1. miR-149 expression is decreased in hepatocellular carcinoma (HCC) patients with (BC) or without (NC) bone 
metastasis. A, Quantitative polymerase chain reaction (qPCR) results comparing miR-149 levels in blood leukocyte among 
healthy volunteer (HV), NC, and BC groups (*P < .05). B, qPCR results comparing the expression levels of miR-149 in HCC 
tissues between NC group and BC group (*P < .05). qPCR results comparing the expression levels of miR-149 between HCC 
tissues and matched tumor-adjacent tissues in NC group (P < .05) (C) and BC group (P < .05) (D). qPCR results demonstrating 
the relationship between blood leukocyte miR-149 levels and HCC tissues miR-149 levels in NC group (P < .05) (E) and BC 
group (P < .05) (F). Significant differences were calculated by paired Student t-test. 
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subgroup, whereas there was no significant difference of any clinical 
characteristics between NC−C and NC−T subgroups.

Association of miR-149 rs2292832 Polymorphism With 
Bone Metastasis Markers in HCC Patients With or 
Without Metastasis
The above results suggest that miR-149 rs2292832 polymorphism 
might be closely related to the development of bone metastasis of 
HCC. Therefore, we next explored the relationship between miR-149 
rs2292832 polymorphism and some markers of bone metastasis. The 
bone metabolism markers, urinary NTX, and serum BAP had been 
demonstrated as biomarkers for cancer bone metastasis.20 Here, urinary 
NTX was significantly higher in the BC group, compared to the NC group 
and was correlated with miR-149 rs2292832 polymorphism in the BC 
group; whereas this correlation was not statistically significant in the 
NC group (FIGURE 4A). There was no significant correlation between 
miR-149 rs2292832 polymorphism and serum BAP levels in either the 
BC group or NC cases (FIGURE 4B). The bone turnover markers, PINP, 
and β-CTX, which were highly involved in bone metastasis progres-
sion,18 were both associated with miR-149 rs2292832 polymorphism in 
the BC group, but not in the NC cases (FIGURES 4C and 4D). However, 
the levels of RANKL (a key bone turnover promoter),21 were not associ-

ated with miR-149 rs2292832 polymorphism (FIGURE 4E). The above 
results suggest that the miR-149 rs2292832 and RANKL might play im-
portant roles independently in the HCC development when it enters the 
bone metastasis stage.

Combined Analysis of RANKL Level and miR-149 
rs2292832 Polymorphism to Predict the Prognosis of HCC 
With or Without Bone Metastasis
Considering that miR-149 and RANKL are independent in predicting 
the prognosis of HCC bone metastases, we next explored the signifi-
cance of combined analysis of RANKL level and miR-149 rs2292832 
polymorphism for the prognosis of HCC bone metastasis. We divided 
BC patients into the following 4 subgroups: subgroup BC−CRANKLhigh, 
subgroup BC−CRANKLlow, subgroup BC−TRANKLhigh, and subgroup BC−

TRANKLlow. Meanwhile, NC patients were also divided into the follow-
ing 4 subgroups: subgroup NC−CRANKLhigh, subgroup NC−CRANKLlow, 
subgroup NC−TRANKLhigh, and subgroup NC−TRANKLlow. In BC patients, 
BC−C RANKLlow subgroup had the best OS rate, whereas the 12-month OS 
rate for BC−TRANKLhigh cases was the worst outcome (FIGURE 4A). The 
combined analysis of RANKL level and miR-149 rs2292832 polymor-
phism improved the assessment of prognosis in BC patients, compared 
with taking 1 (RANKL level or miR-149 rs2292832 polymorphism) as 

FIGURE 2. miR-149 expression is associated with the prognosis in hepatocellular carcinoma patients with (BC) or without 
(NC) bone metastasis. A, Comparing the overall survival (OS) rate between the NC patients and BC cases (P < .05). B, 
Comparing the OS rate between the BCmiR-149high subgroup and BCmiR-149low subgroup (P < .05). C, Comparing the OS rate 
between the NCmiR-149high subgroup and BCmiR-149low subgroup (P > .05).
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TABLE 2.  Relationship Between miR-149 Expressions and Clinical Features in HCC Patients

Characteristics 
BC Patients (n = 67)  NC Patients (n = 73)  

miR-149low (n = 36) miR-149high (n = 31) P Value miR-149low (n = 43) miR-149high (n = 30) P Value 

Age, y       

 ≤50 15 9 .282 18 13 .900

 >50 21 22  25 17  

Tumor size, cm       

 ≤5 14 17 .192 27 22 .345

 >5 22 14  16 8  

HBV positive       

 No 8 11 .230 11 11 .310

 Yes 28 20  32 19  

T stage       

 T1 or T2 15 17 .282 28 22 .457

 T3 or T4 21 14  15 8  

BC, patients with bone metastasis; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; NC, patients without bone metastasis.

FIGURE 3. MiR-149 rs2292832 polymorphism is associated with the prognosis in hepatocellular carcinoma patients with (BC) or 
without (NC) bone metastasis. A, Comparing the overall survival (OS) rate between the BC−T subgroup and BC−C subgroup (P 
< .05). B, Comparing the OS rate between the NC−T subgroup and NC−T subgroup (P > .05).
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TABLE 3.  Relationship Between miR-149 rs2292832 Polymorphisms and Clinical Features in HCC Patients

Characteristics 
BC Patients (n = 67)  NC Patients (n = 73)  

miR-149-T (n = 30) miR-149-C (n = 37) P Value miR-149-T (n = 30) miR-149-C (n = 43) P Value 

Age, y

 ≤50 13 11 .248 12 19 .721

 >50 17 26  18 24  

Tumor size, cm       

 ≤5 12 19 .354 17 32 .112

 >5 18 18  13 11  

HBV positive       

 No 7 12 .411 6 16 .115

 Yes 23 25  24 27  

T stage       

 T1 or T2 10 22 .0337 18 32 .192

 T3 or T4 20 15  12 11  

BC, patients with bone metastasis; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; NC, patients without bone metastasis.
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FIGURE 4. MiR-149 rs2292832 polymorphism is associated with bone metastasis markers in hepatocellular carcinoma patients 
with (BC) or without (NC) bone metastasis. A–E, Comparing the urinary NTX level (A), serum BAP level (B), serum PINP 
level (C), and serum β-CTX level (D) among NC-T subgroup, NC-C subgroup, BC-T subgroup, and BC-C subgroup. E, Quantitative 
polymerase chain reaction results comparing RANKL levels in tumor tissues among NC-T subgroup, NC-C subgroup, BC-T 
subgroup, and BC-C subgroup. *P < .05. **P > .05.
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predictor (P <  .05). As expected, there was no significant difference of 
the OS rate among NC−C RANKLhigh, NC−C RANKLlow, NC−TRANKLhigh, 
and NC−TRANKLlow (FIGURE 5).

Discussion
It is generally believed that miR-149 is an epigenetically silenced tumor-
suppressive microRNA, which can inhibit the proliferation of cancer 
cells through directly targeting and inhibiting many key proteins, such 
as GIT1, AKT1, and Cyclin D1.22–24 Our study found that lower miR-149 
levels exist in blood leukocytes of HCC patients and HCC tissues than 
in non-HCC controls, and bone metastasis can cause downregulation 
of miR-149. Combined with previous evidence, these results suggest an 
association between miR-149 and bone metastasis-related HCC patho-
genesis.

Previous work demonstrated that miR-149 rs2292832 C/T allele 
might impact the miR-149 level and its target-binding efficacy.25 Based 
on these theories, it is not difficult to deduce that the miR-149 rs2292832 
C/T genotype might be associated with tumor progressions. Many clin-
ical studies have also proved this point. Zhang et  al25 confirmed that 
there was a significant association between miR-149 rs2292832 poly-
morphism and risk of gastric cancer. Similar results were also found in 
other cancer types, especially in digestive cancer.14,15 However, whether 
miR-149 expression/rs2292832 polymorphism can become a universal 
tumor indicator remains controversial because, in some studies, the cor-
relation between the miR-149 expressions/rs2292832 polymorphism 
and tumor development is not statistically significant.26–28 Many factors 
can cause this controversy, including the regional differences of patients 
and the differences of treatment methods. Meanwhile, the miR-149 
functions might vary in different tumor stages, which might also be one 
of the important factors that cause inconsistent clinical results. Based 
on these conjectures, we controlled the variables of bone metastasis or 
not in HCC patients and found that miR-149 expression/rs2292832 
polymorphism was better as a prognostic index in HCC patients with 
bone metastasis. Our results confirm the correlation between miR-149 
rs2292832 polymorphism and HCC risk, and this association was more 
prominent among bone metastasis cases. Further, our results indicated 
that miR-149 rs2292832 polymorphism was associated with tumor T 

stage and could predict the OS prognosis in bone metastasis cases but 
not in non–bone metastasis cases. Bone metastatic niches, in which 
disseminated tumor cells reside, have been defined as microdomains 
within the bone that support tumor cell seeding and outgrowth and are 
predominantly comprised of hematopoietic cells, mesenchymal stromal 
cells, osteoblasts, osteoclasts, and/or vascular cells.29 It is well estab-
lished that disseminated tumor cells secrete a variety of cytokines that 
promote osteoclast activity, which in turn causes the release of a variety 
of tumor-promoting growth factors from the bone, thus propagating a 
vicious cycle of tumor outgrowth and osteolytic bone breakdown. This 
is considered one of the important mechanisms of bone metastasis.29 
Considering that miR-149 has been reported to inhibit the cytokines se-
cretion by targeting many inflammatory factors,23 we can speculate that 
miR-149 might play an important regulatory role in metastatic tumor 
cells and thus affect the bone microenvironment.

Bone metastasis markers and bone turnover markers were reported 
as important indicators for bone metastasis.20,21 Also, it was suggested 
that cancer patients with higher levels of RANKL carried a higher risk 
of bone metastasis.21 In this study, miR-149 rs2292832 polymorphism 
was correlated with certain bone metastasis markers (NTX) and bone 
turnover markers (PINP and β-CTX) but not with RANKL expressions. 
This result initially puzzled us because RANKL was the bone turnover 
promoter and was highly associated with PINP and β-CTX. This might be 
because miR-149 functions on bone turnover independent of RANKL.

The sensitivity and specificity of miR-149 level and rs2292832 C/T 
polymorphism for HCC do not appear to be more outstanding, compared 
with some tumor markers that have been used in clinical trial, but they 
still have clinical application value. The characteristic of miR-149 is that 
it can be combined with some tumor markers. Here, a combined survival 
analysis of miR-149 rs2292832 polymorphism and the RANKL levels 
revealed 4 distinct subgroups with statistically significant differences 
in the OS prognosis in bone metastasis of HCC patients. BC−cRANKlow 
predicted the best overall survival rate, whereas BC−TRANKhigh predicted 
the worst. These results demonstrate that the combined analysis of miR-
149 rs2292832 polymorphism and other markers will be a potential 
method for future clinical prognosis evaluation of tumors.

Here, some significant study limitations also exist and need to be 
improved in the follow-up experiments. Further exploration based on 

FIGURE 5. A, Comparing the overall survival (OS) rate among the subgroup BC-CRANKLhigh, subgroup BC-CRANKLlow, subgroup 
BC-TRANKLhigh, and subgroup BC-TRANKLlow. B, Comparing the OS rate among the subgroup NC-CRANKLhigh, subgroup NC-

CRANKLlow, subgroup NC-TRANKLhigh, and subgroup NC−TRANKLlow.  BC, hepatocellular carcinoma with bone metastasis; NC, 
hepatocellular carcinoma without bone metastasis.
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more patients from different regions should be performed, and the clin-
ical variables other than bone metastasis patterns need to be controlled. 
Meanwhile, laboratory studies need to be held to verify the functional 
diversity of miR-149, in different tumor stages.

Conclusion
In conclusion, the significance of this result is that it provides evidences 
that miR-149 rs2292832 polymorphism might be a novel indicator for 
HCC patients with bone metastasis, which was highly associated with 
bone metastasis markers and could predict the tumor T stage and OS 
prognosis.
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ABSTRACT

Objective: Human platelet antigens (HPAs) are antigenic determinants 

on platelet membrane glycoproteins that stimulate the host’s immune 

system and cause platelet destruction. In this study, we share our ex-

perience with implementing sequence-specific primer-polymerase 

chain reaction (PCR-SSP), real-time PCR, and PCR-RFLP (restriction 

fragment length polymorphism) and the validation process used to 

evaluate the results.

Methods: At the Ardabil Blood Transfusion Center, 10 samples were 

obtained from blood donors. Validation using PCR-SSP, real-time 

PCR, and PCR-RFLP methods for genotyping HPAs was done by 

sequencing. A  commercial DNA sample and a commercial kit were 

also used for validation.

Results: The results of PCR-SSP, TaqMan Real-Time PCR, melt-

ing curve analysis (HPA-15), and PCR-RFLP (HPA-3) were 100% 

consistent with sequencing (gold standard) and commercial kit 

results. 

Conclusions: There was a 100% correlation between repeating the 

methods and the expected results for repeatability, and no false 

positives and negatives were observed.

Human platelet antigens (HPAs) are antigenic determinants on the 
platelet membrane glycoproteins. Single-nucleotide variants (SNVs) on 
corresponding coding regions generate these immunogenic antigens.1 
Twelve antigens in 6 bi-allelic groups, named HPAs-1 to -5 and -15, 
are considered highly abundant HPAs. When exposed to the recipient’s 
immune system by transfusion, transplantation, or pregnancy, these 
antigens may stimulate the host’s immune system and cause platelet-
destroying immune reactions, leading to decreased platelet count.2

Detection of these polymorphisms is essential to diagnose and man-
age clinical situations like platelet refractoriness, immune thrombocy-
topenia, and fetal and neonatal alloimmune thrombocytopenia. Because 
blood services face the challenge of finding the best donors for refrac-
tory thrombocytopenic patients at risk of bleeding, we need to access 
validated, reliable, and cost-effective methods for HPA genotyping.3–5

The most applicable and conventional methods include sequence-
specific primer-polymerase chain reaction (PCR-SSP) and restriction 
fragment length polymorphism-PCR (PCR-RFLP). In the PCR-SSP 
method, a mismatch at the 3' end between the primers and template 
DNA reduces Taq-polymerase enzyme efficiency, so the PCR process 
does not proceed and we have no products; on the other hand, complete 
matching between 3' end of primers and the target DNA leads to accu-
mulation of PCR products.3 The gene fragments containing the desired 
polymorphism region are amplified and digested by specific endonucle-
ase enzymes at the target position in the RFLP method.

More precise methods, such as real-time PCR, sequencing, Luminex, 
BioArray, and Bead chip methods, are used in many laboratories world-
wide.6–8 One of the most widely used methods is the TaqMan Real-Time 
PCR. The release of the fluorescence from the 5' end of the SNV-specific 
probe by the 5'-3' exonuclease activity of the DNA-Taq polymerase en-
zyme is the basis of the TaqMan Real-Time PCR. When the probe stays 
connected to its specific sequence, the 3' end quencher on the probe 
suppresses the reporter’s fluorescence in the 5' end; however, as the 
PCR process continues, the reporter dye is released by the DNA Taq-
polymerase enzyme, and a fluorescence signal is emitted. During each 
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Twelve antigens in 6 bi-allelic groups, named HPAs-1 to -5 and -15, 
are considered highly abundant HPAs. When exposed to the recipient’s 
immune system by transfusion, transplantation, or pregnancy, these 
antigens may stimulate the host’s immune system and cause platelet-
destroying immune reactions, leading to decreased platelet count.2

Detection of these polymorphisms is essential to diagnose and man-
age clinical situations like platelet refractoriness, immune thrombocy-
topenia, and fetal and neonatal alloimmune thrombocytopenia. Because 
blood services face the challenge of finding the best donors for refrac-
tory thrombocytopenic patients at risk of bleeding, we need to access 
validated, reliable, and cost-effective methods for HPA genotyping.3–5

The most applicable and conventional methods include sequence-
specific primer-polymerase chain reaction (PCR-SSP) and restriction 
fragment length polymorphism-PCR (PCR-RFLP). In the PCR-SSP 
method, a mismatch at the 3' end between the primers and template 
DNA reduces Taq-polymerase enzyme efficiency, so the PCR process 
does not proceed and we have no products; on the other hand, complete 
matching between 3' end of primers and the target DNA leads to accu-
mulation of PCR products.3 The gene fragments containing the desired 
polymorphism region are amplified and digested by specific endonucle-
ase enzymes at the target position in the RFLP method.

More precise methods, such as real-time PCR, sequencing, Luminex, 
BioArray, and Bead chip methods, are used in many laboratories world-
wide.6–8 One of the most widely used methods is the TaqMan Real-Time 
PCR. The release of the fluorescence from the 5' end of the SNV-specific 
probe by the 5'-3' exonuclease activity of the DNA-Taq polymerase en-
zyme is the basis of the TaqMan Real-Time PCR. When the probe stays 
connected to its specific sequence, the 3' end quencher on the probe 
suppresses the reporter’s fluorescence in the 5' end; however, as the 
PCR process continues, the reporter dye is released by the DNA Taq-
polymerase enzyme, and a fluorescence signal is emitted. During each 

PCR reaction, the fluorescence intensity increases and becomes observ-
able as a graph.9

The melting curve analysis is a specific method for LightCycler devices 
that uses hybridization probes and fluorescence resonance energy trans-
fer. In this method, two labeled probes with fluorescent substances 
are used. One of these probes, called the acceptor or sensor probe, is 
connected to a region where the desired mutation is present. The other 
probe connects to an area adjacent to the sensor probe, named anchor 
or donor. When the two probes are close together, a laser beam with a 
specified wavelength is radiated to the donor, excites it, and produces 
a specific level of energy transmitted to the sensor probe. Finally, the 
sensor probe emits another light for different energy levels detected by 
the device and is displayed as a diagram. After annealing the probes, if 
the mix is heated, the sensor probe attaches to the region containing the 
mutant base, melts from the DNA earlier than the original base, and has 
a lower melting temperature (Tm); this produces a different fluorescence 
profile than when a single-stranded DNA and probe are matched per-
fectly. As a result, the mutant base and wild show different temperature 
patterns that are easily distinguishable.10

Despite these new methods, the PCR-SSP is still exploited widely be-
cause of its simplicity and low cost.6,7,11,12 Nevertheless, the PCR-SSP 
has some drawbacks: interpretation errors, cross-contamination due to 
post-PCR manipulation of products, and unpredictable incorrect results 
in some samples, obligating a validation approach.9

Our previous study13 determined the genotypes of blood donors 
with Azeri ethnicity by PCR-SSP and TaqMan Real-Time PCR methods. 
One of our previous significant goals was to help platelet transfusion ef-
fectively. To achieve this goal, we had to fulfill two smaller goals: finding 
platelet donors and establishing suitable methods for HPA genotyping. 
The first target can be met by establishing a platelet registry system, 
whereas to achieve the second goal, we must establish methods to val-
idate previous methods (PCR-SSP and real-time PCR). Herein, we ex-
plain our experience implementing PCR-SSP by running a homemade 
method, real-time PCR and PCR-RFLP, and the validation process used 
to evaluate the results. To do this, we used the checklists used in the 
Minimum Information for Publication of Quantitative Real-Time PCR 
Experiments (MIQE) guidelines. Although these instructions apply to 
the real-time PCR method, we used them to validate our homemade 
PCR-SSP and PCR-RFLP method. MIQE includes several items such as 
designing, sampling, DNA extraction, target gene information, PCR pro-
tocol, and method validation. To validate the PCR-SSP, real-time PCR, 
and PCR-RFLP, we used sequencing analysis, a commercial kit, and a 
commercial DNA with a known genotype. HPA-3 and -15 have a high 
rate of heterozygous patterns in most populations, so we decided to use 
an additional method to evaluate them. For HPA-3, we used PCR-RFLP, 
and we used the melting curve analysis for HPA-15.

Materials and Methods

Sampling Process
The checklist used in the MIQE was used for the sampling process eval-
uation. The checklist covers the sample definition, volume, sampling 
procedure, conditions, freezing rate, storage conditions, and duration 
of storage.14 Ten samples were obtained from blood donors after re-
ceiving informed consent in the Ardabil Blood Transfusion Center. The 
Ethics Committee of the High Institute for Education and Research in 

Transfusion Medicine (Iranian Blood Transfusion Organization [IBTO]) 
approved this study (approval ID: IR.TMI.REC.1397.009). Whole blood 
samples were collected in 5 mL tubes containing EDTA as an anticoag-
ulant; they were then shaken gently to mix EDTA into the sample. The 
samples were taken from the vacuum tube accessory pouches during the 
donation to avoid further blood collection; this also reduces the risk of 
donor skin microorganisms entering the main bag. At the beginning of 
the phlebotomy, the first obtained samples were directed to the donor’s 
routine test accessory pouch. The specimens were transferred to the lab-
oratory at 2°C to 8°C.

During sampling, errors such as sample identification mistakes or 
wrong-blood-in-tube error, bacterial contamination, blood clots, and 
failure to maintain the appropriate temperature conditions may oc-
cur. Because the donor’s blood collection standards were observed for 
our samples, the errors were minimized as much as possible. These 
standards included the authentication of a barcode to each donor, im-
plementation of all instructions for disinfection of venipuncture site ac-
cording to IBTO protocols, directing the first 80 mL of the sample taken 
at the beginning of the donation to the diversion pouch, shaking the 
sample tubes according to the IBTO standards, and storing the samples 
in the refrigerator until the samples were used.

DNA Extraction
The considered items for DNA extraction were procedure and instru-
mentation, DNA extraction kit, contamination assessment, nucleic acid 
quantification, and purity of the DNA.14

The genomic DNA was extracted by the QIAamp DNA Mini kit 
(Qiagen) according to the manufacturer’s instructions. The quality of 
the extracted DNAs was evaluated by a spectrophotometer (Nanodrop 
ND-1000, Thermo Fisher Scientific) by calculating the absorbance at a 
wavelength of 260 nm for DNA and absorbance in 280 nm for protein. 
A DNA sample with A260/A280 between 1.6 and 2.0 and a concentra-
tion of 25 ng/µL to 50 ng/µL was acceptable for our purposes.

Design and Evaluation of Primers
The locations carrying HPAs polymorphisms were taken from the 
United States National Center for Biotechnology Information (NCBI). 
HPA-1 and -4 are encoded by ITGB3 (accession number: NG_008332.2). 
HPA-2, -3, -5, and -15 are encoded by GP1BA, ITGA2B, ITGA2, and 
CD109, respectively, with accession numbers NG_008767, NG_008331, 
NG_008330, and NG_033971.1, respectively. All polymorphisms were 
evaluated by SnapGene 3.2.1 software. Primer parameters, including 
the sequence size, GC content, number of annealed bases, Tm, amplified 
region, and product size, were evaluated by SnapGene 3.2.1 software. 
Also, we used the SnapGene 3.2.1 software to simulate the products’ 
electrophoretic patterns with different agarose concentrations.

We observed our primer or product shapes (possible self-dimer, 
hairpin, cross-dimer, runs, and repeats) at different temperatures and 
concentrations of MgCl

2
 and other salts using M-fold software. The 

evaluation of these structures is essential, particularly in the primer 
annealing temperature, where these constructions make it hard to con-
nect primers to specific locations.

Different SNVs at the junction sites of primers, especially in their 
3', prevent them from connecting to the target region and lead to 
false-negative results. Using SNP Masker software, the presence of 
different SNVs in the connection area of primers was examined. Fi-
nally, we used the Basic Local Alignment Search Tool (BLAST) program  
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(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to compare the primer 
sequences with the database and evaluate statistical features.

We used sequencing as the gold standard for genotyping HPA-1 to 
-5 and -15. Primer Premier Software version 6.24 was used to design 
the sequencing primers. With this software, we could design primers for 
standard PCR. The parameters such as Tm, GC content, hairpin ΔG, self-
dimer ΔG, GC clamp, Ta opt, and secondary structures were evaluated. 
TABLE 1 shows primers for sequencing.

The primers required for PCR-SSP and TaqMan Real-Time PCR were 
obtained from our previous study.13 We used Allele ID 7.85 and Primer 
express 3.0 software to analyze the accuracy and performance of the 
probes and primers. Also, the parameters such as primer and probe Tm, 
GC content, hairpin ΔG, self-dimer ΔG, GC clamp, Ta opt, and secondary 
structures were analyzed.

The primers required for PCR-RFLP were extracted from Molecu-
lar Protocols in Transfusion Medicine15 5'-TGGAAGAAAGACCTGGGAAGG-3' 
as forward and 5'-CTCCTTAACGTACTGGGAAGC 3' as the reverse primer. 
The product length was 448 base pairs (bp), and FokI was used as the re-
striction enzyme.

The required primers and probes for melting curve analysis were obtained 
from Liew et al16 and evaluated by AlleleID 7.85 software. The primer se-
quence consisted of ATTTTGGCTTATTTCAAAATGTATCAGT as the for-
ward primer and GTCTTGGACTAACAACTACTACTCCAGT as the reverse 
primer. The sequence of probes was ACTTCAGTTCCAGGATATTACCAAA-
FITC as the anchor probe and LC RED 640-AATTTGAAGTAACTGTACACG
ATTCTATCACTTCTT-P as the sensor probe.

Validation of PCR-SSP, Real-Time PCR and, PCR-RFLP
Validation of PCR-SSP, real-time PCR, and PCR-RFLP methods for 
genotyping of HPA-1 to -5 and -15 started from the sequencing step. 
Therefore, we first selected 10 samples from 100 donors with Azeri eth-
nicity, amplified them, and sent them for sequencing. In the next step, 
these samples were genotyped by PCR-SSP, real-time PCR, and PCR-
RFLP methods. A  commercial DNA sample (Innotrain) with a specific 
genotype was also genotyped along with these 10 samples and compared 
with the product brochure results. These samples were then genotyped 
again using a commercial kit, and the results were compared with the 
sequencing results. Finally, the samples were genotyped again in differ-
ent runs and the repeatability of the methods was evaluated.

Sequencing
The final reaction volume for sequencing was adjusted to 20  µL, in-
cluding 1 µL forward primer, 1 µL reverse primer, 10 µL 2× Mastermix 
(IBTO), 0.3 µL Hot start Taq polymerase, 3 µL H

2
O, and 5 µL DNA (25–

50  ng/µL). Reaction temperature conditions were 96°C for 10  min as 
activation, 40 cycles of 96°C for 20 s, 55°C for 30 s, 72°C for 90 s as am-
plification, and 72°C for 5 min as a final extension. The reaction products 
were sent to Royazistagene for sequencing after electrophoresis on 2% 
agarose. The results were analyzed by Codon code aligner software.

Homemade PCR-SSP Method
The Metcalf procedure (https://www.nibsc.org/asset.ashx?assetid= 
b2dfaa8e-1148-4f73-884f-702162412507) with a slightly modified 
method was used for the PCR-SSP. The optimization of the PCR-SSP 
reaction included optimizing the concentration of MgCl

2
, dNTP, and 

primers and optimizing TA. We also used the experiences of previ-
ous studies performed in IBTO. The final reaction volume was 20  µL, 
containing 1 µL allele-specific HPAa/b primer with 1 µL common HPA 
primer (1 µmol/L); 0.5 µL HGH forward primer and 0.5 µL HGH reverse 
primer (0.25 µmol/L) as an internal control; 7.8 µL RNase and DNase 
free distilled water; 0.7  µL DNTP (0.5  mmol/L); 2  µL PCR 10× Buffer 
(IBTO): 1.2 µL MgCl

2
 (1.5 µmol/L): 2 µL betaine (0.5 mol/L); 0.3 µL Taq 

DNA-polymerase (Add Taq DNA, ADDBIO): and 3 µL DNA (25–50 ng/
µL). Hot Start Taq DNA polymerase (ADDBIO) was added for HPA-3 
genotyping.

A DNA sample (InnoTrain) with the known genotype for HPA-1 to 
-5 and -15 was used as an external control. The products were run on 
2% agarose gel (Merck) for electrophoresis. The reaction temperature 
conditions for HPAs 1 to 5 and 15 are available in our previous study.13

We had many nonspecific bands for HPA-1b, -3, -4, and -5. To correct 
this problem with HPA-1b, we had to use the primer used in Meyer’s 
study. For this reason, the band size for HPA-1b (196  bp) was differ-
ent from HPA-1a (90  bp). We used multistep reaction temperature 
conditions at 95°C for 5 min as activation; 5 cycles as amplification-1 
at 96°C for 25 s, 68°C for 45 s, and 72°C for 30 s; 20 cycles as amplifi-
cation-2 at 96°C for 25 s, 61°C for 45 s, and 72°C for 30 s; 15 cycles as 
amplification-3 at 96°C for 25 s, 51°C for 60 s, and 72°C for 2 min. For 
HPA-3, the temperature conditions changed slightly to 95°C for 10 min 
as activation; 5 cycles as amplification-1 at 96°C for 25 s, 70°C for 45 s, 
and 72°C for 30 s; 20 cycles as amplification-2 at 96°C for 25 s, 61°C for 
45  s, and 72°C for 30  s; 15 cycles as amplification-3 at 96°C for 25  s, 
53°C for 60 s, and 72°C for 2 min, and the Hot Start enzyme was used. 
For HPA-1b and 4, temperature conditions were 95°C for 5 min as acti-
vation; 10 cycles as amplification-1 at 95°C for 30 s, 65°C for 60 s, and 
72°C for 30 s; 22 cycles as amplification-2 at 95°C for 30 s, 61°C for 50 s, 
and 72°C for 30 s; and 72°C for 5 min as final extension. For HPA-5, the 
temperature conditions changed similar to HPA-3, but the regular Taq-
polymerase enzyme was used.

PCR-RFLP
The optimization of the PCR-RFLP reaction, like that of PCR-SSP, in-
cluded optimizing the concentration of MgCl

2
, dNTP, and primers and 

optimizing TA. Also, we used the procedures from previous studies 
performed in IBTO, such as PCR-SSP. The final volume for PCR-RFLP 
was 20 µL and included 2.5 µL forward primer (1 µmol/L), 2.5 µL re-
verse primer (1  µmol/L), 1  µL dNTP (0.4  mmol/L), 2.5  µL 10× buffer 
(IBTO), 1.5 µL MgCl

2
 (1.5 mmol/L), 2.5 µL betaine (0.6 mol/L), 0.3 µL 

TABLE 1.  Primers Used for Sequencing

HPA (Sequencing) Primer Sequence 

HPA-1 Forward 5'-TTTATGCTCCAATGTACGGGGTAAAC-3'

Reverse 5'-GATTCTGGGGCACAGTTATCCTTCAGC-3'

HPA-2 Forward 5'-GGGTGACCTCGCTGCCTCTTGGTG-3'

Reverse 5'-GGAGGAGAAGGGTGTCGAGATTCTC-3'

HPA-3 Forward 5'-CTGGGCCTGACCACTCCTTTGC-3'

Reverse 5'-TCACTACGAGAACTGGATCCTGAAG-3'

HPA-4 Forward 5'-AAGAATTTCTCCATCCAAGTGCG-3'

Reverse 5'-GGTGGGGAGATATACATGTAT-3'

HPA-5 Forward 5'-ATGAGTGACCTAAAGAAAGAGG-3'

Reverse 5'-GAAATGTAAACCATACTATCTGTGC-3'

HPA-15 Forward 5'-ATTTTGGCTTATTTCAAAATGTATCAGT-3'

Reverse 5'-ACTGGAGTAGTTGTTAGTCCAAGAC-3'

Taq DNA-polymerase (Add Taq DNA), and 7.2 µL RNase and DNAse free 
distilled water.

Reaction temperature conditions and procedure were as follows: 
95°C for 5 min as activation, 35 cycles as amplification at 94°C for 30 s, 
62°C for 60 s, and 72°C for 60 s, and 72°C for 10 min as a final exten-
sion step. According to the manufacturer’s protocol, the PCR products 
were incubated with the FokI (BSe GI) (Thermo Fisher Scientific) as a 
restriction enzyme. The final reaction volume was 10  µL, including 
1.0 µL Y + 10× buffer, 0.5 µL BSe GI Enzyme, 1.5 µL distilled water, and 
7 µL PCR product. All were incubated at 55°C for 3 hours, and then the 
products were run on 4% agarose gel for electrophoresis.

TaqMan Real-Time PCR
As described in our previous study,13 the QuantiTect Probe PCR Hand-
book for quantitative real-time PCR and 2-step RT-PCR using sequence-
specific probes (Qiagen) was used for the TaqMan Real-Time PCR assay. 
The reaction mix contained 0.2 µL forward primer (0.4 µmol/L), 0.2 µL 
reverse primer (0.4 µmol/L), 0.1 µL allele probe a (VIC) (0.2 µmol/L), 
0.1 µL allele probe b (6-carboxy-fluorescein; FAM) (0.2 µmol/L), 1.9 µL 
RNase and DNase free distilled water, and 5  µL 2× QuantiTect Probe 
PCR Master Mix. A  total of 2.5  µL DNA (25–50  ng/µL) was added to 
give a final volume of 10 µL. The PCR Program for HPA-1 to -5 and -15 
consisted of 95°C for 10 minutes, 40 cycles of 95°C for 15 s, 60°C for 
20 s, and 72°C for 20 s. The data were analyzed by Rotor-Gene 6 and 
Rotor-Gene Q series software (Qiagen) and the Corbet Research Rotor-
Gene 3000 (Qiagen) was used as a thermal cycler.

Melting Curve Profile Analysis
For the melting curve analysis of HPA-15, we used the Lightcycler 480 
instrument basic real-time chemistry protocols quick reference card. The 
final volume of the reaction mix was 20 µL, consisting of 6.2 µL RNase 
and DNase free distilled water, 2.0 µL forward and 2.0 µL reverse primer 
(0.5 µmol/L), 0.4 µL of sensor probe (0.2 µmol/L), 0.4 µL of anchor probe 
(0.2 µmol/L), 4.0 µL LightCycler 480 Genotyping Master, and 5 µL DNA 
(25–50 ng/µL). All PCR reactions were performed in specific capillaries 
for LightCycler. The PCR thermal program for HPA-15 by LightCycler 
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Sequencing
The final reaction volume for sequencing was adjusted to 20  µL, in-
cluding 1 µL forward primer, 1 µL reverse primer, 10 µL 2× Mastermix 
(IBTO), 0.3 µL Hot start Taq polymerase, 3 µL H

2
O, and 5 µL DNA (25–

50  ng/µL). Reaction temperature conditions were 96°C for 10  min as 
activation, 40 cycles of 96°C for 20 s, 55°C for 30 s, 72°C for 90 s as am-
plification, and 72°C for 5 min as a final extension. The reaction products 
were sent to Royazistagene for sequencing after electrophoresis on 2% 
agarose. The results were analyzed by Codon code aligner software.

Homemade PCR-SSP Method
The Metcalf procedure (https://www.nibsc.org/asset.ashx?assetid= 
b2dfaa8e-1148-4f73-884f-702162412507) with a slightly modified 
method was used for the PCR-SSP. The optimization of the PCR-SSP 
reaction included optimizing the concentration of MgCl

2
, dNTP, and 

primers and optimizing TA. We also used the experiences of previ-
ous studies performed in IBTO. The final reaction volume was 20  µL, 
containing 1 µL allele-specific HPAa/b primer with 1 µL common HPA 
primer (1 µmol/L); 0.5 µL HGH forward primer and 0.5 µL HGH reverse 
primer (0.25 µmol/L) as an internal control; 7.8 µL RNase and DNase 
free distilled water; 0.7  µL DNTP (0.5  mmol/L); 2  µL PCR 10× Buffer 
(IBTO): 1.2 µL MgCl

2
 (1.5 µmol/L): 2 µL betaine (0.5 mol/L); 0.3 µL Taq 

DNA-polymerase (Add Taq DNA, ADDBIO): and 3 µL DNA (25–50 ng/
µL). Hot Start Taq DNA polymerase (ADDBIO) was added for HPA-3 
genotyping.

A DNA sample (InnoTrain) with the known genotype for HPA-1 to 
-5 and -15 was used as an external control. The products were run on 
2% agarose gel (Merck) for electrophoresis. The reaction temperature 
conditions for HPAs 1 to 5 and 15 are available in our previous study.13

We had many nonspecific bands for HPA-1b, -3, -4, and -5. To correct 
this problem with HPA-1b, we had to use the primer used in Meyer’s 
study. For this reason, the band size for HPA-1b (196  bp) was differ-
ent from HPA-1a (90  bp). We used multistep reaction temperature 
conditions at 95°C for 5 min as activation; 5 cycles as amplification-1 
at 96°C for 25 s, 68°C for 45 s, and 72°C for 30 s; 20 cycles as amplifi-
cation-2 at 96°C for 25 s, 61°C for 45 s, and 72°C for 30 s; 15 cycles as 
amplification-3 at 96°C for 25 s, 51°C for 60 s, and 72°C for 2 min. For 
HPA-3, the temperature conditions changed slightly to 95°C for 10 min 
as activation; 5 cycles as amplification-1 at 96°C for 25 s, 70°C for 45 s, 
and 72°C for 30 s; 20 cycles as amplification-2 at 96°C for 25 s, 61°C for 
45  s, and 72°C for 30  s; 15 cycles as amplification-3 at 96°C for 25  s, 
53°C for 60 s, and 72°C for 2 min, and the Hot Start enzyme was used. 
For HPA-1b and 4, temperature conditions were 95°C for 5 min as acti-
vation; 10 cycles as amplification-1 at 95°C for 30 s, 65°C for 60 s, and 
72°C for 30 s; 22 cycles as amplification-2 at 95°C for 30 s, 61°C for 50 s, 
and 72°C for 30 s; and 72°C for 5 min as final extension. For HPA-5, the 
temperature conditions changed similar to HPA-3, but the regular Taq-
polymerase enzyme was used.

PCR-RFLP
The optimization of the PCR-RFLP reaction, like that of PCR-SSP, in-
cluded optimizing the concentration of MgCl

2
, dNTP, and primers and 

optimizing TA. Also, we used the procedures from previous studies 
performed in IBTO, such as PCR-SSP. The final volume for PCR-RFLP 
was 20 µL and included 2.5 µL forward primer (1 µmol/L), 2.5 µL re-
verse primer (1  µmol/L), 1  µL dNTP (0.4  mmol/L), 2.5  µL 10× buffer 
(IBTO), 1.5 µL MgCl

2
 (1.5 mmol/L), 2.5 µL betaine (0.6 mol/L), 0.3 µL 

Taq DNA-polymerase (Add Taq DNA), and 7.2 µL RNase and DNAse free 
distilled water.

Reaction temperature conditions and procedure were as follows: 
95°C for 5 min as activation, 35 cycles as amplification at 94°C for 30 s, 
62°C for 60 s, and 72°C for 60 s, and 72°C for 10 min as a final exten-
sion step. According to the manufacturer’s protocol, the PCR products 
were incubated with the FokI (BSe GI) (Thermo Fisher Scientific) as a 
restriction enzyme. The final reaction volume was 10  µL, including 
1.0 µL Y + 10× buffer, 0.5 µL BSe GI Enzyme, 1.5 µL distilled water, and 
7 µL PCR product. All were incubated at 55°C for 3 hours, and then the 
products were run on 4% agarose gel for electrophoresis.

TaqMan Real-Time PCR
As described in our previous study,13 the QuantiTect Probe PCR Hand-
book for quantitative real-time PCR and 2-step RT-PCR using sequence-
specific probes (Qiagen) was used for the TaqMan Real-Time PCR assay. 
The reaction mix contained 0.2 µL forward primer (0.4 µmol/L), 0.2 µL 
reverse primer (0.4 µmol/L), 0.1 µL allele probe a (VIC) (0.2 µmol/L), 
0.1 µL allele probe b (6-carboxy-fluorescein; FAM) (0.2 µmol/L), 1.9 µL 
RNase and DNase free distilled water, and 5  µL 2× QuantiTect Probe 
PCR Master Mix. A  total of 2.5  µL DNA (25–50  ng/µL) was added to 
give a final volume of 10 µL. The PCR Program for HPA-1 to -5 and -15 
consisted of 95°C for 10 minutes, 40 cycles of 95°C for 15 s, 60°C for 
20 s, and 72°C for 20 s. The data were analyzed by Rotor-Gene 6 and 
Rotor-Gene Q series software (Qiagen) and the Corbet Research Rotor-
Gene 3000 (Qiagen) was used as a thermal cycler.

Melting Curve Profile Analysis
For the melting curve analysis of HPA-15, we used the Lightcycler 480 
instrument basic real-time chemistry protocols quick reference card. The 
final volume of the reaction mix was 20 µL, consisting of 6.2 µL RNase 
and DNase free distilled water, 2.0 µL forward and 2.0 µL reverse primer 
(0.5 µmol/L), 0.4 µL of sensor probe (0.2 µmol/L), 0.4 µL of anchor probe 
(0.2 µmol/L), 4.0 µL LightCycler 480 Genotyping Master, and 5 µL DNA 
(25–50 ng/µL). All PCR reactions were performed in specific capillaries 
for LightCycler. The PCR thermal program for HPA-15 by LightCycler 

2.0 as a thermal cycler was 95°C for 10 min as the initial denaturation, 
45 cycles for amplification consisted of 95°C for 10 s, 55°C for 10 s, and 
72°C for 10 s; 1 cycle as a melting step consisted of 95°C for 1 min, 60°C 
for 1 min, 50°C for 1 min, 45°C for 1 min, and 75°C for 0.0 s, and cooling 
step of 40°C for 30 s.

PCR-SSP Method by Commercial Kit
A commercial kit (HPA Ready Gene Innotrain) was used to determine the 
HPAs genotype of 10 samples previously identified by the sequencing. 
The final volume of the commercial kit according to the manufacturer’s 
instruction was 10.3 µL, consisting of 5 µL distilled water, 3 µL Innotrain 
Ready Mix, 0.3 µL of Taq DNA-polymerase (Add Taq DNA), and 2 µL of 
DNA (25–50 ng/µL). Thermal profiling of procedure was as follows: 94°C 
for 2 min as an activation step, 5 cycles as amplification-1 of 94°C for 
20 s, 70°C for 60 s; 10 cycles as amplification-2 at 94°C for 20 s, 65°C for 
1 min and 72°C for 45 s, 20 cycles as amplification-3 of 94°C for 20 s, 
61°C for 50 s, 72°C for 45 s, and final extension step at 72°C for 5 min.

Repeatability of the Methods
The genotyped samples by sequencing and commercial kit were 
regenotyped in different runs by PCR-SSP, real-time PCR, and PCR-
RFLP, especially when problems occurred during test set-up. The results 
were compared to expected results (TABLE 2).

Results
In the first step, we genotyped 10 samples by sequencing as a gold 
standard. FIGURE 1 shows the sequencing results for homozy-
gous samples and FIGURE 2 for heterozygous. At the next level, 
these samples were genotyped by PCR-SSP (HPA-1 to -5 and -15) 
and  TaqMan Real-Time PCR (HPA-1 to -5 and -15) (FIGURE 3). 
For PCR-SSP, if the HGH gene was amplified and an electrophoretic 
pattern of 429 bp was observed in the row, the negative results were 
considered valid. Bands related to each allele were identified using a 
size marker and compared with the pattern in each row, and the pres-
ence or absence of alleles was recorded as positive or negative results. 

TABLE 2.  The Repeatability of the Results for PCR-SSP, Real-Time PCR, and PCR-RFLP 

Hpa Repeated Sample 
Number of Repeats

FP FN C 
SSP Real-Time RFLP 

HPA-1 1a/1a 1aa, 2aa, 3ab, 4aa, 5ab, 15aa 10 5 - 0 0 100%

1a/1b 1ab, 2aa, 3aa, 4aa, 5aa, 15ab 10 5 - 0 0 100%

HPA-2 2a/2a 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 6 5 - 0 0 100%

2a/2b 1aa, 2ab, 3ab, 4aa, 5aa, 15bb 6 5 - 0 0 100%

HPA- 3 3a/3a 1ab, 2aa, 3aa, 4aa, 5aa, 15ab 12 5 5 0 0 100%

3a/3b 1aa, 2ab, 3ab, 4aa, 5aa, 15bb 12 5 5 0 0 100%

3b/3b 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 12 5 5 0 0 100%

HPA- 4 4a/4a 1aa, 2aa, 3aa, 4aa, 5aa, 15ab 6 5 - 0 0 100%

HPA- 5 5a/5a 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 10 5 - 0 0 100%

5a/5b 1ab, 2aa, 3ab, 4aa, 5ab, 15ab 10 5 - 0 0 100%

HPA- 15 15a/15a 1aa, 2aa, 3ab, 4aa, 5ab, 15aa 10 5 - 0 0 100%

15a/15b 1aa, 2ab, 3aa, 4aa, 5aa, 15ab 10 5 - 0 0 100%

15b/15b 1aa, 2aa, 3ab, 4aa, 5aa, 15bb 10 5 - 0 0 100%

C, consistency with expected results; FN, false negative; FP, false positive; RFLP, restriction fragment length polymorphism-polymerase chain reac-
tion; SSP, sequence-specific primer-polymerase chain reaction.

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/6/570/6605786 by guest on 28 February 2025

https://www.nibsc.org/asset.ashx?assetid=b2dfaa8e-1148-4f73-884f-702162412507
https://www.nibsc.org/asset.ashx?assetid=b2dfaa8e-1148-4f73-884f-702162412507
https://doi.org/3000


2022;53;570–579  |  https://doi.org/10.1093/labmed/lmac050574 Laboratory Medicine

Also, a well containing distilled water was considered a negative re-
sult when no band was observed (FIGURE 3A).

The TaqMan Real-Time PCR results were illustrated in 2 ways: a product 
amplification analysis curve, in which the x-axis was represented for the 
cycles of reaction, and the y-axis for fluorescence intensity emitted from 
the probes (VIC for allele a and FAM for allele b). These evaluations were 
implemented in different channels (VIC and FAM) for alleles a and b; how-
ever, instead of using 2 separate tubes for each allele, 2 different probes 
were used in 1 reaction tube (FIGURE 3B). For the second approach, we 
used a scatter graph as an allelic discrimination method. A chart divided 
into 4 sections (negative, VIC for allele a, FAM for allele b, and a shared area 
for heterozygous samples) was used in this method (FIGURE 3C). All of 
these evaluations were performed by Rotor-Gene Q software.

Melting curve analysis was performed for HPA-15 genotyping. 
FIGURE 4 shows the melting curve analysis in 640/530  nm for 
the hybridization probe. The Tm difference between alleles a and b 
was  about 9°C. The melting curve analysis results for HPA-15 were 
HPA-15a/a with a Tm of approximately 62°C and a single-peak curve 
(FIGURE 4A). The HPA-15b/b also had a single-peak curve and a Tm 

of about 53°C (FIGURE 4B). The HPA-15 a/ 15b curve had both Tm 
and had a 2-peak curve (FIGURE 4C).

The PCR-RFLP method was used for genotyping of HPA-3. FokI re-
striction enzyme yielded 3 fragments with 149, 191, and 108 bp lengths 
for HPA-3a and 2 fragments with 149 and 299 bp lengths for HPA-3b 
(FIGURE 5).

Finally, we genotyped these 10 samples with a commercial kit (HPA 
Ready Gene). FIGURE 6 shows the results of 1 sample genotyped by 
commercial kit compared to the PCR-SSP method and the genotyping 
results of a known commercial DNA by PCR-SSP method.

The results of PCR-SSP, TaqMan Real-Time PCR, melting curve 
analysis (HPA-15), and PCR-RFLP (HPA-3) were 100% consistent with 
sequencing (gold standard) and the commercial Innotrain kit result 
(HPA Ready Gene) (TABLE 3). The PCR-SSP and TaqMan Real-Time 
PCR results for known DNA (Innotrain) as external control were HPA-
1aa, HPA-2aa, HPA-3bb, HPA-4aa, HPA-5aa, and HPA-15aa, which was 
consistent with the manufacturer issue. There was a 100% correlation 
between repeating the methods and the expected results for repeata-
bility, and no false positives and negatives were observed (TABLE 2).

FIGURE 1. The sequencing results for homozygous samples. HPA, human platelet antigen.

FIGURE 2. The sequencing results for heterozygous samples. HPA, human platelet antigen.
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FIGURE 3. A, The results for HPA-1 in sample 2 (S2) and sample 6 (S6) were HPA-1ab and in samples 1, 3-5 and 7-10 were HPA-
1aa. B, Quantitation analysis of 10 samples for HPA-1 genotyped by TaqMan Real-Time. C, Allelic discrimination of 10 samples 
by TaqMan Real-Time PCR illustrated with a scatter graph. All results were consistent with each other. FAM, 6-carboxy-
fluorescein; HPA, human platelet antigen; VIC, Victoria.
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Discussion
This study shows our approaches to an HPA-1 to -5 and -15 genotyping 
set-up by PCR-SSP homemade method, TaqMan Real-Time PCR, 
PCR-RFLP (HPA-3), and melting curve analysis (HPA-15), the steps 
for validating the methods, and potential sources of errors and their 
corrections. In our previous study, we genotyped 100 blood donors of 
Azeri ethnicity, but due to the complexity of the process we did not have 
any hint to our validation approaches. These assessments start from 
sampling and continue until the interpretation of the results.

HPA phenotyping was initially limited to reference laboratories with 
specific antisera, whereas DNA-based molecular methods can be used in 
every laboratory worldwide. PCR-SSP is the most widely used method 
for genotyping platelet antigens. This method is relatively inexpensive 
and simple but has disadvantages, including the difficulty of automa-
tion, the need for high proficiency in interpreting the results, and the 
many false-positive results.

The National Institute for Biological Standards and Control (NIBSC) 
established a PCR-SSP method for routine assessments of HPA-1 to 
-5. The NIBSC implemented some evaluations in 6 different labs where 
HPA-3 and -5 genotyping confronted some problems. Cavanagh et al17 
explained these problems as differences in solutions and reagents and 
the type of thermal cycling devices used in different laboratories. In the 
current study, we had some challenges, such as nonspecific bands for 
HPA-1b, HPA-3, HPA-4, and HPA-5, when we performed genotyping ac-
cording to the NIBSC method. Therefore, we made changes in tempera-
ture profiles to fix these problems. There were many nonspecific bands 
for HPA-3 that any temperature protocol could not correct, but we could 
achieve the desired results using the Hot-Start enzyme. Also, in each 
run, a commercial DNA sample with known genotypes for HPAs was 
used and results of our homemade PCR-SSP method, real-time PCR, and 
PCR-RFLP were harmonized with the results in the product brochure.

In 2004, Ficko et al9 genotyped 120 samples for HPAs -1 to -3 and 
-5 using real-time PCR. In the Ficko et  al study, one of the samples 
was genotyped as HPA-1ab by PCR-SSP, but it turned out to be HPA-
1aa by repeating PCR-SSP, TaqMan Real-Time PCR, and the sequencing 

method. For HPA-2 and -5, 1 sample was genotyped as HPA-2ab and the 
other as HPA-5aa by PCR-SSP. By repeating the PCR-SSP and performing 
the TaqMan Real-Time PCR and sequencing, they were determined to be 
HPA-2aa and HPA-5ab, respectively. Most of the discrepancies belonged 
to HPA-3; with PCR-SSP, 7 samples were typed as HPA-3ab, and 4 as 
HPA-3bb, whereas all of them were HPA-3aa when they were genotyped 
by TaqMan Real-Time PCR and sequencing. Ficko et  al9 preferred the 
TaqMan Real-Time method to the PCR-SSP. Simultaneous use of 2 dif-
ferent probes in 1 reaction tube, with no need for time-consuming post-
PCR processes and the possibility of displaying results simultaneously 
with reaction progression by different software, makes the TaqMan 
Real-Time PCR a better method than PCR-SSP. Although the TaqMan 
Real-Time PCR is a simpler, faster, and more reliable method, one of the 
most critical challenges ahead, especially in Iran, is the expense of MGB 
probes, which reduces the possibility of using them; therefore, the PCR-
SSP method still is a more widely used method in Iran’s laboratories.

We used PCR-RFLP for genotyping HPA-3. However, due to the dif-
ficulty of interpreting the results and the time-consuming processes of 
PCR-RFLP, this method is less preferred than PCR-SSP and real-time 
PCR. Because of these limitations, the possibility of using this method 
on a large scale is low.

At the first workshop of the International Society of Blood Transfu-
sion (ISBT) International Platelet Immunobiology Working Party, Asia 
Regional, in 2014, 6 DNA samples were sent to 14 laboratories, 11 of 
which declared their results to the ISBT. In these 11 laboratories, the 
most widely used method was PCR-SSP (7 labs). PCR-SSOP (commercial 
kit) (6 labs) was the second most widely used method in laboratories. 
Other methods were sequencing and real-time PCR, each used in only 1 
laboratory. For HPA-2, -4, -5, and -9, there was 100% coordination be-
tween the results. The lowest coordination rate was 93% for HPA-1 and 
then 94%, 97%, and 97% for HPA-15, -3 and -6, respectively.12

At the 18th Platelet Immunology Workshop of the ISBT in 
2016, 5 DNA samples were sent to 32 laboratories. The geno-
type of these 5 samples was known for HPA-1 to -6, -9, and -15. 
Also, 2 samples contained rare mutations near the SNVs related 

FIGURE 5. PCR-RFLP results for HPA-3. SM, size marker; UP, undigested product.

to HPA-3 and HPA-15. The most commonly used method in these 
laboratories was the PCR-SSP method, used in 15 laboratories, 
followed by the TaqMan and sequence-based typing (SBT) 
methods used in 5 laboratories. The other methods used included 
Luminex in 4 laboratories, PCR-RFLP in 3 laboratories, bead ar-
ray and RT-PCR in 2 laboratories, and finally, LightCycler and the 
high-resolution melting analysis in 1 laboratory. The results of 
all laboratories for HPA-1, -2, -4, and -5 were similar. The highest 
inconsistencies were in the HPA-3 results, and the sample had a 
rare mutation in the ITG2B gene.6

At the 19th ISBT Platelet Immunology Workshop in 2018, 5 
DNA samples were sent to 29 laboratories. The most commonly used 
methods for determining HPA genotype were PCR-SSP and real-time 
PCR methods used by 12 laboratories. They were followed by SBT, SSO, 
BioArray Beadchip, Progenika HPA XT, and RFLP, used in 6, 5, 3, 1, and 
1 laboratories, respectively.7
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to HPA-3 and HPA-15. The most commonly used method in these 
laboratories was the PCR-SSP method, used in 15 laboratories, 
followed by the TaqMan and sequence-based typing (SBT) 
methods used in 5 laboratories. The other methods used included 
Luminex in 4 laboratories, PCR-RFLP in 3 laboratories, bead ar-
ray and RT-PCR in 2 laboratories, and finally, LightCycler and the 
high-resolution melting analysis in 1 laboratory. The results of 
all laboratories for HPA-1, -2, -4, and -5 were similar. The highest 
inconsistencies were in the HPA-3 results, and the sample had a 
rare mutation in the ITG2B gene.6

At the 19th ISBT Platelet Immunology Workshop in 2018, 5 
DNA samples were sent to 29 laboratories. The most commonly used 
methods for determining HPA genotype were PCR-SSP and real-time 
PCR methods used by 12 laboratories. They were followed by SBT, SSO, 
BioArray Beadchip, Progenika HPA XT, and RFLP, used in 6, 5, 3, 1, and 
1 laboratories, respectively.7

From the results reported at these 3 workshops, we found that over 
time the number of laboratories that use the real-time method has 
increased compared to the PCR-SSP method, and gradually the PCR-
RFLP method has become less widely used due to its time-consuming 
nature, problems with the use of restrictive enzymes, and problems with 
interpreting results.

Vorholt et  al5 used TaqMan Real-time PCR to validate the next-
generation sequencing (NGS) results. In this study, there were 2 
discrepancies between NGS results and TaqMan Real-Time PCR that 
resulted from the presence of SNVs in adjacent regions of real-time PCR 
primers and probes. Because of the NGS method’s ability to detect HPAs 
and new SNVs on coding sequences simultaneously, the NGS method is 
preferred to TaqMan Real-Time PCR, but the Real-Time PCR can be used 
as a fast and precise method.5

Different methods have been used to validate the genotyping results 
of HPA-1 to -15 all over the world. Commercial DNA samples with known 

FIGURE 6. The results of PCR-SSP for one sample (S) and external control (EC) obtained by home-made PCR-SSP and 
commercial kit. The results of PCR-SSP for a known sample (Innotrain) as EC were HPA-1aa, HPA-2aa, HPA-3bb, HPA-4aa, 
HPA-5aa, and HPA-15aa (A); also, the products of amplification for HPA-1 to HPA-5 and HPA-15 for a sample were included 
(HPA-1aa, HPA-2aa, HPA-3ab, HPA-4aa, HPA-5aa, and HPA-15b) consistent with the results obtained by commercial kit (B).

A

B

TABLE 3.  The Results of PCR-SSP, TaqMan Real-Time PCR, Melting Curve Analysis (HPA-15) and PCR-RFLP (HPA-3) 
Compared with Sequencing and Commercial Kit Results (HPA Ready Gene) 

Sample Sequencing TaqMan PCR-SSP Commercial Kit RFLP (HPA-3) MCA (HPA-15) Discrepancy 

1 1aa, 2aa, 3ab, 4aa, 5ab, 15aa 1aa, 2aa, 3ab, 4aa, 5ab, 15aa 1aa, 2aa, 3ab, 4aa, 5ab, 15aa 1aa, 2aa, 3ab, 4aa, 5ab, 15aa 3ab 15aa Not seen

2 1ab, 2aa, 3aa, 4aa, 5aa, 15ab 1ab, 2aa, 3aa, 4aa, 5aa, 15ab 1ab, 2aa, 3aa, 4aa, 5aa, 15ab 1ab, 2aa, 3aa, 4aa, 5aa, 15ab 3aa 15ab Not seen

3 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 3bb 15ab Not seen

4 1aa, 2ab, 3ab, 4aa, 5aa, 15bb 1aa, 2ab, 3ab, 4aa, 5aa, 15bb 1aa, 2ab, 3ab, 4aa, 5aa, 15bb 1aa, 2ab, 3ab, 4aa, 5aa, 15bb 3ab 15bb Not seen

5 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 1aa, 2aa, 3bb, 4aa, 5aa, 15ab 3bb 15ab Not seen

6 1ab, 2aa, 3ab, 4aa, 5ab, 15ab 1ab, 2aa, 3ab, 4aa, 5ab, 15ab 1ab, 2aa, 3ab, 4aa, 5ab, 15ab 1ab, 2aa, 3ab, 4aa, 5ab, 15ab 3ab 15ab Not seen

7 1aa, 2aa, 3ab, 4aa, 5aa, 15ab 1aa, 2aa, 3ab, 4aa, 5aa, 15ab 1aa, 2aa, 3ab, 4aa, 5aa, 15ab 1aa, 2aa, 3ab, 4aa, 5aa, 15ab 3ab 15ab Not seen

8 1aa, 2aa, 3aa, 4aa, 5aa, 15ab 1aa, 2aa, 3aa, 4aa, 5aa, 15ab 1aa, 2aa, 3aa, 4aa, 5aa, 15ab 1aa, 2aa, 3aa, 4aa, 5aa, 15ab 3aa 15ab Not seen

9 1aa, 2ab, 3aa, 4aa, 5aa, 15ab 1aa, 2ab, 3aa, 4aa, 5aa, 15ab 1aa, 2ab, 3aa, 4aa, 5aa, 15ab 1aa, 2ab, 3aa, 4aa, 5aa, 15ab 3aa 15ab Not seen

10 1aa, 2aa, 3ab, 4aa, 5aa, 15bb 1aa, 2aa, 3ab, 4aa, 5aa, 15bb 1aa, 2aa, 3ab, 4aa, 5aa, 15bb 1aa, 2aa, 3ab, 4aa, 5aa, 15bb 3ab 15bb Not seen

MCA, melting curve analysis.
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genotypes are the most applicable method.9,11,18–23 Sequencing5,9,19 or SBT 
methods24–26 are other relevant methods. Some methods are used less fre-
quently; for example, commercial kits based on PCR-SSP,26 blood chip,26 
the thrombotype sequence-specific method,23 comparing the results of 
samples to reference laboratory results,23 Luminex XMAP,8 TaqMan Real-
Time PCR,5 and repeating 10% of samples with the same method.27 In the 
current study, we used a combination of sequencing, commercial DNA, 
and a commercial kit.. Although sequencing was used as the gold stand-
ard for genotyping HPAs, this method is expensive and time-consuming 
and could not be done by the blood transfusion organization (IBTO), 
thus requiring more affordable and more rapid methods appropriate to 
the country’s economic conditions. PCR-SSP and PCR-RFLP methods are 
among the main choices in low-income countries in terms of cost-effec-
tiveness and real time in terms of speed. The main problem of real-time in 
Iran is the high price of probes, which makes using this method routinely 
problematic. It appears that different methods being used in each center 
can eliminate the drawbacks of other methods; for instance, in our center, 
the genotyping of HPA-3 using the PCR-SSP faced many challenges; as 
a result, real-time PCR or PCR-RFLP methods can be used for routinely 
genotyping of HPA-3. In general, if we do not consider the issue from a 
financial point of view, the TaqMan real-time PCR method using MGB 
probes and the melting curve analysis method using hybridization probes 
are preferred over PCR-SSP and PCR-RFLP.

Determination of platelet antigen genotype can help identify 
thrombocytopenic alloimmune syndromes, helping to treat patients 
with platelet refractoriness and preventing NAITP and racial stud-
ies. Appropriate methods for determining platelet antigens are cru-
cial in platelet registry centers. Therefore, we share our validating 
experiences for PCR-SSP and real-time PCR in genotyping of HPA-1 to 
-5 and -15 and PCR-RFLP for HPA-3. These methods should be able to 
be harmonized across the country and tailored to the economic situa-
tion. Obtaining accurate results is a process that starts from the pre-
PCR steps, such as sampling and selecting the best primers; therefore, 
primers must be evaluated before being ordered. Newer methods for 
HPA typing, including quantitative PCR and their combination with 
probes, are available, but the high cost of these methods limits their 
use, especially in Iran. Economic conditions are always an issue to 
consider. In this study, we tried to use somewhat simpler methods to 
validate our homemade PCR-SSP method and its quality control and 
obtain reliable results.
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ABSTRACT

Objective: Using a US Food and Drug Administration (FDA) emer-

gency use authorization (EUA) reverse transcription polymerase chain 

reaction (RT-PCR) method, we examined the analytic performance 

accuracy of saliva specimens as compared to nasopharyngeal (NP) 

specimens in symptomatic patients. Correlation between test results 

and symptoms was also evaluated.

Methods: Over a 5-week period in 2020, 89 matched saliva and 

nasopharyngeal swabs were collected from individuals exhibiting 

symptoms consistent with SARS-CoV-2. Specimens were tested with 

an FDA EUA-approved RT-PCR method, and performance character-

istics were compared.

Results: The concordance rate between saliva and nasopharyngeal testing 

was 93.26%. The mean cycle threshold value of saliva when compared to 

the NP specimen was 3.56 cycles higher. As compared to NP swab, saliva 

testing demonstrates acceptable agreement but lower sensitivity.

Conclusion: When compared to a reference method using NP swabs, 

the use of saliva testing proved to be a reliable method. Self-collected 

saliva testing for SARS-CoV-2 allows for a viable option when trained 

staff or collection materials are in short supply.

As part of the management of the COVID-19 pandemic, accurate de-
tection of infected individuals lies at the forefront of health care. The 
current criterion standard specimen type, nasopharyngeal (NP) swabs, 
must be collected by health care professionals and later analyzed via 
reverse transcription  polymerase chain reaction (RT-PCR). The lack 
of sufficient supplies (collection swabs, viral transport medias, collec-
tion tubes) and availability of health care professionals to facilitate 
viral  collection poses a persistent challenge in the detection of SARS 
c oronavirus-2 (SARS-CoV-2). Discomfort reported by patients along 
with possible transmission associated with the NP collection method 
highlights the importance of pursuing alternative sampling methods 
for SARS-CoV-2.1 Self-collected saliva is a noninvasive sample type that 
may improve detection of SARS-CoV-2 as compared to NP swabs.1,2

The consideration of saliva as a sample type centers around differences 
in sensitivities to NP swabs and the potential of increasing access to 
COVID-19 diagnostic tests. As new strains of SARS-CoV-2 continue to 
emerge and spread, the urgent need for efficient collection and testing 
methods remains pivotal.3 Utilization of self-collected saliva may dimin-
ish the possibility of SARS-CoV-2 transmission as compared to assisted 
NP swab testing.4 Other studies note test results from self-collected 
saliva specimens demonstrate similar analytical performance to NP 
samples collected by trained health care professionals.5 In the summer 
of 2020, the pandemic greatly affected minorities and disenfranchised 
communities due to preexisting conditions, crowded living spaces, and 
lack of access to COVID-19 testing.6 Newer variants of the virus may 
affect such communities yet again, further highlighting the importance 
of providing access to reliable testing with readily collectable specimens. 
Self-collected saliva samples for detection of the virus could poten-
tially increase access to testing, thus reducing the negative effects on 
underserved communities.

Our study objective was to assess the viability of saliva as a sam-
ple type in detection of SARS-CoV-2, as compared to the standard NP 
swab, using a high-throughput US Food and Drug Administration (FDA) 
emergency use authorization (EUA) method. We analyzed cycle thresh-
old (Ct) values to discern sensitivity differences between NP swabs and 
saliva samples to illustrate the potential utility of saliva as a sample type. 

Materials and Methods
The study was approved by the Mayo Clinic Florida institutional 
review board (IRB# 20-004895). In recruiting study participants, 
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clinical researchers invited individuals via telephone to participate 
in the study. Informed consent was digitally obtained via remote 
technology (iPad) by an email containing a link to the study consent 
form. In addition to completing the digital consent form, written 
consent was received from each participant on the date of specimen  
collection.

In the study, 89 participants between the ages of 20 and 83 were 
sampled from August 25, 2020, to October 2, 2020. Participants 
were identified as symptomatic through self-reporting the follow-
ing symptoms or occurrences through the nurse triage call line: loss 
of sense of taste and/or smell, fever greater than 37°C, cough, short-
ness of breath, headache, sore throat, nasal congestion, diarrhea, 
vomiting, or nausea. The collection from study participants was held 
in conjunction with community testing at a COVID drive-through  
facility.

NP Swab Collection
Trained health care professionals collected NP swab specimens from all 
study participants while abiding by standard precautionary techniques. 
Swabs placed in viral transport media (Remel) were then sent to the 
testing laboratory every 60 minutes (+20 minutes transport; total time 
range, 20–80 minutes) on wet ice after collection to reduce potential 
degradation of the patient samples. NP swabs were tested in the labora-
tory within 24 hours of receipt.

Saliva Collection
Supervised by a health care provider, participants were provided 
a self-collection kit for collection of saliva, which featured kit 
instructions in the form of a video tutorial and paper handout. 
Using an FDA EUA-approved self-collection device (Spectrum 
DNA), participants were to spit approximately 2.0 mL into the de-
vice. The instructions then required participants to add 1.50 mL of 
an RNA stabilization/lysing agent to their sample. Once completed, 
the samples were placed on wet ice and sent every 60 minutes (+20 
minutes transport; total time range, 20–80 minutes) to the labora-
tory for testing.

Nucleic Acid Extraction and SARS-CoV-2 Detection
The two matched sample specimens (saliva and NP) were transported to 
the testing laboratory and tested with the cobas SARS-CoV-2 test using 
the cobas 6800 system (Roche Molecular Diagnostics). NP specimens 
were processed according to the manufacturer’s recommendations 
under the FDA EUA. Saliva specimens were considered an alternative 
specimen type and processed as a laboratory-developed test. Saliva 
specimens were checked to meet the 2.0 mL collection volume by vis-
ual inspection before testing. NP specimens were stored at 4°C–8°C 
and tested within 24 hours of collection at the clinical laboratory, and 
saliva specimens were stored at 4°C–8°C and tested within 1 to 20 days 
of collection.

The targets detected in the cobas assay consisted of the ORF1ab 
and SARS-CoV-2 envelope (E) genes. In the interpretation of results 
from the instrument’s software, specimens positive for ORF1ab and 
E targets or ORF1ab alone were classified as presumptive positive. 
When positive for E alone, results were reported as indeterminate, 
and both targets resulting as negative were reported as SARS-CoV-2 
undetected. Ct values for each target were collected and later analyzed 
to assess sensitivity.
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reaction (RT-PCR) method, we examined the analytic performance 

accuracy of saliva specimens as compared to nasopharyngeal (NP) 

specimens in symptomatic patients. Correlation between test results 
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nasopharyngeal swabs were collected from individuals exhibiting 

symptoms consistent with SARS-CoV-2. Specimens were tested with 
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was 93.26%. The mean cycle threshold value of saliva when compared to 

the NP specimen was 3.56 cycles higher. As compared to NP swab, saliva 

testing demonstrates acceptable agreement but lower sensitivity.

Conclusion: When compared to a reference method using NP swabs, 

the use of saliva testing proved to be a reliable method. Self-collected 
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staff or collection materials are in short supply.
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ing symptoms or occurrences through the nurse triage call line: loss 
of sense of taste and/or smell, fever greater than 37°C, cough, short-
ness of breath, headache, sore throat, nasal congestion, diarrhea, 
vomiting, or nausea. The collection from study participants was held 
in conjunction with community testing at a COVID drive-through  
facility.

NP Swab Collection
Trained health care professionals collected NP swab specimens from all 
study participants while abiding by standard precautionary techniques. 
Swabs placed in viral transport media (Remel) were then sent to the 
testing laboratory every 60 minutes (+20 minutes transport; total time 
range, 20–80 minutes) on wet ice after collection to reduce potential 
degradation of the patient samples. NP swabs were tested in the labora-
tory within 24 hours of receipt.

Saliva Collection
Supervised by a health care provider, participants were provided 
a self-collection kit for collection of saliva, which featured kit 
instructions in the form of a video tutorial and paper handout. 
Using an FDA EUA-approved self-collection device (Spectrum 
DNA), participants were to spit approximately 2.0 mL into the de-
vice. The instructions then required participants to add 1.50 mL of 
an RNA stabilization/lysing agent to their sample. Once completed, 
the samples were placed on wet ice and sent every 60 minutes (+20 
minutes transport; total time range, 20–80 minutes) to the labora-
tory for testing.

Nucleic Acid Extraction and SARS-CoV-2 Detection
The two matched sample specimens (saliva and NP) were transported to 
the testing laboratory and tested with the cobas SARS-CoV-2 test using 
the cobas 6800 system (Roche Molecular Diagnostics). NP specimens 
were processed according to the manufacturer’s recommendations 
under the FDA EUA. Saliva specimens were considered an alternative 
specimen type and processed as a laboratory-developed test. Saliva 
specimens were checked to meet the 2.0 mL collection volume by vis-
ual inspection before testing. NP specimens were stored at 4°C–8°C 
and tested within 24 hours of collection at the clinical laboratory, and 
saliva specimens were stored at 4°C–8°C and tested within 1 to 20 days 
of collection.

The targets detected in the cobas assay consisted of the ORF1ab 
and SARS-CoV-2 envelope (E) genes. In the interpretation of results 
from the instrument’s software, specimens positive for ORF1ab and 
E targets or ORF1ab alone were classified as presumptive positive. 
When positive for E alone, results were reported as indeterminate, 
and both targets resulting as negative were reported as SARS-CoV-2 
undetected. Ct values for each target were collected and later analyzed 
to assess sensitivity.

Statistical Analyses
The study compared qualitative results between NP specimens and the 
participant’s matched self-collected saliva samples. Diagnostic accuracy 
was analyzed with a 2-by-2 table in detecting SARS-CoV-2 between the 
two sample types, and a Cohen’s coefficient agreement was analyzed. 
The symptoms were tabulated in an agreement table to view the most 
prevalent symptoms among the participants. Pearson coefficient was 
generated through a regression analysis equation.

Results
The 89 participants consisted of 38 men (42.7%) and 51 women (57.3%); 
the participant mean age was 48 years old (range, 21–84 years). Among 
the participants, the self-reported onset of infection had a median of 
3 days with an upper limit of 7 days. The most common symptoms from 
all symptomatic participants consisted of muscle or body aches (34.8%), 
headache (33.7%), cough (32.6%), and fever or chills (30.3%). The remain-
ing symptoms included difficulty breathing, fatigue, loss of taste or smell, 
sore throat, congestion or runny nose, nausea, and diarrhea (TABLE 1). 
Among symptomatic participants with a positive SARS-CoV-2 result in 
NP, the most common symptom consisted of loss of smell or taste (50%), 
nasal congestion (31.2%), diarrhea (25.0%), and difficulty breathing 
(25.0%) (FIGURE 1).

Eighty-nine matched specimens for both NP and saliva were 
found to be of sufficient volume and acceptable for testing. Saliva 
samples tested positive for SARS-CoV-2 among 17 participants 
(19.1%), and NP specimens tested positive among 19 participants 
(21.3%) demonstrating a statistically significant difference 
(P < .0001). Both specimen types demonstrated positive agree-
ment for detection of SARS-CoV-2 in 15 patients. Saliva samples 
detected 2 positive specimens that remained undetected (neg-
ative) in the matched NP specimen. Conversely, NP specimens 
detected 4 positive samples that were undetected in the paired sa-
liva samples. Sensitivity and specificity of saliva samples was cal-
culated at 78.95% (15/19), and 97.14% (68/70), respectively. The 
overall agreement between the 2 tests was 93.26%, positive agree-
ment was 89.5% (17/19), with a substantial kappa agreement of 
79.1% (TABLE 2).

To analyze the correlation between paired PCR Ct values among NP 
specimens vs saliva samples, 2 Pearson correlation coefficients were 
generated for the 2 targets, ORF1ab and E. The correlation (R value) was 
0.739 for ORF; the saliva deviation remained above the line of equiva-
lence (FIGURE 2). In addition, the correlation (R value) was 0.729 for 
E and illustrated a saliva deviation above the line of equivalence (FIG-
URE 3).

The Ct values between the saliva samples and NP specimen 
demonstrated different values for both ORF1ab and E.  Positive sa-
liva samples targeting ORF1ab had a mean of 27.17 cycles (SD, ±4.28; 
range, 17.87–33.40). The positive NP specimens targeting ORF 
demonstrated a mean of 24.85 cycles (SD, ±5.95; range, 16.68–34.24) 
A  statistically significant difference between the means were noted 
(95% CI, 0.33–4.41; P = .026) (FIGURE 4). In targeting the E region 
amongst positive saliva samples, the mean was 28.32 cycles (SD, ±4.77; 
range, 18.52–35.63). NP specimens targeting E had a mean of 24.76 
cycles (SD, ±6.46; range, 16.56–36.85) A  statistically significant dif-
ference between the means was noted (95% CI, 0.06–7.03; P = .046) 
(FIGURE 5). The paired saliva samples demonstrated a narrower 
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range and higher mean for the Ct values, inferring a lower viral load of 
SARS-CoV-2. In contrast, the NP specimens showed a narrower range 
and lower mean, indicating higher viral load of SARS-CoV-2 among the 
samples (FIGURE 6).

In assessing test sensitivity between the 2 sample types, Ct val-
ues among positive SARS-CoV-2 cases were used. For the purposes 
of this work, low sensitivity was arbitrarily classified as Ct values 
31 to 40, whereas high sensitivity was arbitrarily classified as Ct 
values 15 to 25. Saliva samples demonstrated higher Ct values for 
each of the target genes, indicating SARS-CoV-2 detection in saliva 
is slightly less sensitive as compared to NP specimens (FIGURES 
4 and 5).

Discussion
The study assessed the differences in test accuracy between NP 
specimens and self-collected saliva samples in symptomatic individuals 
using an FDA EUA method for detection of SARS-CoV-2. The major-
ity of participants demonstrated symptoms, with the most commonly 
reported being muscle/body aches, headache, cough, and fever/chills. 
Saliva is shown to be an acceptable collection specimen, as patients re-
ported no dissatisfaction or adverse events from use of the self-collection 
device. Overall, detection of SARS-CoV-2 in saliva was 19.1% and 21.3% 
in NP specimens, with overall 93.26% concordance of positive/negative 
results between the NP and saliva specimens. The saliva test sensitivity 
was calculated at 78.95%; thus, the potential for false-negative results 
compared to NP swabs does exist. This observation may be less relevant 
when the actual prevalence of SARS-CoV-2 is low; however, it does not 
lessen the potential adverse downstream effects of false-negative results 
for patient misdiagnosis, need for additional testing, and possible delays 
in infection control. No PCR inhibition was noted in either specimen 
type; PCR inhibitors present in saliva were most likely inactivated when 
SpectrumDNA lysis buffer was added to the sample specimen.

In this study, we sought to identify the differences in SARS-CoV-2 de-
tection between NP swabs and saliva to prove the viability of saliva as a 
comparable specimen. As a rule, use of Ct values for quantitative compar-
ison of different PCR assays has been strongly discouraged due to myr-
iad factors other than viral load that affect Ct values. However, as true 
SARS-CoV-2 quantitation was not available, Ct values were considered 
a reasonable surrogate metric for comparison as the same tests, test 
platforms, and testing laboratory were used in this study. The Ct values 
were used to compare and assess test sensitivities, based on results from 
positive SARS-CoV-2 RT-PCR (FIGURES 4 and 5). The higher the Ct 
value, the less sensitive the test, due to low viral load in saliva. Among 
the positive samples, saliva samples generally demonstrated a higher Ct 
value, indicating lower levels of SARS-CoV-2 detection in saliva specimens 
than NP specimens. In agreement with previous studies, we note that sa-
liva specimens tended to have higher Ct values, whereas NP specimens 
demonstrated lower Ct values.2,7 A study by Hitzenbichler et al4 suggests 
that close resemblances in Ct values reflect slight analogous sensitivities. 
In their study, these authors were able to draw such conclusions through 
confirming similar median viral loads in different specimen types.

TABLE 1. Clinical Symptoms Detected in all Participants 
(n = 89)

Characteristic Overall (%) 

Muscle or body aches 31/89 (34.8)

Headache 30/89 (33.7)

Cough 29/89 (32.6)

Fever or chills 27/89 (30.3)

Sore throat 27/89 (30.3)

Fatigue 26/89 (29.2)

Congestion or runny nose 16/89 (18.0)

Diarrhea 8/89 (9.0)

Nausea or vomiting 6/89 (6.7)

Loss of smell/taste 6/89 (6.7)

Difficulty breathing 4/89 (4.5)

FIGURE 1. Symptoms noted in participants testing positive 
for SARS-CoV-2 in nasopharyngeal swab (n = 19). DOB, 
difficulty of breathing.
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TABLE 2. Comparison of Cobas Testing Results: 
Nasopharyngeal vs Salivaa

Saliva Specimen 

Nasopharyngeal Specimen

Detected Not Detected Total 

Detected 15 2 17

Not detected 4 68 72

Total 19 70 89

ªSensitivity: 78.95%. Specificity: 97.14%. Overall percent agreement: 93.26%. Cohen’s κ 
coefficient: 0.791. P < .0001.

FIGURE 2. Correlation of ORF cycle thresholds (Ct) between 
saliva and nasopharyngeal (NP) swabs. y = 0.6577x + 12.351; 
R2 = 0.5462; R = 0.7391. 
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In our study, the discordant rate was 6.7% (6/89), highlighting the 
differences in detection based on sample type. Due to inadequate sample 
volumes and severe constraints on reagent availability, additional test-
ing of discrepant saliva specimens could not be performed. Results of 
4 positive NP swab specimens were considered true (standard of care 
testing). In 2 saliva specimens that were SARS-CoV-2 positive but had 
negative matched NP specimens, 1 patient was SARS-CoV-2 nucleocap-
sid antibody positive 13 days after PCR collection, indicating exposure 

had occurred at some point. In the other case, the patient was negative 
for influenza A/B but no other viral testing was performed, and the true 
cause of respiratory disease was not determined. The discordant results 
are likely a consequence of the medium to low viral load demonstrated 
in saliva specimens in this study. Our study had an overall concordance 
of 93.26%, thus supporting saliva as a viable specimen type for SARS-
CoV-2 detection.

An advantage of our study lies in the use of the automated high-
throughput cobas 6800 instrument for testing both the saliva sample 
and the NP specimen. Previous studies highlight the accurate detection 
of SARS-CoV-2 in NP swabs using the cobas method.8 It should be noted 
that saliva is not a specimen type approved under EUA for the cobas 
SARS-CoV-2 test, and that NP swabs are considered the specimen source 
for the most accurate results. Early and accurate detection of COVID-19 
serves to disrupt the transmission of the virus and better aid in contact 
tracing.4 Importantly, supply chain challenges resulting in the lack of 
reagents and NP swabs may enhance consideration of saliva collection 
as a viable specimen alternative for SARS-CoV-2 detection. The noninva-
sive nature of saliva testing coupled with patient self-collection increases 
access to SARS-CoV-2 testing and limits potential SARS-CoV-2 exposure 
to health care workers.4–6

This study suggests increased access and availability to reliable SARS-
CoV-2 detection with diminished patient discomfort by using self-collected 
saliva samples. The ongoing pandemic has disproportionately affected 
underserved Black and Hispanic communities due to some preexisting 
conditions, such as crowded housing conditions and inconsistent access 
to health care.9 In the peak of the pandemic, supply shortages and lim-
ited access to COVID-19 testing contributed to inadequate testing cover-
age overall among minority communities.6,9 Our study demonstrates that 
the application of saliva testing can provide efficient and reliable results 
using an easily collected specimen type. Implementation of saliva testing 
in minority communities could potentially increase detection and con-
tribute to contact tracing efforts and decrease the disproportionate rate 
of testing.10 This study does not assess the exact applicability of such in-
novation; rather, it serves to show how our findings could be beneficial to 
disenfranchised and minority groups. Previous studies have shown adop-
tion of mobile testing units for HIV in underserved communities increased 
the access to testing and early detection for minorities and disenfranchised 
individuals.11 Therefore, mobile testing units for detecting SARS-CoV-2 by 
collecting saliva samples may serve to further diminish the disparate rate.

Our study has several limitations. The sample size (n = 89) was lim-
ited by the availability of viral transport media, saliva collection devices, 
and reagents for molecular testing in mid-2020. This affected our abil-
ity to perform testing on known SARS-CoV-2 negative individuals and 
additional testing on discrepant specimens. The symptoms reported, 
disease severity, and date of symptom onset relied on self-reporting 
bias, which may have affected accuracy in detection of SARS-CoV-2 
symptoms. Participants in this study were limited to symptomatic 
individuals presenting to a drive-through COVID testing site. Although 
participants were instructed not to eat or drink for 30 minutes prior to 
saliva collection, they were not directly observed by collection staff.

Conclusion
In this proof-of-concept study the utility and diagnostic accuracy of 
self-collected saliva specimens for detection of SARS-CoV-2 among 
symptomatic patients compared favorably to NP specimens. Self-
collection of saliva for SARS-CoV-2 testing is a viable option when 

FIGURE 3. Correlation of envelope cycle thresholds 
(Ct) between saliva and nasopharyngeal (NP) swabs. 
y = 0.6661x + 13.184; R2 = 0.5309; R = 0.7286. 
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FIGURE 4. Cycle thresholds for ORF1ab in saliva 
samples (mean = 27.17) and nasopharyngeal (NP) swabs 
(mean = 24.85) (95% CI, 0.33–4.41; P = .026). 
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FIGURE 5. Cycle thresholds for envelope gene in saliva 
samples (mean = 28.32) and nasopharyngeal (NP) swabs 
(mean = 24.76) (95% CI, 0.06–7.03; P = .046). 

10

15

20

C
yc

le
 T

hr
es

ho
ld

Saliva NP Swab

25

30

35

40

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/6/580/6603986 by guest on 28 February 2025



2022;53;580–584  |  https://doi.org/10.1093/labmed/lmac051584 Laboratory Medicine

trained health care providers are unavailable or when a lack of NP swabs 
exists. Furthermore, Ct values in saliva specimens are comparable to 
NP specimens for detection of SARS-CoV-2. Clearly, additional stud-
ies are needed to fully characterize and validate assay analytical per-
formance with a saliva sample matrix. Future studies should aim to 
explore the preferred quantity of saliva needed to detect viral SARS-
CoV-2 particles, which could contribute to greater concordance in 
crossing point thresholds between NP specimens and saliva samples. 
In addition, given the rapid emergence of multiple genetic variants of 
SARS-CoV-2, saliva testing may allow for further expansion of testing 
options. Adoption of saliva sampling may alleviate challenges associ-
ated with increased need for testing due to supply chain challenges 
noted during the ongoing COVID-19 pandemic.
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ABSTRACT

Objective: This study was conducted to evaluate the frequency of 

anti-Saccharomyces cerevisiae antibodies  (ASCA) in patients with 

rheumatoid arthritis (RA).

Methods: Eighty-three RA patients with positive anti-cyclic citrullinated 

antibodies (anti-CCP) and 160 healthy blood donors were included in 

this study. ASCA IgG and IgA were assessed with enzyme-linked im-

munosorbent assay.

Results: The frequency of ASCA was significantly higher in RA patients 

than in healthy subjects (22.9% vs 3.7%, P < 10−3). Both ASCA IgG 

and ASCA IgA were significantly more frequent in RA patients than 

in the control group (20.5% vs 3.1%, P < 10−3  and 9.6% vs 0.6%, 

P = .002, respectively). ASCA IgG and ASCA IgA levels were signifi-

cantly higher in RA patients than in healthy subjects (7.8 ± 8.4 U/mL 

vs 2.3 ± 2.8 U/mL, P < 10−6 and 6.2 ± 10.9 U/mL vs 3.4 ± 1.7 U/mL, 

P = .002, respectively).

Conclusion: A high frequency of ASCA IgG and ASCA IgA has been 

found in RA patients.

Rheumatoid arthritis (RA) is an autoimmune disease characterized by 
persistent synovial inflammation leading potentially to cartilage and 
bone damage and disability.1 The etiology of RA is unknown; how-
ever, genetic, epigenetic, and environmental factors including gut 
dysbiosis might be involved in RA.2,3 In fact, a gut-joint axis has been 
incriminated in RA and suggested to contribute to arthritis.4 In this 
context, 2 pathways have been described: intestinal inflammation, 
which could be responsible for the generation of autoantibodies, and 
the migration of proinflammatory immune cells, present in the intes-
tine, to the joints.4

Anti-Saccharomyces cerevisiae (ASCA) are directed against the 
phosphopeptidomannan (PPM), part of the cell wall of S  cerevisiae. 
ASCA have been previously considered as a serological marker of 
Crohn’s disease.5 Interestingly, ASCA also have been described in rheu-
matic diseases such as Behçet’s disease,6 ankylosing spondylitis,7 pso-
riatic arthritis,8 and spondyloarthritis.9 Furthermore, ASCA have been 
described as a valuable test in evaluating patients with RA.10 Addition-
ally, the frequency of ASCA IgA but not of ASCA IgG was found to be 
significantly higher in RA patients than in a healthy population in one 
study,11 whereas other studies failed to show an association between 
ASCA and RA.8,12

The pathogenic role of ASCA remains unknown, and one of the 
hypotheses of their synthesis is molecular mimicry with self-antigens.13 
The β2 glycoprotein I (β2GPI), a phospholipid-binding glycoprotein, is 
normally present in plasma at the concentration of 50 µg/mL to 500 µg/
mL and is a member of the complement control family.14 Interest-
ingly, a structural similarity between the PPM of the yeast and β2GPI 
has been reported.15 Anti-β2GPI (aβ2GPI) antibodies have been found 
in antiphospholipid syndrome but also in other autoimmune diseases 
(AID).16 We have previously described aβ2GPI in patients with RA17; in 
the present study, our aim was to determine whether ASCA are also fre-
quent in RA.

Materials and Methods

Study Population
We included 83 RA patients (51 females and 32 males). The mean age 
of our study population was 52 ± 15  years (range, 17–84  years). Sera 
samples were collected between 2017 and 2018 from 4 hospitals in the 
center of Tunisia. All patients fulfilled the American College of Rheuma-
tology/European League Against Rheumatism18 criteria for RA. Patients 
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with RA and Crohn’s disease were excluded from our study. The inclusion 
criterion of our study was anti-cyclic citrullinated peptide antibodies 
(anti-CCP) positive.

Sera from 160 healthy blood donors (HBD) (128 females and 32 
males) were included as control group (mean age, 21 ± 4 years; range, 
17–45 years). Samples of 4 mL venous blood were received in our labora-
tory for anti-CCP and rheumatoid factors (RF) assay. Sera were collected 
by centrifugation at 3000 rpm for 15 minutes and an enzyme-linked im-
munosorbent assay (ELISA) was carried out for anti-CCP and RF. A total 
of 400 µL positive anti-CCP sera was aliquoted and stored at −80°C until 
use for analysis. The ethics committee of Farhat Hached Hospital gave 
approval for this study.

ASCA Assays
ASCA IgG and IgA were assessed by ELISA (Orgentec Diagnostika). 
Highly purified mannan from S cerevisiae was bound to microwells and 
served as an antigen. Sera of patients were diluted at 1:100 before the 
assay and 100 µL was added to the reaction wells. Specific antibodies 
in the patient sample bound to the antigen. After incubation, a wash-
ing step was performed and subsequently added enzyme conjugate 
bound to the immobilized antibody-antigen  complexes. After incu-
bation, a second washing step removed unbound enzyme conjugate. 
After the addition of substrate solution, the bound enzyme conjugate 
hydrolyzed the substrate, forming a blue product. Addition of an acid 
stopped the reaction, generating a yellow end product. The intensity 
of the yellow color correlates with the concentration of the antibody-
antigen  complex and can be measured photometrically at 450  nm. 
Results were expressed as arbitrary units with a cutoff for positivity 
of 10 U/mL.

RF and Anti-CCP Assays
Serum samples were evaluated for IgG, IgA, and IgM RF by using 
an ELISA (Orgentec Diagnostika) according to the manufacturer’s 
instructions. Anti-CCP were detected by using an available second gen-
eration ELISA (Euroimmun). Optimal cutoff values were determined 
by plotting sensitivity against 1 − specificity to receiver operating char-
acteristic curve as we have described in our previous studies.19,20

Statistical Analysis
The comparison of frequencies of ASCA was performed using χ 2 or 
Fisher exact test. The variables were tested for normality using the 
Kolmogorov-Smirnov test with Lilliefors adjustment. To compare mean 
levels of ASCA, we used the parametric Student t-test. Correlation was 
assessed using the Spearman test. A P value less than .05 was considered 
statistically significant. SPSS software, version 22, was used for statis-
tical analysis.

Results
TABLE 1 shows patients and HBD characteristics.

Frequency of ASCA in RA Patients and the Control Group
Out of 83 RA patients, 19 (22.9%) had ASCA (IgG or IgA). The fre-
quency of ASCA was significantly higher in RA patients than in 
healthy subjects (22.9% vs 3.7%, P < 10−3). Both ASCA IgG and ASCA 
IgA were significantly more frequent in RA patients than in the con-
trol group (20.5% vs 3.1%, P < 10−3; 9.6% vs 0.6%, P = .002, respec-
tively) (TABLE 2).

Frequency of ASCA According to Gender
Among the 19 patients who had ASCA (IgG or IgA), 15 were females. 
ASCA (IgG or IgA) was more frequent in females (15/51, 29.4%) than in 
males (4/32, 12.5%), but the difference was not statistically significant. 
In RA patients, the frequencies of ASCA IgG and ASCA IgA were not sta-
tistically different between males and females (TABLE 2).

Comparison between ASCA IgG and ASCA IgA
The frequency of ASCA IgG was higher than that of ASCA IgA in RA 
patients but the difference was of borderline significance (20.5% vs 
9.6%, P = .05) (TABLE 2).

ASCA IgG and ASCA IgA levels were significantly higher in RA 
patients than in healthy subjects (7.8 ± 8.4U/mL vs 2.3 ± 2.8 U/mL, 
P < 10−6 and 6.2 ± 10.9 U/mL vs 3.4 ± 1.7 U/mL, P = .002, respectively) 
(FIGURE 1). In RA patients, no difference was detected between the 
mean levels of ASCA IgG and ASCA IgA.

TABLE 1.  Characteristics of RA Patients and the Control 
Group

 
RA Patients 

(n = 83)
Control Group 

(n = 160)
P 

Sex ratio (F/M) 1.6 (51/32) 4 (128/32) .002

Mean age (y) ± SD 52 ± 15 21 ± 4 <10-6

Age range (y) 17-84 17-45 —

Positive anti-CCP, No. (%) 83 (100) — —

Positive IgG-RF, No. (%) 65 (78.3) — —

Positive IgA-RF, No. (%) 64 (77.1) — —

Positive IgM-RF, No. (%) 71 (85.5) — —

anti-CCP, cyclic citrullinated peptide antibodies; RA, rheumatoid arthritis; RF, rheumatoid 
factors.

TABLE 2.  Comparison of the Frequency of ASCA between Female and Male Patients and between RA Patients and the Control 
Groupa

 RA  Females  (n = 51) RA Males (n = 32) P Value RA Patients (n = 83) Control Group  (n = 160) P Value  

ASCA IgG or IgA 15 (29.4) 4 (12.5) .07 19 (22.9) 6 (3.7) <10-3

ASCA IgG and IgA 3 (5.9) 3 (9.4) .85 6 (7.2) 0 .003

ASCA IgG 3 (25.5) 4 (12.5) .51 17 (20.5)b 5 (3.1) <10-3

ASCA IgA 5 (9.8) 3 (9.4) .99 8 (9.6)b 1 (0.6) .002

ASCA, anti-Saccharomyces cerevisiae antibodies; RA, rheumatoid arthritis.
aData are given as No. (%).
bComparison between ASCA IgG and ASCA IgA (P = .05).
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Geometric mean titer of ASCA IgG was 5.5 U/mL in RA patients 
and 1.5 U/mL in the control group. Geometric mean titer of ASCA 
IgA was 4.1 U/mL and 3.2 U/mL in patients and controls, respec-
tively. TABLE 3 shows titers of ASCA in patients with positive 
results.

Association between ASCA and anti-CCP
There was no correlation between ASCA IgG or ASCA IgA levels and anti-
CCP levels in patients with RA (r = 0.212, = 0.055; r = 0.082, P = .465 
respectively) (FIGURE 2).

Contribution of ASCA in Patients without RF
In 19 RA patients with ASCA, 2 (10.5%), 4 (21%), and 3 (15.8%) did 
not have RF-IgG, RF-IgA and RF-IgM, respectively. Two patients among 
these 19 (10.5%) did not have any of the 3 isotypes of RF.

Discussion
In this study, we assessed the frequency of ASCA IgG and IgA in a series 
of 83 patients with RA. We found a significantly higher frequency of 
both ASCA IgG and ASCA IgA in RA patients than in the control group 
(20.5% vs 3.1%, P = .001; 9.6% vs 0.6%, P = .002, respectively). In stud-
ies by Hoffman et  al12 and Riente et  al,8 the frequency of ASCA IgG 
and ASCA IgA was not significantly different between RA patients and 
healthy subjects. Another study showed a significant difference for ASCA 
IgA and not IgG in RA patients compared to controls.11 The frequency of 
ASCA IgG that we found in this study was similar to that of Dai et al11 
(20.5% and 20%, respectively); however, the frequency of ASCA IgA is 
lower than that found in Dai et al11 (9.6% and 40%, respectively). In the 
Dai et al11 study, IgA was the predominant isotype of ASCA but in our 
study, IgG was predominant. In fact, in all our previous studies on ASCA 
in AID,21–26 ASCA IgA frequencies were significantly lower than those of 
ASCA IgG. The frequency of ASCA (IgG or IgA) in our series was lower 
than that of Lichtenstein et al (22.9% vs 65.6%,  respectively).10 This dif-
ference seems to be due to the inclusion criteria selected for the 2 stud-
ies. We included only patients who were positive for anti-CCP, whereas 
52% of patients in the study of Lichtenstein et al were negative for anti-
CCP. Moreover, in their series, 29% of patients with ASCA had neither 
anti-CCP nor RF.10 Consequently, it is possible that if we included se-
ronegative patients for anti-CCP, the ASCA frequency could be higher. 
Interestingly, 10.5% of patients with ASCA in our series had no RF. Thus, 
when we combine ASCA with the known serological markers of RA (anti-
CCP and RF), we increase RA diagnostic sensitivity.

Why are ASCA produced during RA? In RA, an altered intestinal bar-
rier function seems to be secondary to the upregulation of zonulin, an 
intestinal peptide responsible for the regulation of the integrity of tight 
junctions.4 The increased production of zonulin has been associated 
with gluten consumption27 and gut microbiota dysbiosis.4 Furthermore, 
it has been demonstrated that treatment with a zonulin antagonist 
specifically increases intestinal barrier integrity and reduces arthritis  

FIGURE 1. Comparison of ASCA IgG (A) and ASCA IgA (B) levels in RA patients and control group. ASCA, anti-Saccharomyces 
cerevisiae antibodies; RA, rheumatoid arthritis.

TABLE 3.  Titers of ASCA in Patients with Positive Results

Patients ASCA IgG Titer (U/mL) ASCA IgA Titer (U/mL) 

1 24.1 3.5

2 25.8 4.2

3 19 4

4 13.6 13.2

5 31.4 19.1

6 13.3 3.2

7 11.5 3.1

8 29.9 11.3

9 15.5 11.1

10 9.8 11

11 36.1 100

12 11 3.6

13 19.8 4.7

14 20.3 3.1

15 13.6 4.9

16 11.2 1.6

17 14.8 1.6

18 47.8 12

19 7.3 59.2

ASCA, anti-Saccharomyces cerevisiae antibodies.
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onset.28 In RA, the resulting leaky intestinal wall allows passage of en-
vironmental antigens and exposes further S cerevisiae to the mucosal 
immune system, explaining the high frequency of ASCA. Moreover, 
we have previously found a significantly higher frequency of ASCA in 
patients with other AID in comparison to healthy subjects21–26 and in all 
these AID, gut microbiota dysbiosis and altered intestinal permeability 
have been described.29,30

The high frequency of ASCA in our RA patients could also be 
explained by a possible cross-reactivity between the mannan of 
S cerevisiae and the mannan of mannose binding lectine (MBL). Inter-
estingly, increased MBL levels have been reported in RA, suggesting 
that MBL could play a differential role in the pathogenesis of RA.31,32 
In addition, the innate immune complement protein MBLs and their 
MBL2 genetic variants have been shown to be associated with many 
AID such as RA.33,34 Remarkably, plasma levels of MBL are also ele-
vated in AID in which we have previously detected ASCA and in par-
ticular type 1 diabetes, celiac disease, primary biliary cholangitis and 
Graves disease.25

Could ASCA be implicated in the pathogenesis of RA? We have previ-
ously demonstrated a high frequency of aβ2GPI in RA patients.17 Inter-
estingly, Krause et al15 demonstrated that a subpopulation of aβ2GPI is 
specific to the glycosylated site of the β2GPI molecule that cross-reacts 
with the PPM, part of the cell wall of S  cerevisiae. In fact, a similarity 
in molecular structures (39%) was found between the mannan of the 
yeast S cerevisiae and the β2GPI.13 Therefore, could we hypothesize that 
ASCA detected in our RA patients are aβ2GPI cross-reactive antibodies? 
 Interestingly, the frequency of ASCA IgG (20.5%) in the present study 
is similar to that of aβ2GPI-IgA (26.7%) in our previous study on RA.17 
Moreover, because β2GPI is a ubiquitous glycoprotein and is present 
even in the joint,35 ASCA could bind to β2GPI in the joint and induce 
complement activation and inflammation. On the other hand, Rinaldi 
et al13 found that some autoantigens of RA share sequences with mannan 
expressed by the cell wall of S cerevisiae. So, could we imagine that ASCA 
synthesized during RA could bind to citrullinated peptides in the joint? 
The binding of those antibodies to citrullinated peptides will result in 
immune complex formation, complement activation, and a release of 
proinflammatory cytokines promoting chronic joint inflammation that 

is typical for RA.36 Moreover, because S cerevisiae could migrate from the 
gut to the joint because of a leaky gut, so ASCA could bind to S cerevisiae 
in the joint and induce the inflammatory process described above.

In conclusion, in this retrospective study, we found a high frequency 
of ASCA in patients with RA. This suggests that PPM, a component of 
the S cerevisiae cell wall, might induce chronic arthritis, and ASCA could 
improve the immunological diagnosis of RA.
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ABSTRACT

Objective:  To examine the immunoglobulin G-receptor-binding domain 

(IgG-RBD) response and changes in fibrinogen and D-dimer concentrations 

in individuals with a past coronavirus infection and followed by CoronaVac.

Methods: The study consisted of a total of 116 participants. Blood 

samples were drawn from subjects 21–25 days after they received first 

and second doses of CoronaVac as well as from individuals with a 

past infection. Fibrinogen, D-dimer, and IgG-RBD concentrations were 

measured.

Results: The IgG concentrations of the vaccinated subjects were sig-

nificantly higher (P < .001), fibrinogen levels were lower (P < .001), and 

D-dimer levels increased following the second vaccination compared 

with the first vaccination (P =  .083). No difference was obtained in 

IgG-RBD between vaccinated and previously infected individuals (P 

=  .063). The differences in fibrinogen and D-dimer were statistically 

nonsignificant between both groups.

Conclusion: The CoronaVac vaccine appears to be safe and effec-

tive. It is essential for individuals to take personal protective measures, 

such as using masks and distancing.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was 
accepted as a pandemic by the World Health Organization (WHO) on 
March 11, 2020, and has spread globally, presenting high morbidity 
and mortality. The clinical findings and severity of coronavirus dis-
ease 2019 (COVID-19) show variations from asymptomatic cases to 
mild-to-moderate and  severe cases, and studies have demonstrated 
the relationship of disease severity with advanced age and underlying 
comorbidities.1 However, severe infections may not be limited to risk 
groups: severe cases have also been seen in young people.2

According to the reports of the Institute for Health Metrics and 
Evaluation (IHME), the cumulative total COVID-19 death rate was 
reported as approximately 91.7 per 100,000 by May 2021, and an 
increased disparity has been reported in terms of mortality and morbid-
ity rates among countries, and even subcommunities within countries, 
depending on the testing strategies, capacities, and healthcare policies 
of the countries.3

To date, no specific therapeutic approaches have emerged for 
COVID-19 infections beyond the preventive strategies, including wide-
spread testing, distancing, and isolation; and thus, SARS-CoV-2 vacci-
nation became the priority of global health services. With preventive 
strategies and vaccination of a sufficient number of people, individual 
protection is ensured, and consequently, herd immunity prevents the 
global spread of the virus and reduces morbidity and mortality.4 Most 
vaccine studies were developed primarily against the SARS-CoV-2 spike 
(S) protein because of the increased T cell responses targeting the SARS-
CoV-2 S protein on the viral membrane in patients with past SARS-
CoV-2 infection.5 The S protein consists of S1 and S2 subunits. The S1 
region binds to angiotensin-converting enzyme 2 (ACE2) receptors on 
the host membrane by its receptor-binding domain (RBD); and the S2 
region is responsible for virus-membrane fusion and facilitates viral en-
try.6,7 The RBD of the S protein has been shown to be a primary target of 
neutralizing antibodies. In an experimental study, it was shown that the 

RBD has a role in stimulating the neutralizing antibody response and 
protecting against SARS-CoV-2.8

Vaccines against SARS-CoV-2 are classified according to the dif-
ferent technologies in which they are developed: live attenuated 
vaccines, inactivated vaccines, soluble protein vaccines, viral vectors, 
nanoparticles, and DNA or RNA vaccines.9,10 CoronaVac (Sinovac Life 
Sciences), is an inactivated vaccine that has been used in China, Brazil, 
and Turkey against SARS-CoV-2 during the pandemic. It is produced in 
African green monkey kidney cells (Vero E6), then chemically inactivated 
using β-propiolactone and formulated with a specific adjuvant, CpG oli-
gonucleotide, and aluminum hydroxide.

mRNA vaccines BNT162b2 and mRNA-1273—Pfizer, BioNTech, and 
Moderna—were the first approved vaccines in the world that were de-
veloped by modifying RNA to code the SARS-CoV-2 S protein. Inversely, 
DNA vaccines were produced by cloning the S protein gene into bacte-
rial plasmids.11 Live-attenuated vaccines (SARS-CoV-2-VAC) (trial num-
bers NCT04619628 and MV-014–212) are developed by either using 
an avirulent strain of the virus or by creating a genetically weakened 
form of the virus and stimulating mucosal and cellular immunity 
without adjuvants.12 However, different antibody kinetics have been 
demonstrated due to the variability in assay type—qualitative or quan-
titative manner—or target antigen.13 In all these vaccines, neutralizing 
antibodies and Th1-driven CD4+T cell responses are essential for protec-
tive immunity against SARS-CoV-2.14 However, an immunologic cutoff 
for the vaccines for protection against SARS-CoV-2 infection has not yet 
been clarified.15

SARS-CoV-2 infection activates the coagulation system together 
with immune responses associated with the severity of the disease.16,17 
Several studies have revealed similar or altered results for coagulation 
parameters during SARS-CoV-2 infection.18 Therefore, we aimed to ex-
amine the IgG-RBD response and changes in fibrinogen and D-dimer 
concentrations in individuals who were previously infected with coro-
navirus or vaccinated following the first and second doses of inactivated 
CoronaVac vaccine. We also aimed to evaluate the relationship of the 
IgG response in terms of age, sex, comorbidities, and local or systemic 
adverse effects.

Materials and Methods

Subjects
This cross-sectional study was carried out between December 2020 
and April 2021 by medical biochemists, laboratory technicians, 
phlebotomists, and administrative staff working in the central labora-
tory of Istanbul Medical Faculty who were vaccinated with CoronaVac 
vaccine in 2 doses, 5 µL per injection, 28 days apart, intramuscularly in 
the deltoid muscle. Blood samples were drawn from the subjects on days 
21–25 after the first and second doses of vaccination (n = 91) and from 
individuals who had a previous coronavirus infection 14–21 days after 
the beginning of the symptoms, as a comparison group (n  =  25). The 
diagnosis of COVID-19 infection was made using real-time reverse tran-
scription polymerase chain reaction (RT-PCR) with nasopharyngeal and 
throat swabs using a SARS-CoV-2 Double Gene RT-qPCR kit (Bio-Speedy 
R&D Technologies).

For the evaluation of age and comorbidities related to the anti-
body response, all groups were classified according to their age groups: 
group 1, 20–40 years; group 2, 40–60 years; and group 3, ≥60 years. The 
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ABSTRACT

Objective:  To examine the immunoglobulin G-receptor-binding domain 

(IgG-RBD) response and changes in fibrinogen and D-dimer concentrations 

in individuals with a past coronavirus infection and followed by CoronaVac.

Methods: The study consisted of a total of 116 participants. Blood 

samples were drawn from subjects 21–25 days after they received first 

and second doses of CoronaVac as well as from individuals with a 

past infection. Fibrinogen, D-dimer, and IgG-RBD concentrations were 

measured.

Results: The IgG concentrations of the vaccinated subjects were sig-

nificantly higher (P < .001), fibrinogen levels were lower (P < .001), and 

D-dimer levels increased following the second vaccination compared 

with the first vaccination (P =  .083). No difference was obtained in 

IgG-RBD between vaccinated and previously infected individuals (P 

=  .063). The differences in fibrinogen and D-dimer were statistically 

nonsignificant between both groups.

RBD has a role in stimulating the neutralizing antibody response and 
protecting against SARS-CoV-2.8

Vaccines against SARS-CoV-2 are classified according to the dif-
ferent technologies in which they are developed: live attenuated 
vaccines, inactivated vaccines, soluble protein vaccines, viral vectors, 
nanoparticles, and DNA or RNA vaccines.9,10 CoronaVac (Sinovac Life 
Sciences), is an inactivated vaccine that has been used in China, Brazil, 
and Turkey against SARS-CoV-2 during the pandemic. It is produced in 
African green monkey kidney cells (Vero E6), then chemically inactivated 
using β-propiolactone and formulated with a specific adjuvant, CpG oli-
gonucleotide, and aluminum hydroxide.

mRNA vaccines BNT162b2 and mRNA-1273—Pfizer, BioNTech, and 
Moderna—were the first approved vaccines in the world that were de-
veloped by modifying RNA to code the SARS-CoV-2 S protein. Inversely, 
DNA vaccines were produced by cloning the S protein gene into bacte-
rial plasmids.11 Live-attenuated vaccines (SARS-CoV-2-VAC) (trial num-
bers NCT04619628 and MV-014–212) are developed by either using 
an avirulent strain of the virus or by creating a genetically weakened 
form of the virus and stimulating mucosal and cellular immunity 
without adjuvants.12 However, different antibody kinetics have been 
demonstrated due to the variability in assay type—qualitative or quan-
titative manner—or target antigen.13 In all these vaccines, neutralizing 
antibodies and Th1-driven CD4+T cell responses are essential for protec-
tive immunity against SARS-CoV-2.14 However, an immunologic cutoff 
for the vaccines for protection against SARS-CoV-2 infection has not yet 
been clarified.15

SARS-CoV-2 infection activates the coagulation system together 
with immune responses associated with the severity of the disease.16,17 
Several studies have revealed similar or altered results for coagulation 
parameters during SARS-CoV-2 infection.18 Therefore, we aimed to ex-
amine the IgG-RBD response and changes in fibrinogen and D-dimer 
concentrations in individuals who were previously infected with coro-
navirus or vaccinated following the first and second doses of inactivated 
CoronaVac vaccine. We also aimed to evaluate the relationship of the 
IgG response in terms of age, sex, comorbidities, and local or systemic 
adverse effects.

Materials and Methods

Subjects
This cross-sectional study was carried out between December 2020 
and April 2021 by medical biochemists, laboratory technicians, 
phlebotomists, and administrative staff working in the central labora-
tory of Istanbul Medical Faculty who were vaccinated with CoronaVac 
vaccine in 2 doses, 5 µL per injection, 28 days apart, intramuscularly in 
the deltoid muscle. Blood samples were drawn from the subjects on days 
21–25 after the first and second doses of vaccination (n = 91) and from 
individuals who had a previous coronavirus infection 14–21 days after 
the beginning of the symptoms, as a comparison group (n  =  25). The 
diagnosis of COVID-19 infection was made using real-time reverse tran-
scription polymerase chain reaction (RT-PCR) with nasopharyngeal and 
throat swabs using a SARS-CoV-2 Double Gene RT-qPCR kit (Bio-Speedy 
R&D Technologies).

For the evaluation of age and comorbidities related to the anti-
body response, all groups were classified according to their age groups: 
group 1, 20–40 years; group 2, 40–60 years; and group 3, ≥60 years. The 

comorbidities of the subjects were evaluated in 5 groups: hypertension 
and cardiovascular disease, diabetes mellitus, asthma/chronic obstruc-
tive pulmonary disease (COPD), hypo/hyperthyroidism, and other au-
toimmune diseases (eg, rheumatoid arthritis, Sjögren’s disease). While 
immunocompetent individuals of both sexes were included in the study, 
the exclusion criteria included pregnancy, organ failures such as liver or 
kidney failure, and immune system deficiency. Written informed con-
sent was obtained from each participant, and the clinical trial protocol 
was approved by the Ethical Committee of Istanbul University (#2021-
26).

Methods
Blood samples were drawn into 3.2% sodium citrate tubes for fibrino-
gen, D-dimer, and serum separator tubes (BD Vacutainer) for IgG-RBD 
measurements. Tubes were centrifuged at 2000g for 15 minutes. Super-
natant serum samples were aliquoted and stored frozen at −80°C un-
til measuring of IgG-RBD concentrations. But, fibrinogen and D-dimer 
were measured in the separated plasma samples on days 21–25, after 
first and second dose of vaccination, or 14–21 days after a past infection 
within 2 hours on the same day.

IgG antibodies against the RBD of the S protein (SARS-CoV-2 RBD 
IgG) were quantitatively assessed by chemiluminescence immunoassay 
using Maglumi SARS-CoV-2-S-RBD-IgG kit (LOT#:270210111) on a 
Maglumi 2000 analyzer (SNIBE, Shenzhen New Industries Biomedical 
Engineering). In this assay, IgG test results of ≥1.10 arbitrary units per 
milliliter (AU/mL) are considered reactive. The reproducibility was be-
tween 5.5% and 6.2%.

Fibrinogen and D-dimer measurements were performed in accord-
ance with the manufacturer’s recommendations using a Sysmex CN 6000 
coagulation analyzer with original reagents from Siemens (Sysmex). 
D-dimer measurements were made using the immunoturbidimetric 
method with the INNOVANCE D-dimer assay (LOT#:561598), and fi-
brinogen was measured using the Clauss clotting method with the 
Dade Thrombin reagent (LOT#:565102). Precision results were between 
2.3% and 5.2% for fibrinogen and 2.5% and 6% for D-dimer. All preci-
sion studies for IgG-RBD, fibrinogen, and D-dimer were performed in 
our laboratory according to Clinical and Laboratory Standards Institute 
(CLSI) document EP5-A2.19 Within-run precision was performed by re-
peatedly (n  =  20) analyzing the manufacturer’s 2-level controls, while 
the between-day precision was analyzed using the 2-level controls on 20 
consecutive days.

The participants were asked about any adverse events during their 
visit for blood sampling, and they also filled out a questionnaire 7 days 
after vaccination, which questioned whether they experienced adverse 
effects, including both systemic and local effects, along with all relevant 
factors related to the participants. Systemic adverse effects were head-
ache, fatigue, fever, diarrhea, arthralgia, myalgia, and nausea; and local 
adverse effects were local pain, swelling, tenderness, redness, warmth, 
and swollen lymph glands on the same side.

Statistical Evaluation
The data were analyzed using the SPSS 21 software package (SPSS). The 
results are expressed as median (Q1–Q3). The normality of the data dis-
tribution was evaluated using the Kolmogorov–Smirnov test. A  χ2 or 
Fisher’s exact test were used to assess the differences in the categorical 
variables between the groups. Kruskal–Wallis test and Mann–Whitney 
U test were performed to  compare the  unpaired samples. Correlation 
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analyses were performed using Spearman’s test. Statistical significance 
was defined as P < .05.

Results
The characteristics of the study population are presented in TABLE 1. 
The study consisted of a total of 116 participants, 63.8% female and 
36.2% male. The average age was 44 (range, 21–83) years for women 
and 44 (range, 24–70) years for men. Twenty-five of 116 subjects had a 
previous infection (21.6%). The percentage of age groups was presented 
in TABLE 2. In terms of age, 39.7% of the participants were aged 20–
40 years, 47.4% were aged 40–60 years, and 12.9% were aged ≥60 years.

The antibody concentrations of the vaccinated subjects were sig-
nificantly higher after the second vaccination compared with that of 
the first vaccination (0.42 [0.18–3.11] vs 29.99 [9.43–95.50] AU/mL,  
[P < .001]). The fibrinogen concentrations were significantly lower (307 
[264.3–356] vs 334 [279.6–375.4] mg/dL, [P < .001]); however, D-dimer 
levels were increased following the second vaccination compared with 
the first vaccination (250 [190–240] and 310 [200–430] µg/L, [P 
= .083]), respectively (TABLE 1).

Of the participants, 21.6% had a previous coronavirus infection. 
When the IgG concentrations of vaccinated individuals were compared 
with those of previously infected individuals, no statistically significant 
difference was obtained (P =  .063). Also, the differences in fibrinogen 
and D-dimer concentrations were statistically nonsignificant between 
both groups.

When we evaluated IgG-RBD concentrations across the age groups 
(TABLE 2), the first and second IgG concentrations were the highest 
in the 20–40  year age group and were the lowest in the ≥60  year age 
group. The second IgG concentrations were higher in the 20–40 year age 
group compared with those of 40–60 year and ≥60 year age groups. The 
second IgG concentration of the 40–60 year age group was also higher 
than that of the ≥60 year age group, but the differences were statisti-
cally not significant. Within the age groups, antibody concentrations on 
the 25th day following the second dose were also higher compared with 
the first antibody concentration (P = .001 for the 20–40 year age group; 
P <  .001 for 40–60 year age group; and P =  .028 for the ≥60 year age 
group). Across the age groups, the fibrinogen levels also showed statisti-
cally significant alterations for all age groups (40–60 years P = .009 and 
P = .011 for ≥60 years).

The local and general adverse effects are presented in FIGURE 1. Fif-
teen percent of the subjects had systemic adverse effects, and 15% had 
local adverse effects after the second dose. After the first vaccination, no 
statistically significant differences were obtained in the IgG, D-dimer, 
and fibrinogen concentrations. However, after the second vaccination, 
statistically significant changes were obtained only in D-dimer levels 
in subjects with local and general adverse effects compared with the 
subjects with no adverse effects (P = .017, for both), but the IgG and fi-
brinogen concentrations were higher in subjects with no adverse effects.

We also evaluated the relationship of comorbidities in individuals 
with IgG-RBD levels. Of the entire group, 12.1% had hypertension/car-
diovascular disease, 4.4% had diabetes mellitus, 5.5% had hypo/hyper-
thyroidism, and 3.3% had asthma/COPD. Only D-dimer concentrations 
were significantly higher in the subjects with any of the chronic diseases, 
(290 µg/L vs 375 µg/L; P =  .020) compared with the healthy subjects. 
Also, in the subjects with hypertension/cardiovascular diseases, the 
median IgG concentrations were lower than those of healthy subjects  TA
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TABLE 2.  Anti S-RBD IgG Antibody, Fibrinogen, and D-Dimer Levels Across the Age Groups and Following SARS-CoV-2 First 
and Second Vaccinations

Age Groups (y) 
Anti S-RBD IgG (AU/mL) Fibrinogen (mg/dL) D-Dimer (µg/L)

After First Dose of 
Vaccination 

After Second Dose of 
Vaccination 

P 
After First Dose of  

Vaccination 
After Second Dose of 

Vaccination 
P 

After First Dose  
of Vaccination 

After Second Dose of 
Vaccination 

P 

20–40 (n = 33) 0.39 (0.17–4.46) 46.11 (16.05–186) <.001a 290.5 (260.0–381.2) 302.8 (264.0–372.0) .109 195 (190–340) 280 (190–360) .570

40–60 (n = 43) 0.53 (0.20–5.16) 32.02 (10.45–92.24) <.001a 335.2 (310.0–375.4) 309.9 (278–353.3) .011a 275 (190–430) 310 (200–400) .290

>60 (n = 15) 0.33 (0.11–0.66) 13.15 (7.21–25.85) .005a 364.7 (290.4–394.1) 293.3 (251.8–353.3) .022a 310 (200–440) 435 (270–690) .046a

aIn comparison with vaccination doses; P < .05.
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analyses were performed using Spearman’s test. Statistical significance 
was defined as P < .05.

Results
The characteristics of the study population are presented in TABLE 1. 
The study consisted of a total of 116 participants, 63.8% female and 
36.2% male. The average age was 44 (range, 21–83) years for women 
and 44 (range, 24–70) years for men. Twenty-five of 116 subjects had a 
previous infection (21.6%). The percentage of age groups was presented 
in TABLE 2. In terms of age, 39.7% of the participants were aged 20–
40 years, 47.4% were aged 40–60 years, and 12.9% were aged ≥60 years.

The antibody concentrations of the vaccinated subjects were sig-
nificantly higher after the second vaccination compared with that of 
the first vaccination (0.42 [0.18–3.11] vs 29.99 [9.43–95.50] AU/mL,  
[P < .001]). The fibrinogen concentrations were significantly lower (307 
[264.3–356] vs 334 [279.6–375.4] mg/dL, [P < .001]); however, D-dimer 
levels were increased following the second vaccination compared with 
the first vaccination (250 [190–240] and 310 [200–430] µg/L, [P 
= .083]), respectively (TABLE 1).

Of the participants, 21.6% had a previous coronavirus infection. 
When the IgG concentrations of vaccinated individuals were compared 
with those of previously infected individuals, no statistically significant 
difference was obtained (P =  .063). Also, the differences in fibrinogen 
and D-dimer concentrations were statistically nonsignificant between 
both groups.

When we evaluated IgG-RBD concentrations across the age groups 
(TABLE 2), the first and second IgG concentrations were the highest 
in the 20–40  year age group and were the lowest in the ≥60  year age 
group. The second IgG concentrations were higher in the 20–40 year age 
group compared with those of 40–60 year and ≥60 year age groups. The 
second IgG concentration of the 40–60 year age group was also higher 
than that of the ≥60 year age group, but the differences were statisti-
cally not significant. Within the age groups, antibody concentrations on 
the 25th day following the second dose were also higher compared with 
the first antibody concentration (P = .001 for the 20–40 year age group; 
P <  .001 for 40–60 year age group; and P =  .028 for the ≥60 year age 
group). Across the age groups, the fibrinogen levels also showed statisti-
cally significant alterations for all age groups (40–60 years P = .009 and 
P = .011 for ≥60 years).

The local and general adverse effects are presented in FIGURE 1. Fif-
teen percent of the subjects had systemic adverse effects, and 15% had 
local adverse effects after the second dose. After the first vaccination, no 
statistically significant differences were obtained in the IgG, D-dimer, 
and fibrinogen concentrations. However, after the second vaccination, 
statistically significant changes were obtained only in D-dimer levels 
in subjects with local and general adverse effects compared with the 
subjects with no adverse effects (P = .017, for both), but the IgG and fi-
brinogen concentrations were higher in subjects with no adverse effects.

We also evaluated the relationship of comorbidities in individuals 
with IgG-RBD levels. Of the entire group, 12.1% had hypertension/car-
diovascular disease, 4.4% had diabetes mellitus, 5.5% had hypo/hyper-
thyroidism, and 3.3% had asthma/COPD. Only D-dimer concentrations 
were significantly higher in the subjects with any of the chronic diseases, 
(290 µg/L vs 375 µg/L; P =  .020) compared with the healthy subjects. 
Also, in the subjects with hypertension/cardiovascular diseases, the 
median IgG concentrations were lower than those of healthy subjects  

following the second dose of vaccine (34.9 AU/mL vs 12.1 AU/mL, P 
=  .006); and a 58.1% increase was detected in D-dimer concentrations 
after the second dose. The percentage of participants with IgG 
concentrations higher than 1 AU/mL and 5 AU/mL after the first vacci-
nation was almost the same as the normotensive patients. After the sec-
ond vaccination, these percentages were significantly different compared 
with those with no hypertension (63.6% vs 90.4%; P = .034 and P = .031, 
respectively). In patients with diabetes mellitus, hypo/hyperthyroidism, 
or asthma, no statistically significant changes were obtained in IgG, fi-
brinogen, and D-dimer concentrations compared with healthy subjects.

Also, weak association was found between age and IgG (P = .021, r  =  
−0.252), with D-dimer (P = .020, r = 0.255) following the second vacci-
nation using Spearman’s test.

Discussion
In this study, we evaluated the IgG antibody concentrations against the 
RBD of SARS-CoV-2 S protein using chemiluminescence assays follow-

ing the first and second dose of CoronaVac. IgG-RBD concentrations on 
the 25th day of the second vaccination were significantly higher than the 
first vaccination. IgG responses against SARS-CoV-2 after vaccination may 
vary significantly depending on age, sex, previous COVID-19 infection, 
and the health conditions of the individual.20,21 The IgG concentrations of 
vaccinated individuals did not differ significantly when compared with pre-
viously infected individuals. However, there are studies revealing stronger 
T cell responses and higher antibody concentrations in subjects with 
known past SARS-CoV-2 infections compared with vaccinated subjects 
using SARS-CoV-2 IgG and IgG Quant II, contrary to our findings.22 While 
IgG-RBD concentrations did not increase in 13% of the subjects in our 
study group after 2 doses of CoronaVac vaccine, this rate was 5% in the 
study of Muena et al.23 In another randomized, placebo-controlled, phase 3 
clinical trial study conducted in Turkey, it was reported that the percentage 
of seronegativity increased from 5% to 14% over the age of 50, and sero-
positive cases decreased with age.24

We also found the highest IgG-RBD concentrations in the 20–40 year 
age group and the lowest in the ≥60  year age group, in accordance with 

TABLE 2.  Anti S-RBD IgG Antibody, Fibrinogen, and D-Dimer Levels Across the Age Groups and Following SARS-CoV-2 First 
and Second Vaccinations

Age Groups (y) 
Anti S-RBD IgG (AU/mL) Fibrinogen (mg/dL) D-Dimer (µg/L)

After First Dose of 
Vaccination 

After Second Dose of 
Vaccination 

P 
After First Dose of  

Vaccination 
After Second Dose of 

Vaccination 
P 

After First Dose  
of Vaccination 

After Second Dose of 
Vaccination 

P 

20–40 (n = 33) 0.39 (0.17–4.46) 46.11 (16.05–186) <.001a 290.5 (260.0–381.2) 302.8 (264.0–372.0) .109 195 (190–340) 280 (190–360) .570

40–60 (n = 43) 0.53 (0.20–5.16) 32.02 (10.45–92.24) <.001a 335.2 (310.0–375.4) 309.9 (278–353.3) .011a 275 (190–430) 310 (200–400) .290

>60 (n = 15) 0.33 (0.11–0.66) 13.15 (7.21–25.85) .005a 364.7 (290.4–394.1) 293.3 (251.8–353.3) .022a 310 (200–440) 435 (270–690) .046a

aIn comparison with vaccination doses; P < .05.

FIGURE 1. The percentages of local and systemic adverse effects following the first and second administration of CoronaVac 
vaccine in 91 subjects.
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other studies.20,23,24 The IgG levels of the younger group were significantly 
higher compared with the 40–60 and ≥60  year age groups. Despite the 
pathogenesis, immunosenescence is multifactorial; the decreased ability 
to respond to antigens due to reduced plasmablasts and lower memory T 
cell function are the main reasons for the low antibody levels, decreased re-
sponse to vaccines, and increased susceptibility to infectious diseases.25 In 
another study performed with 2 doses of CoronaVac vaccine, the associa-
tion between neutralizing antibody levels and antireceptor binding of IgG 
has been shown in subjects aged 18–59 years; however, there is insufficient 
evidence for immunosenescence in subjects aged ≥60 years.26

Several studies have demonstrated the role of T cells in the stimula-
tion of the immune system and the association of CD4+CD25+T cells with 
the IgG concentration against SARS-CoV-2.27,28 Supporting these results, 
Goel et  al29 showed stimulation of preexisting memory cells specific to 
the SARS-CoV-2 antigen after the first dose of vaccine, in subjects who 
recovered from the coronavirus infection, and an increase in antibody 
and memory cells in vaccinated subjects after 2 doses of vaccine. They 
also showed diminished memory cell responses with age, similar to our 
findings. Consequently, Muena et al23 also indicated similar findings for 
neutralizing antibodies, showing that neutralizing antibody levels in naive 
subjects who received 2 doses of CoronaVac or 1 dose of BNT162b2 vac-
cine were similar to those of individuals with past coronavirus infection 
who were boosted with either CoronaVac or BNT162b2 vaccine.

In our study, we also investigated the fibrinogen and D-dimer 
concentrations following the first and second doses of the vaccine. In 
all groups, the fibrinogen concentrations decreased whereas D-dimer 
levels remained unchanged after the second vaccination in the 40–60 
and ≥60  year age groups. Additionally, no statistically significant 
differences in fibrinogen and D-dimer concentrations were found across 
the age groups or between the subjects vaccinated and individuals with 
known past SARS-CoV-2 infections. Peyvandi et  al18 also detected no 
statistically significant changes in D-dimer concentration or other coag-
ulation parameters other than mild thrombocytopenia after administra-
tion of the first and second doses of BioNTech.

When we evaluated the general and local adverse effects to-
gether with antibody responses, no differences in the IgG-RBD 
concentrations were obtained between the groups. Twelve subjects 
in the entire group had local reactions, including pain and swelling, 
whereas 15 subjects had systemic reactions after the second-dose 
vaccination. However, systemic reactions were observed in 20 of 91 
subjects, and local adverse effects were seen in 12 of 91 subjects after 
the first dose. The most common adverse effects were pain at the in-
jection site, making up 13% of local effects, and headache and vertigo, 
accounting for 10% of systemic effects. Systemic adverse effects were 
approximately 2 times more common than local effects for the 2 doses 
of vaccine. Zhang et al26 reported that the most common adverse ef-
fect was local pain at injection site with a rate of 17% with CoronaVac, 
and the most severe adverse effect was observed as an acute hypersen-
sitivity with urticaria with a rate of 4%. On the other hand, Tanriover 
et  al24 also reported that 0.1% of their study group had serious ad-
verse effect including allergy and seizures. However, in our study 
no serious complications, including anaphylaxis or severe allergic 
reactions, were detected—except hypertensive attack, which was seen 
in 1 subject out of 91. Therefore, increased D-dimer concentrations 
were observed in subjects with systemic adverse effects compared 
with the noncomplicated subjects, while higher IgG and fibrinogen 
concentrations were obtained in noncomplicated subjects. In another 

study investigating the prevalence of side effects following CoronaVac, 
it was reported that the risk of experiencing side effects was higher 
in women than in men, in individuals younger than 30 years of age 
compared to older people, and that subjects with chronic diseases 
have a higher risk than those without chronic diseases.30 Neverthe-
less, more severe complications, such as the development of immune 
thrombocytopenia, bleeding with no thrombosis, or thrombosis, were 
reported following the administration of mRNA vaccines.31

When we evaluated the variables affecting the IgG-RBD 
concentrations after the second dose of CoronaVac, age and hyperten-
sion in comorbidities were found associated with the IgG-RBD responses. 
Twelve percent of the entire study population had hypertension, and 
the IgG-RBD concentrations of the participants with hypertension were 
significantly lower compared with the normotensive subjects following 
the second vaccination. IgG concentration of 1.0 AU/mL and above was 
found in 63% of people with hypertension, while this rate was found 
to be 90.4% in normotensive individuals. However, no statistically sig-
nificant associations were obtained among IgG responses with diabetes 
mellitus, asthma/COPD, or hypo/hyperthyroidism.

According to the recommendations of the Advisory Committee on 
Immunization Practices and WHO, the benefits of the COVID-19 vaccine 
are greater than the risk of progression to serious conditions or death 
when comparing healthy individuals with those with comorbidities.

In this study, we did not measure neutralizing antibody levels, which 
determines the ability to bind and inhibit the entrance of the host 
cells. Therefore, the limitations of the study are the lack of evaluation 
of neutralizing antibody levels and T cell responses following vaccines, 
the limited study group, and the lack of other validation studies such as 
carry-over and linearity but not precision.

Conclusion
Based on our results, the CoronaVac vaccine was safe and showed good 
efficacy against SARS-CoV-2 infection. However, the protective efficacy 
and duration of efficacy remain controversial for CoronaVac. Accord-
ingly, it is essential for individuals to take personal protective measures, 
such as using masks and distancing, despite undergoing vaccination.
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in women than in men, in individuals younger than 30 years of age 
compared to older people, and that subjects with chronic diseases 
have a higher risk than those without chronic diseases.30 Neverthe-
less, more severe complications, such as the development of immune 
thrombocytopenia, bleeding with no thrombosis, or thrombosis, were 
reported following the administration of mRNA vaccines.31

When we evaluated the variables affecting the IgG-RBD 
concentrations after the second dose of CoronaVac, age and hyperten-
sion in comorbidities were found associated with the IgG-RBD responses. 
Twelve percent of the entire study population had hypertension, and 
the IgG-RBD concentrations of the participants with hypertension were 
significantly lower compared with the normotensive subjects following 
the second vaccination. IgG concentration of 1.0 AU/mL and above was 
found in 63% of people with hypertension, while this rate was found 
to be 90.4% in normotensive individuals. However, no statistically sig-
nificant associations were obtained among IgG responses with diabetes 
mellitus, asthma/COPD, or hypo/hyperthyroidism.

According to the recommendations of the Advisory Committee on 
Immunization Practices and WHO, the benefits of the COVID-19 vaccine 
are greater than the risk of progression to serious conditions or death 
when comparing healthy individuals with those with comorbidities.

In this study, we did not measure neutralizing antibody levels, which 
determines the ability to bind and inhibit the entrance of the host 
cells. Therefore, the limitations of the study are the lack of evaluation 
of neutralizing antibody levels and T cell responses following vaccines, 
the limited study group, and the lack of other validation studies such as 
carry-over and linearity but not precision.

Conclusion
Based on our results, the CoronaVac vaccine was safe and showed good 
efficacy against SARS-CoV-2 infection. However, the protective efficacy 
and duration of efficacy remain controversial for CoronaVac. Accord-
ingly, it is essential for individuals to take personal protective measures, 
such as using masks and distancing, despite undergoing vaccination.
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ABSTRACT

Objective: Maple syrup urine disease (MSUD; OMIM #248600) is an 

autosomal recessive metabolic disorder in the catabolism of branched-

chain amino acids (leucine, isoleucine, and valine) and may be lethal if 

untreated in affected newborns.

Methods: Single-nucleotide polymorphism haplotyping and Sanger 

sequencing of BCKDHA, BCKDHB, and DBT genes were performed in 

a cohort of 10 MSUD patients.

Results: We identified a 16.6 Mb homozygous region harboring the DBT 

gene in an Iranian girl presenting with MSUD. Sanger sequencing re-

vealed a pathogenic homozygous variant (NM_001918.3: c.1174A > C) 

in the DBT gene. We further found a controversial variant (rs12021720: 

c.1150 A > G) in the DBT gene. This substitution (p.Ser384Gly) is 

highly debated in literature. Bioinformatics and cosegregation analy-

sis, along with identifying the real pathogenic variants (c.1174 A > C), 

lead to terminate these various interpretations of c.1150 A > G variant.

Conclusion: Our study introduced c.1150 A > G as a polymorphic 

variant, which is informative for variant databases and also helpful in 

molecular diagnosis.

Maple syrup urine disease (MSUD; OMIM #248,600) is an autoso-
mal recessive inherited metabolic disorder caused by deficiency of the 
branched-chain α-ketoacid dehydrogenase complex (BCKDC). BCKDC is 
a mitochondrial complex that is encoded by 4 nuclear genes (BCKDHA, 
BCKDHB, DBT, and DLD), and MSUD can be caused by mutation within 
any of these 4 genes.1 Based on the Human Gene Mutation Database 
(HGMD professional 2021.2; http://www.hgmd.cf.ac.uk), 129 path-
ogenic variants in BCKDHA, 160 pathogenic variants in BCKDHB, 95 
pathogenic variants in DBT, and 30 pathogenic variants in DLD have 
been currently reported. The molecular pathomechanism of this disease 
is the failure of metabolizing branched-chain α-ketoacids (BCKA) de-
rived from the essential branched-chained amino acids (BCAA; leucine, 
isoleucine, and valine). Increases in BCAA and BCKA levels result in seri-
ous clinical outcomes, including ketoacidosis, neurological damage, and 
intellectual disability in affected newborns.

Clinical manifestations of MSUD are classified into 5 MSUD types: 
classic, intermediate, intermittent, thiamine-responsive, and E3-
deficient forms.1,2 The classic form, which comprises from 75% to 80% 
of MSUD patients, is presented within 2 weeks after birth by seizures, 
coma, poor feeding, lethargy, and death if they do not receive medi-
cal care. Intermediate MSUD is associated with increased BCAAs and 
BCKAs, progressive intellectual disability, and developmental delay 
without a history of catastrophic illness. These individuals can expe-
rience severe metabolic intoxication and encephalopathy in the face 
of sufficient catabolic stress.1 The intermittent form of MSUD shows 
normal levels of BCAAs, whereas it presents clinical phenotypes dur-
ing episodes of stress, including concurrent illness, fasting, or surgery. 
Thiamine-responsive MSUD is similar to the intermediate or intermit-
tent phenotype; however, treatment with thiamine leads to the normal 
levels of BCAAs. The E3-deficient form is caused by impairment in the 
dihydrolipoyl dehydrogenase (E3) component of the BCKD complex 
that is common to the pyruvate and α-ketoglutarate dehydrogenase 
complexes. Mutation in the third component (E3) causes an overlapping, 
but more severe, phenotype known as dihydrolipoamide dehydrogenase 

(DLD) deficiency (OMIM #246,900). DLD deficiency is sometimes re-
ferred to as MSUD3. Patients with E3 defects manifest dysfunction of 
all 3 enzyme complexes and die often in infancy with serious lactic ac-
idosis.2–4

In this study, we investigated a 15-day-old girl with clinical MSUD 
from Babol city (in the north of Iran) to find causative variants. MSUD 
incidence is higher (≈1:5700) than the worldwide (1:185,000) live births 
in this population.5 We identified the pathogenic changes in this patient. 
Additionally, we were faced with a controversial homozygous variant 
in the DBT gene with different ideas about its pathogenicity in litera-
ture.6–12 Having the real pathogenic culprits in our patient, we could ter-
minate these various interpretations and introduced it as a polymorphic 
variant that would be beneficent in molecular diagnostics.

Materials and Methods
A cohort of 10 MSUD patients from unrelated families who had been 
referred to our center were chosen for this study. Inclusion criteria in-
cluded clinical presentations of the disease, tandem mass spectrometry 
(mass-mass) results, and biochemical data. The Ethics Committee of 
Babol University of Medical Sciences approved the study protocol (IR.
MUBABOL.REC.1397.038). Among this cohort, the clinical and bio-
chemical data in the patient (R-96-33) in whom the pathogenic variant 
was recognized were described in the results section.

Molecular Analysis of the BCKDHA, BCKDHB, and 
DBT Genes
For molecular evaluations, peripheral blood samples were collected 
after obtaining an informed consent from the patient’s parents. The 
coding regions and the exon/intron boundaries of the 3 aforemen-
tioned genes were amplified and sequenced by the Sanger sequencing 
method using standard protocols. All primer sequences and amplifi-
cation conditions are available on request from the corresponding 
author. Polymerase chain reaction (PCR) products were sequenced 
using BigDye Terminator kit (Thermo Fisher Scientific) according to 
the manufacturer’s protocol, and the samples were run on an ABI3500 
Genetic Analyzer.

Genotyping
Using 200  ng dsDNA input, we genotyped the samples with the 
Infinium Global Screening Array v1.0 (Illumina), according to the 
manufacturer’s standard protocol. Genotype output was generated 
with Illumina Genomestudio v2.0. Using Nexus Biodiscovery CN8.0 
(Biodiscovery), we determined if deleterious copy number variations 
were present and visualized the runs of homozygosity (TABLE 1; see 
Supplemental Table 1). Genotyping was carried out for all samples 
except sample R-98-23, as we received that sample after genotyping 
the others.

Mutation Analysis
The sequence data were compared with the reference geno-
mic (GRCh38/hg38) and cDNA sequences of MSUD genes (with 
the accession number; BCKDHB gene (NM_000056.5), BCKDHA 
(NM_000709.4), DBT (NM_001918.5). Furthermore, familial seg-
regation was investigated to determine whether the found homozy-
gous or compound heterozygous variants were consistent with the 
expected mode of inheritance.
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untreated in affected newborns.
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c.1150 A > G) in the DBT gene. This substitution (p.Ser384Gly) is 

highly debated in literature. Bioinformatics and cosegregation analy-

sis, along with identifying the real pathogenic variants (c.1174 A > C), 

lead to terminate these various interpretations of c.1150 A > G variant.
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Maple syrup urine disease (MSUD; OMIM #248,600) is an autoso-
mal recessive inherited metabolic disorder caused by deficiency of the 
branched-chain α-ketoacid dehydrogenase complex (BCKDC). BCKDC is 
a mitochondrial complex that is encoded by 4 nuclear genes (BCKDHA, 
BCKDHB, DBT, and DLD), and MSUD can be caused by mutation within 
any of these 4 genes.1 Based on the Human Gene Mutation Database 
(HGMD professional 2021.2; http://www.hgmd.cf.ac.uk), 129 path-
ogenic variants in BCKDHA, 160 pathogenic variants in BCKDHB, 95 
pathogenic variants in DBT, and 30 pathogenic variants in DLD have 
been currently reported. The molecular pathomechanism of this disease 
is the failure of metabolizing branched-chain α-ketoacids (BCKA) de-
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isoleucine, and valine). Increases in BCAA and BCKA levels result in seri-
ous clinical outcomes, including ketoacidosis, neurological damage, and 
intellectual disability in affected newborns.

Clinical manifestations of MSUD are classified into 5 MSUD types: 
classic, intermediate, intermittent, thiamine-responsive, and E3-
deficient forms.1,2 The classic form, which comprises from 75% to 80% 
of MSUD patients, is presented within 2 weeks after birth by seizures, 
coma, poor feeding, lethargy, and death if they do not receive medi-
cal care. Intermediate MSUD is associated with increased BCAAs and 
BCKAs, progressive intellectual disability, and developmental delay 
without a history of catastrophic illness. These individuals can expe-
rience severe metabolic intoxication and encephalopathy in the face 
of sufficient catabolic stress.1 The intermittent form of MSUD shows 
normal levels of BCAAs, whereas it presents clinical phenotypes dur-
ing episodes of stress, including concurrent illness, fasting, or surgery. 
Thiamine-responsive MSUD is similar to the intermediate or intermit-
tent phenotype; however, treatment with thiamine leads to the normal 
levels of BCAAs. The E3-deficient form is caused by impairment in the 
dihydrolipoyl dehydrogenase (E3) component of the BCKD complex 
that is common to the pyruvate and α-ketoglutarate dehydrogenase 
complexes. Mutation in the third component (E3) causes an overlapping, 
but more severe, phenotype known as dihydrolipoamide dehydrogenase 

(DLD) deficiency (OMIM #246,900). DLD deficiency is sometimes re-
ferred to as MSUD3. Patients with E3 defects manifest dysfunction of 
all 3 enzyme complexes and die often in infancy with serious lactic ac-
idosis.2–4

In this study, we investigated a 15-day-old girl with clinical MSUD 
from Babol city (in the north of Iran) to find causative variants. MSUD 
incidence is higher (≈1:5700) than the worldwide (1:185,000) live births 
in this population.5 We identified the pathogenic changes in this patient. 
Additionally, we were faced with a controversial homozygous variant 
in the DBT gene with different ideas about its pathogenicity in litera-
ture.6–12 Having the real pathogenic culprits in our patient, we could ter-
minate these various interpretations and introduced it as a polymorphic 
variant that would be beneficent in molecular diagnostics.

Materials and Methods
A cohort of 10 MSUD patients from unrelated families who had been 
referred to our center were chosen for this study. Inclusion criteria in-
cluded clinical presentations of the disease, tandem mass spectrometry 
(mass-mass) results, and biochemical data. The Ethics Committee of 
Babol University of Medical Sciences approved the study protocol (IR.
MUBABOL.REC.1397.038). Among this cohort, the clinical and bio-
chemical data in the patient (R-96-33) in whom the pathogenic variant 
was recognized were described in the results section.

Molecular Analysis of the BCKDHA, BCKDHB, and 
DBT Genes
For molecular evaluations, peripheral blood samples were collected 
after obtaining an informed consent from the patient’s parents. The 
coding regions and the exon/intron boundaries of the 3 aforemen-
tioned genes were amplified and sequenced by the Sanger sequencing 
method using standard protocols. All primer sequences and amplifi-
cation conditions are available on request from the corresponding 
author. Polymerase chain reaction (PCR) products were sequenced 
using BigDye Terminator kit (Thermo Fisher Scientific) according to 
the manufacturer’s protocol, and the samples were run on an ABI3500 
Genetic Analyzer.

Genotyping
Using 200  ng dsDNA input, we genotyped the samples with the 
Infinium Global Screening Array v1.0 (Illumina), according to the 
manufacturer’s standard protocol. Genotype output was generated 
with Illumina Genomestudio v2.0. Using Nexus Biodiscovery CN8.0 
(Biodiscovery), we determined if deleterious copy number variations 
were present and visualized the runs of homozygosity (TABLE 1; see 
Supplemental Table 1). Genotyping was carried out for all samples 
except sample R-98-23, as we received that sample after genotyping 
the others.

Mutation Analysis
The sequence data were compared with the reference geno-
mic (GRCh38/hg38) and cDNA sequences of MSUD genes (with 
the accession number; BCKDHB gene (NM_000056.5), BCKDHA 
(NM_000709.4), DBT (NM_001918.5). Furthermore, familial seg-
regation was investigated to determine whether the found homozy-
gous or compound heterozygous variants were consistent with the 
expected mode of inheritance.

In Silico Analysis of DBT c.1150 A > G Substitution
To interpret the causality of substitution c.1150 A > G, we utilized 
the Iranian national genetic database (Iranome) to check allele fre-
quency in the Iranian population. Iranome was launched by perform-
ing whole‐exome sequencing on 800 individuals. The groups included 
100 healthy individuals from each of 8 major ethnic groups in Iran 
(https://www.iranome.ir).13 Additionally, the Genome Aggregation Da-
tabase (gnomAD; https://gnomad.broadinstitute.org) was investigated 
to study allele frequency in the other populations. This database has 
aggregated 15,708 whole genomes and 125,748 exomes and provides 
a reference map for diagnostic screening. We also used Combined An-
notation Dependent Depletion (CADD; https://cadd.gs.washington.
edu) to score the deleteriousness impact of found variants. CADD is a 
tool for scoring the deleteriousness of single nucleotide variants as well 
as insertion/deletion variants in the human genome. That is a frame-
work that integrates multiple annotations into 1 metric, by contrasting 
variants that survived natural selection with simulated mutations, and 
prioritizes causal variants in genetic analyses.14 Linkage disequilibrium 
(LD), a measure of the nonrandom association of alleles at 2 or more loci 
that descend from a single and ancestral chromosome, was estimated by 
the LD calculator tool through Ensembl (https://grch37.ensembl.org/
Homo_sapiens/Tools/LD). All impeded subpopulations in the afore-
mentioned tool were selected.

Results

Case Presentation (R-96-33)
The proband was a 15-day-old girl (at the time of the study) and the 
result of a consanguineous marriage. She was hospitalized due to poor 
feeding and vomiting. From the fifth day of birth, she showed a reduced 
tendency to breastfeeding and gradually vomiting after feeding also 
appeared. The patient was the second child of this family. She was born 
by cesarean section with a birth weight of 3200 grams and good con-
dition, but she had lost 500 grams of weight since birth. The patient’s 
parents had a distant family relationship. The first child of the family 
was healthy and there was no positive family history of a specific disease.

The patient was lethargic and hypotonic, with decrease of neonatal 
reflexes and poor feeding with vomiting at the time of admission. The 
vital signs were as follows: pulse rate = 125/min, respiratory rate = 38/
min, temperature = 36.5ºC. She had a normal examination of her heart, 
lungs, abdomen, and genitalia. The patient showed hypoglycemia at the 
time of hospitalization (blood glucose level with the glucometer was 
31  mg/dL); therefore, serum dextrose water 10% began immediately. 
Due to hypotonia and poor feeding, she was initially examined for sep-
sis; so, after taking samples and cultures, antibiotic therapy was started 
with ampicillin and amikacin. The initial tests results were as follows: 
WBC = 5800, Hb = 11.9, PLT = 557.000, CRP = 0.1, ESR = 1, Na = 131 
mEq/L, K = 5 mEq/L, BUN = 10.4 mg/dL, Cr = 0.59 mg/dL, T

4
 = 10.9 μg/

dL, TSH = 2.3 U/L, SGOT = 37 IU/L, SGPT = 31 IU/L, ALP = 574 IU/L, 
U/A & U/C = normal. Arterial blood gases were: pH = 7.27, pCO

2
 = 34.5, 

HCO
3
 = 14.1, ammonia = 88.5 μg/dL. Lumbar puncture was normal.

According to normal levels of liver enzymes and electrolytes  
(except blood glucose), normal assessment of sepsis, and due to a 
history of hypoglycemia–metabolic acidosis and persistence of leth-
argy, the patient underwent a metabolic assay. High-performance 
liquid chromatography (HPLC) results showed a reduction of  
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alanine (47 μmol/L) and an increase in leucine (2392 μmol/L) and val-
ine (240.3 μmol/L) (FIGURE 1). In urine gas chromatography mass 
spectrometry (GCMS), high excretion of α-ketoacids was observed: 
2-ketoisovaleric acid (97.13% > 0.50%), 2-keto-3-methylvaleric acid 
(296.65% > 0.50%), and 2-ketoisocaproic acid (400.69% > 0.73%). 
These findings were collectively diagnostic for MSUD. Therefore, treat-
ment with carnitine 10% (100 mg/kg/d) and vitamin B1 (100 mg/d) 
were started. Gradually, her condition improved after a few days. Then 

after consulting a nutritionist, feeding with breast milk and MSUD 
formula was started, and gradually their volume increased. Finally, 
the patient was discharged on the 16th day of hospitalization (at the 
age of 31 days) in good general condition.

Genotyping
We identified 245  Mb copy-neutral regions of homozygosity, includ-
ing 16.6  Mb run of homozygosity on chromosome 1 located between 

TABLE 1.  Summarized Clinical Characteristic of Patients and Their Runs of Homozygositya

Patient Age of Onset (d) 
Clinical  

Presentation 
Blood Amino Acid  
Levels (µmol/L) 

f F ROH Mb BCKDHA BCKDHB DBT 

R-96-27 7 Poor feeding,   
decreased urination

Leucine = 1615.7  
Valine = 297.1  

Isoleucine = 234.6  
Alloisoleucine = —  

Alanine = 90.5

3/16 3/32 261 NP NP chr1:86,311,209–
104,366,435

R-97-6 7 Poor feeding,   
seizure

Leucine = 2443.4  
Valine = 389.7  

Isoleucine = 329  
Alloisoleucine = —  

Alanine = 69.4

5/16 5/32 436 NP NP chr1:98,157,356–
108,023,098

R-96-39 10 Poor feeding,  
fever, lethargy

Leucine = 3440.7  
Valine = 413.8  

Isoleucine = 278.7  
Alloisoleucine = —  

Alanine = 104.2

5/16 5/32 465 NP NP chr1:97,659,759–
102,193,054

R-97-15 7 Poor feeding,  
lethargy

Leucine = 1550  
Valine = 428.84  
Isoleucine = 280  

Alloisoleucine = —  
Alanine = 72

3/16 3/32 256 NP NP chr1:94,528,721–
107,692,211

R-97-29 10 Poor feeding,  
lethargy,  

decreased urination, 
and defecation

Leucine = 2519  
Valine = 672  

Isoleucine = 375  
Alloisoleucine = —  

Alanine = 112

1/8 1/16 174 NP chr6:79,818,663–   
80,984,230

chr1:98,723,985–
111,745,582

R-96-33 15 Vomiting,    
poor feeding

Leucine = 2392  
Valine = 240.3  

Isoleucine = 32.87  
Alloisoleucine = —  

Alanine = 47

5/32 5/64 245 NP NP chr1:94,510,250–
111,120,518

R-97-25 6 Poor feeding,  
grunting

Leucine = 2836.66   
Valine = 494.21   

Isoleucine = 338.66   
Alloisoleucine = 349   

Alanine = 54.97

1/8 1/16 199 NP chr6:74,505,909–  
85,897,978

NP

R-97-12 60 Staring,  
seizure

Leucine = 1118  
Valine = 549  

Isoleucine = —  
Alloisoleucine = —  

Alanine = —

3/32 3/64 138 NP NP NP

R-96-28 7 Poor feeding Leucine = 2823  
Valine = 782.9  

Isoleucine = 447  
Alloisoleucine = —  

Alanine = 48.8

3/32 3/64 155 NP chr6:80,740,681–  
81,953,637

chr1:94,539,913–
101,941,097

R-98-23 5 Poor feeding,  
lethargy

Leucine = 2141.61  
Valine = 464.97  

Isoleucine = 43.86  
Alloisoleucine = 65.29  

Alanine = 42.26

NA NA NA NA NA NA

f, coefficient of consanguinity; F, coefficient of inbreeding; NA, not available; NP, not present.
aDepicted are the runs of homozygosity (ROH) > 1 Mb in size over the 3 disease genes. ROH Mb, amount of ROH in regions > 1 Mb. We profiled 9 patients 
with maple syrup urine disease (MSUD) of which 7 had a large ROH over the DBT gene and 3 for the BCKDHB gene. None of the patients were homozy-
gous (>1 Mb) for BCKDHA gene. All patients represent a variable degree of consanguinity.
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94,510,253–94,510,248 and 111,119,214–111,121,822 (GRCh19/
hg37) (TABLE 1), and harboring the DBT gene (FIGURE 2B). Sanger 
sequencing revealed homozygous variants in DBT (NM_001918.5: c.1174 
A > G). Cosegregation analysis confirmed that the homozygous variants 
in the patient were inherited from her heterozygous carrier parents. The 
mutation was undetected in her healthy brother (FIGURE 2C). The vari-
ant is located in exon 9 and creates a missense change (p.Thr392Pro) (TA-
BLE 2). This substitution has previously been reported in another Iranian 
MSUD patient from a central area of Iran.15 We also found an extra homo-
zygous variant in this patient (DBT: c.1150 A > G; p. Ser384Gly) with dif-
ferent interpretations about its effect in MSUD patients. As it was shown 
in TABLE 2, this substitution with CADD score 14.3 has previously been 
reported 8 times in the literature (3 times pathogenic and 5 times pol-
ymorphic). Two authors with uncertain explanations10,12 mentioned 
their ambiguity about the pathogenicity of c.1150 A > G substitution. 
We identified a homozygous variant of DBT: c.1150 A > G in our patient’s 
unaffected mother. Additionally, cosegregation analysis of c.1150 A > G 
substitution in our cohort revealed that this substitution is homozygous 
in all patients along with at least 1 of their healthy parents. In 6 families, 
both parents were homozygous for c.1150 A > G substitution (see Sup-
plemental Table 2). Therefore, our finding is concordant with the current 
understanding that the c.1150 variant is benign.

Discussion
We identified the pathogenic variant (DBT: c.1174 A > C) in a patient 
from the north of Iran. The mutated residue (p.Thr392Pro) is located 
in the 2-oxoacid dehydrogenase acyltransferase catalytic domain and in 
contact with the E2 domain. Abiri and her colleagues15 found this path-
ogenic mutation (c.1174 A > C) in another Iranian patient from a central 
region of Iran with the age of diagnosis of 15 days. Despite that, this 
mutation was detected twice in Iran in 2 separate geographical regions; 
nevertheless, there is no evidence for c.1174 A > C mutation in the other 
countries.

Additionally, we were faced with a variant of uncertain signifi-
cance (rs12021720; c.1150 A > G; p.Ser384Gly), with  a borderline 
CADD score of 14.3, and different ideas about its pathogenicity in 

the literature (TABLE 3).6-12,16  Finally, cosegregation analysis, along 
with identifying the real pathogenic mutation in our patient (c.1174 
A > C), resulted in terminating the various interpretations of c.1150 
A > G mutation and certain decisions about this polymorphic vari-
ant. Indeed, the patient’s mother had a homozygous variant of c.1150 
A > G mutation; therefore, we considered it as a polymorphic variant. 
The allele frequency of rs12021720 (G > 0.9) in populations further 
supports this idea. Furthermore, the UniProtKB annotation data-
base (ID: P11182) introduces p.Ser384Gly as a natural variant. To 
identify possible associations between rs12021720 and c.1174 A > C 
(chr1:100672036 in hg19), we performed LD analysis using Ensembl 
LD calculator tool. The result revealed that these 2 alleles are independ-
ent and therefore not coinherited in the 1000 genome subpopulations. 
Altogether, the variant c.1150 A > G is classified as benign accord-
ing to American College of Medical Genetics and Genomics (ACMG) 
standards and guidelines.17 Excluding this polymorphic variant is in-
formative for the regional mutation database and also helpful in mo-
lecular diagnosis.

Although we identified a pathogenic variant in our case report, the 
other patients in our cohort remained unsolved. Finding a common ho-
mozygous region covering the DBT gene and confirming consanguinity 
(TABLE 1) highlight it as the most possible candidate gene in unsolved 
patients. Indeed, it is possible that the pathogenic variant(s) are located 
in noncoding regions of the DBT gene. Therefore, sequencing of these 
noncoding regions would be an essential next step.

In conclusion, we identified a pathogenic mutation in DBT gene 
in an MSUD patient, explained her phenotypic features in detail, and 
terminated the arguments about the pathogenicity of DBT: c.1150 A > G 
mutation and introduced it as a polymorphic variant, which is beneficial 
for mutation interpretation and genetic diagnosis. This finding will fa-
cilitate prenatal diagnosis of affected families and also effective carrier 
detection in the future.

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

FIGURE 1. Blood amino acid profile of case R-96-33 by high-performance liquid chromatography. The arrows indicate the 
amino acids that change significantly in patients with maple syrup urine disease.
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FIGURE 2. A, The pedigree of the proband (arrow) with maple syrup urine disease, demonstrating his consanguineous parents. 
B, Sanger sequencing revealed a homozygous mutation in DBT (NM_001918.5: c.1174 A > G). Both parents were found to 
be heterozygous carriers in this mutation, and her healthy brother has the wild-type genotype. The mutation is located in 
exon 9 and creates a missense mutation at codon Thr392 leading to p.Thr392Pro. C, Single-nucleotide polymorphism array 
data showing a 16.6 Mb run of homozygosity on chromosome 1 located between 94,510,253–94,510,248 and 111,119,214–
111,121,822 (GRCh19/hg37).
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ABSTRACT

The aim of this study was to evaluate antibody response against in-

fluenza vaccine in beta thalassemia major patients from Iran. Thirty 

beta thalassemia major patients were enrolled and divided into three 

groups: single dose (group 1), double dose (group 2), and control 

(group 3). Seroconversion, seroprotection, and geometric mean titer 

(GMT) assays were performed through hemagglutination inhibition 

(HI) on days 0, 14, and 60. Based on the results, the level of antibody 

titer was increased in group 2. Two weeks after vaccination, serocon-

version rate was about 20% and 30% in groups 1 and 2. Sixty days 

after vaccination, the seroconversion rate was around 70% and GMT 

showed a more than 2-fold increase in group 2. Based on the results, 

the immunogenicity of double dose vaccination against influenza in-

fection appears to be higher than the single dose vaccine in beta 

thalassemia major patients, and thus it is recommended to use two 

doses of vaccine, especially in splenectomized patients who are more 

sensitive than others.

Beta thalassemia syndromes are the most common hereditary disorders 
characterized when bone marrow does not make enough hemoglobin in 
red blood cells and, consequently, these cells fail to deliver sufficient ox-
ygen to all parts of the body. The alpha- and beta-globin chains are the 
main proteins in red blood cells that form hemoglobin. A  genetic de-
ficiency in the synthesis of beta-globin chains leads to severe anemia, 
increased erythrocyte buildup, and excess iron absorption.1,2

The annual incidence of beta thalassemia is estimated to be 1 in 
100,000 around the world.3 Due to high consanguinity among the pop-
ulation, it is estimated that there are between two and three million 
beta thalassemia carriers and 25,000 patients in Iran.4 In beta thalas-
semia, infections and immune abnormalities decrease the quality of 
life of the affected individuals. The main treatment of these patients 
involves blood transfusion, which can cause iron overload followed by 
reduced host defense and increased susceptibility to bacterial and vi-
ral infections. Therefore, it is desirable to remove the excess iron using 
iron chelation therapy.5 Alidoost et  al6 have reported a wide range of 
immune abnormalities that are seen in patients receiving blood. These 
abnormalities are both quantitative and functional, being related to the 
components of immune response. Most patients with beta thalassemia 
may require splenectomy that can cause a further increase in the risk 
of infections such as Streptococcus pneumoniae, Neisseria meningitidis, 
Haemophilus influenzae, and influenza-related complications, as thalas-
semia is associated with a reduced specific antibody response.6,7

Annually, seasonal influenza is associated with 250,000–500,000 
deaths worldwide. Influenza vaccine administration, which can pre-
vent and reduce the risk of infections,8 is especially recommended for 
immunocompromised individuals and also patients with chronic blood 
disorders such as beta thalassemia major. Injection of viral vaccines 
boosts Th1 cellular immunity in individuals with thalassemia major (who 
have iron overload) and protects them from intracellular pathogens.8

Several clinical trials have revealed that the split-virus vaccine 
(produced based on disrupted virus) against the 2009 A/H1N1 virus, 
both with or without adjuvant, is very effective and can establish suf-
ficient protection against this infection in the general population.9,10 
Sun et al11 have reported that 14 or 21 days after vaccine administration 
the recipients generally developed protection against the 2009 A/H1N1 
influenza virus. A study on immunogenicity and safety of trivalent in-
fluenza vaccines (TIVs) and inactivated quadrivalent influenza vaccine 
(QIV) demonstrated antibody responses to the QIV were noninferior 
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to the response to the TIV for the matched strains.12 Meanwhile, it is 
reported that TIVs can reduce the hospitalization rate in vaccinated 
individuals compared to unvaccinated children.13

Although a number of specific vaccines against this virus can gen-
erate adequate antibody responses in healthy subjects, their efficacy in 
splenectomized and nonsplenectomized patients with beta thalasse-
mia has not yet been specified. The humoral and cell-mediated immune 
responses in immunodeficient and immunocompromised patients fol-
lowing influenza vaccination are inefficient, and probably a single dose 
of vaccine is not enough to elucidate immune response.14 It seems neces-
sary that each different patient group have its own vaccination program.

Therefore, the aim of this study was to evaluate the immunogenicity 
and tolerability of the influenza vaccine in patients with beta thalasse-
mia major and compare the efficacy of influenza vaccine in single-dose 
and double-dose regimens in patients with beta thalassemia.

Materials and Methods

Population
In this study, beta thalassemia major patients were enrolled and re-
ferred to Motahari Hospital, which is affiliated with Jahrom Univer-
sity of Medical Sciences (Iran). Informed consent was obtained from 
each participant. This research was approved by the Ethical Committee 
of Jahrom University of Medical Sciences. To conduct this study, 30 
patients who come to Motahari Hospital twice a week for blood transfu-
sion were selected for sample collection according to the study inclusion 
criteria. All patients had received transfusions of filtered red blood cell 
concentrates at regular intervals. Patients were divided into 3 groups of 
10 individuals using blocked randomization. In the first group (group 
1), participants with mean age 15 ± 2 years (4 males and 6 females) re-
ceived 1 dose (0.5 mL) of the trivalent vaccine consisting of A (H1N1), 
A  (H3N2), and B viruses (Novartis) on day 0, and the second group 
(group 2) with mean age 17 ± 4.5 years (2 males and 8 females) received 
2 doses of the same vaccine on days 0 and 14. In the third group (group 
3), patients with mean age 18 ± 3.5 years (3 males and 7 females) re-
ceived no influenza vaccine (unvaccinated control group). All patients 
were referred to the hospital for monitoring on a weekly basis. A clinical 
follow-up questionnaire was used for at least 2 months. All patients were 
monitored for influenza and other infectious diseases during the study 
period. Details of the demographic characteristics of the participants at 
the beginning of the study are presented in TABLE 1.

Study Setting and Sampling
Three separated blood samplings were performed for each participant 
on days 0, 14 and 60. Briefly, at the beginning (on day 0), a 5 mL blood 
sample collection for serum separation and subsequent laboratory tests 
was performed for all groups and then patients in groups 1 and 2 were 
vaccinated. On day 14, blood samples were obtained for the second 
measurements and then the second dose of vaccine was administered 
to group 2.  Six weeks later (on day 60), all sample collections and 
measurements were repeated for three groups.

Laboratory Assays and Data Analysis
The sera were treated with receptor-destroying enzyme from Vibrio 
cholera at 37°C overnight to remove nonspecific inhibitors of influenza  

virus hemagglutinin. An 8% sodium citrate solution was then added to 
the sera and incubated at 56°C for 1 hour before testing. An initial se-
rum dilution of 1:10 was followed by 2-fold serial dilutions to 1:2560. 
Four hemagglutinin units of each antigen were added and incubated 
for 1 hour at room temperature. Thereafter, chicken red blood cells 
were added and incubated for 1 hour at room temperature and scored 
for hemagglutination. All sera were titrated simultaneously and in du-
plicate. The hemagglutination inhibition (HI) titers were expressed as 
the reciprocal of the highest dilution of serum that completely inhibited 
hemoagglutination.15 A  titer of 1:40 was considered to be protective. 
All subjects were tested for influenza virus antibodies before transfu-
sion. The parameters used as indications of a humoral immune response 
were the seroconversion rates, defined as the percentage of subjects 
experiencing at least a 4-fold increase in the HI titer, the geometric 
mean titer (GMT), which is the difference between the HI titer means 
before and after vaccination, and the seroprotection rate, which is the 
percentage of subjects reaching an HI titer equal to or higher than 40.

Safety
Safety endpoints included the frequency of solicited injection site and 
systemic reactions occurring within 7 days after vaccination. Unsolicited 
adverse events (AEs), including serious AEs (SAEs), were collected dur-
ing 28 days after vaccination.

Statistical Analysis
The data were analyzed using two-way ANOVA. Categorical data were 
analyzed using contingency table analysis and the χ 2 or Fisher’s test, as 
required. The variable levels were evaluated by means of Prism 8 soft-
ware. P < .05 was regarded as significant in all statistical analyses.

Results

A Double Dose of Influenza Vaccine Induces More 
Humoral Immune Responses in Patients with Beta 
Thalassemia
Following vaccination, it was attempted to determine whether different 
numbers of influenza vaccine doses induce different effective humoral 
immune responses. To this end, group 1 received a single dose of vac-
cine on day 0, group 2 received two doses of vaccine on days 0 and 14, 
and group 3 received no vaccine. Blood samples were collected from all 
groups on days 0, 14, and 60 (FIGURE 1).

About 83% of the subjects in all groups had baseline specific anti-
body titers of 40 or more upon HI assay and a measurable level of GMT, 
and their seroprotectivity level was similar. Two weeks after vaccine 
administration, groups 1, 2, and 3 were associated with seroconver-
sion rates of 20%, 30%, and 0%, respectively (FIGURE 2A). However, 
seroprotection rates were 100%, 100%, and 90%, respectively (FIGURE 
2B). Surprisingly, groups 1 and 2 showed about 2.5-fold increases in 
GMT level compared to group 3 (FIGURE 2C). Two months after vacci-
nation, 70% of the subjects in group 2 were seroconverted compared to 
group 1 and 3, whereas 100% of the patients in groups 1 and 2 and 80% 
in group 3 were still seroprotected. Meanwhile, participants receiving no 
vaccine showed a reduced antibody titer after 6 weeks. GMT levels and 
their increases from the baselines showed about 5-fold titers. Remarka-
bly, GMT in group 1 was reduced during 8 weeks of follow up.
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A Double Dose of Influenza Vaccine Can Stimulate Better 
Humoral Immune Responses in Nonsplenectomized 
Patients with Beta Thalassemia
After verifying the protective effect of double doses of influenza vac-
cine, we assessed the protective immunity response in splenectomized 
and nonsplenectomized patients after 2 doses of vaccine. There was no 
s ignificant difference in seroconversion and seroprotection rates be-
tween the splenectomized and nonsplenectomized patients (FIGURES 
3A and 3B). However, nonsplenectomized patients showed higher GMT 
levels on day 60 than splenectomized patients (FIGURE 3C).

Single- and Double-Dose Influenza Vaccination Present 
Similar Incidence of Solicited and Unsolicited Local and 
Systemic Reactions
The proportions of subjects exhibiting solicited injection-site or sys-
temic reactions in groups 1 (single-dose vaccination) and group 2 
(double-dose vaccination) were similar (TABLE 2). In subjects receiv-
ing the first dose of vaccine, the most commonly reported injection site 

reaction was pain. The majority of subjects that received the second 
dose exhibited grade 1 (mild) or 2 (moderate) solicited reactions, and 
most reactions occurred and were resolved within 3 days of vaccination. 
These were mostly cases of nasopharyngitis, cough, and injection site 
pruritus in the first and second injection. No AEs led to discontinuation 
within 28 days after vaccination. No SAE was reported during the study 
and no case of death after 2  months postvaccination was considered 
vaccine-related.

Discussion
The immunogenicity of inactivated influenza vaccines can be evaluated 
using the HI test and the HI titer that serologically show HA-specific 
antibody level.17 Vaccination is regarded as the most important strat-
egy to prevent influenza virus mortality and morbidity in individuals 
who are at high risk, such as pregnant women, young children, peo-
ple with underlying diseases, and health care personnel.18 The aim of 
the present study was to evaluate the protective immunity against  

TABLE 1.  Descriptive Statistics of General Characteristics and Hematological Findings for Three Groups of Beta Thalassemia 
Major Patients in the Beginning of the Study (Day 0)a

Variables 
Group 1  
(n = 10) 

Group 2  
(n = 10) 

Group 3  
(n = 10) 

Age (y) 15 ± 2 17 ± 4.5 18 ± 3.5

Male (%) 4 (40%) 2 (20%) 3 (30%)

Female (%) 6 (60%) 8 (80%) 7 (70%)

White blood cell count (× 109/L) 9.1 ± 5.3 10.1 ± 4.9 9.5 ± 6.3

Red blood cell count (× 1012/L) 3.2 ± 0.7 4.1 ± 0.2 3.6 ± 0.5

Hemoglobin (g/L) 10 ± 1.0 9.4 ± 1.4 9.8 ± 1.0

Hematocrit (L/L) 27.3 ± 3.2 30.3 ± 5.8 29.3 ± 5.2

Splenectomy (%) 4 (40%) 2 (20%) 3 (30%)

Deferoxamine treatment/night 3 ± 1 3 ± 1 3 ± 1

Flu during vaccination 0 0 0

aGroup 1 received one dose of the trivalent vaccine at day 0. Group 2 obtained two doses of vaccine, at day 0 and 14. Group 3 included patients without 
vaccine administration (control group).

FIGURE 1. Flow chart of the study design.

2 months’ follow-up (n = 10) 2 months’ follow-up (n = 10) 2 months’ follow-up (n = 10)

Sampling on day 60 (n = 10) Sampling on day 60 (n = 10) Sampling on day 60 (n = 10)

Sampling on day 14 (n = 10)
Vaccinated (n = 0)

Sampling on day 14 (n = 10)
Vaccinated (n = 10)

Sampling on day 14 (n = 10)
Vaccinated (n = 0)

Patients with beta-thalassemia (n = 120)

Included (n = 30)

Sampling on day 0 (n = 10)
Vaccinated (n = 10)

Sampling on day 0 (n = 10)
Vaccinated (n = 10)

Sampling on day 0 (n = 10)
Vaccinated (n = 0)

Allocated to single-dose
group (n = 10)

Allocated to double-dose
group (n = 10)

Allocated to no vaccine
group (n = 10)
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reaction was pain. The majority of subjects that received the second 
dose exhibited grade 1 (mild) or 2 (moderate) solicited reactions, and 
most reactions occurred and were resolved within 3 days of vaccination. 
These were mostly cases of nasopharyngitis, cough, and injection site 
pruritus in the first and second injection. No AEs led to discontinuation 
within 28 days after vaccination. No SAE was reported during the study 
and no case of death after 2  months postvaccination was considered 
vaccine-related.

Discussion
The immunogenicity of inactivated influenza vaccines can be evaluated 
using the HI test and the HI titer that serologically show HA-specific 
antibody level.17 Vaccination is regarded as the most important strat-
egy to prevent influenza virus mortality and morbidity in individuals 
who are at high risk, such as pregnant women, young children, peo-
ple with underlying diseases, and health care personnel.18 The aim of 
the present study was to evaluate the protective immunity against  

influenza virus by the trivalent vaccine consisting of A  (H1N1), 
A (H3N2), and B virus (Novartis) in two groups of single- and double-
dose vaccination in patients with beta thalassemia. The HI test was 
used to evaluate seroprotection and seroconversion. Our findings 
indicate that the antibody response-related seroconversion after ad-
ministration of 2 doses of the trivalent vaccine in patients with beta 
thalassemia major was statistically higher than that after single dose 
vaccination. In addition, the group receiving no vaccine showed a 
reduced antibody titer after 6 weeks. This means that seroconversion 
and GMT can be reduced over time in individuals that had no exposure 
to natural infection or vaccine.

Moreover, immunogenicity level was compared between the 
splenectomized and nonsplenectomized patients, which indicated an 
increased GMT among the two groups and showed the necessity of dou-
ble dose of vaccination in nonsplenectomized patients.

Although Esposito et al19 previously observed that seroprotective an-
tibody titers of influenza A/H1N1 MF59-adjuvanted vaccine were more 
than 90% 3 months after vaccination, we detected no difference in terms 
of seroprotective antibody induction among the single-dose vaccinated 
thalassemia patients. In our study, seroprotective antibody rates were 
sufficiently high to suggest that factors such as history of previous influ-
enza infection can influence antibody response rate.

We found that antibody levels and GMT in group 2 were significantly 
higher than those in group 1. Although seroprotection in both groups 
were similar, the single-dose vaccine seems to usually have insufficient 
GMT and may not result in the expected immunity for long periods.19 In 
agreement with the our study results, it has been reported that two-dose 
injection of avian and human influenza vaccines could elevate HI anti-
body titer in individuals without the preexisting antibody (as in the case 
of the 2009 pandemic).20 A study by Hu et al21 on a trivalent inactivated 

FIGURE 2. Immune responses by hemagglutination inhibition (HI) test in three groups: single dose, double dose, and no 
influenza vaccine administration. At the baseline, groups had specific antibody titers of 40 or more upon HI assay. Two and 
8 weeks after vaccine administration, the group had received two doses of vaccine that were associated with an increased 
seroconversion rate (A). The seroprotection rates were 100% in groups that had received vaccines after 8 weeks (B). The 
geometric mean titer (GMT) level in the group that had received two doses of vaccine was increased during 60 days compared 
to single dose and no vaccine groups (C). Results were analyzed with the two-way ANOVA and χ 2 or Fisher’s test. Values are 
the mean ± SEM and percentage; *P < .05 and **P < .01.
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influenza vaccine produced in Shenzhen compared with the comparator 
IIV3 vaccine showed that the immunogenicity and safety of a marketed 
influenza vaccine, Shz-IIV3, were similar to the comparator Chinese IIV3 
in individuals aged 18 to 59 years. Although the study did not include 
individuals aged <5 years or ≥60 years who are considered at greater risk, 
the vaccine was recently shown to be immunogenic and well tolerated in 
these age groups. Greenberg et al22 compared safety and immunogenic-
ity of quadrivalent inactivated influenza vaccine with licensed trivalent 
inactivated influenza vaccine. The QIV formulation tested induced an-
tibody responses that were noninferior to those of the 2009–2010 TIV 
and the 2008–2009 TIV with respect to each A strain and each included 
B strain. Antibody responses to B/Brisbane/60/2008 (Victoria line-
age) and B/Florida/04/2006 (Yamagata lineage) were markedly greater 
among study participants who received QIV than the responses to 
these strains among persons given the TIV not containing these strains 

(2008–2009 TIV and 2009–2010 TIV, respectively). Their findings sup-
port the clinical observations and the use of QIV would be expected to 
adequately protect against B strains from either lineage.22 In addition, 
Cowling et al23 showed that postvaccination HAI titers mediated 57% 
of the effect of vaccination on protection against disease caused by in-
fluenza B virus infection in the spring of 2010. This indicates that other 
immune mechanisms may also play a role in the protection conferred 
by IIV. A meta-analysis study demonstrated that the higher-dose strat-
egy had significantly superior seroconversion and seroprotection for A/
H1N1 strains than the standard dose.24 That means alternative higher-
dose vaccination strategies appear to be associated with superior immu-
nogenicity responses for A/H1N1 strains.

Odongo et  al25 compared the immunogenicity of a standard-
dose trivalent inactivated influenza vaccination, double-dose triva-
lent inactivated influenza vaccination (DDTIIV), and booster-dose  

FIGURE 3. Immune response in splenectomized and nonsplenectomized beta thalassemia patients who received a double dose 
of influenza vaccine during 60 days. At the baseline, groups had specific antibody titers of 40 or more on hemagglutination 
inhibition assay. Two and 8 weeks after vaccine administration, the nonsplenectomized group was associated with an 
increased seroconversion rate (A). The seroprotection rates were 100% after 8 weeks in both groups (B). The geometric mean 
titer (GMT) level in the nonsplenectomized group was increased during 60 days compared to the splenectomized group (C). 
Results were analyzed with the two-way ANOVA and χ2 or Fisher’s test. Values are the mean ± SEM and percentage; *P < .05 
and **P < .01. 
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trivalent inactivated influenza vaccination of trivalent inactivated 
influenza vaccine in kidney transplant recipients. They showed that 
DDTIIV and booster dose trivalent inactivated influenza vaccina-
tion regimens are more immunogenic than a standard-dose trivalent 
inactivated influenza vaccination. In agreement with this study, we 
also demonstrated that a two-dose vaccine can induce more antibody 
against virus antigens to protect immunocompromised individuals 
that are at risk.

Many patients with thalassemia major need to be splenectomized, 
and the incidence of postsplenectomy infections is higher in these 
patients. Given the role of red and white pulp of spleen in producing 
antibodies, trapping antigens by the macrophages of the marginal zone, 
this organ can act against infections by making a link between innate 
and adaptive immunities.26 Moreover, the age at the time of splenec-
tomy seems to play a critical role in the risk of infection, as the inci-
dence of postsplenectomy infections is higher in younger patients.26 It 
has been shown that the MF59-adjuvant vaccine in the splenectomized 
and nonsplenectomized subjects results in similar immunogenicities.19 
However, the risk of infection is higher in the first 2 to 3  years after 
splenectomy, and the negative impacts of splenectomy are reduced af-
ter 3 years postsurgery, especially in young patients.27 Because some of 
patients in our study had undergone splenectomy at least 3  years be-
fore enrollment, we were able to analyze splenectomy impact on anti-
body responses. A lthough our splenectomized and nonsplenectomized 
patients showed no statistically significant difference in seroconversion 
and seroprotection, the nonsplenectomized patients had higher GMT 
levels than the splenectomized patients. This finding shows the impor-
tant role of the spleen in the induction of antibody response. Moreover, it 
has been reported that influenza immunization in asplenic patients can 
reduce the risk of death by up to 54% compared to unimmunized asplenic 
patients.26

In our study, solicited reactions, unsolicited AEs, and SAEs were com-
parable between the first and second dose of vaccine. This indicates that 
regardless of each vaccination, TIV safety is acceptable between the dif-
ferent vaccination strategies. According to a meta-analysis study that 
compared the safety of alternative higher-dose and standard-dose tri-
valent vaccines in immunocompromised individuals, no differences in 
safety were observed.24 It seems that different programs of administra-
tion have no effect on the safety of influenza vaccines.

This study had several limitations. First, our sample size was low 
and a definitive diagnosis of influenza requires a PCR-based method. 
Finally, it cannot be excluded that a previous vaccination with the tradi-
tional seasonal A/H1N1 strain may play a role. Although the strains are 
antigenically somewhat different from each other in different years, pre-
vious vaccinations may have led to the development of a certain degree 
of immune memory.

Further prospective long-term studies need to be performed to clar-
ify survival rate, as we were not able to determine the mortality rate in 
the studied groups.

Conclusion
Although protection can be induced by a single vaccine dose, double 
dose can ensure seroconversion and seroprotection in immunocompro-
mised individuals, especially thalassemia patients. On the other hand, 
safety and tolerability of vaccine in immunocompromised patients are 
a key concerns, and patients who participated in our vaccination study 
had no critical complaints. Although these data need to be confirmed 
using larger study populations, they could be extrapolated when consid-
ering influenza vaccine in subjects with hemoglobinopathy (ie, sickle cell 
disease) or other types of splenectomized patients. The current study 
suggests that optimization in the vaccination program of immuno-
compromised individuals can help to provide long-lasting protection for 
seasonal influenza, especially in patients with thalassemia.
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ABSTRACT

Objective:  To identify the potential prognostic value of lymphocyte 

subsets in COVID-19 patients, where lymphopenia is a common  

finding.

Methods: In 353 COVID-19 inpatients and 40 controls T cell subsets 

with markers of senescence and exhaustion were studied by flow 

cytometry.

Results: In severe illness, total lymphocytes B, NK, and all T subsets 

were dampened. Senescent CD4+, but mainly CD8+ T cells, increased 

in patients with respect to controls. The most significant index 

predicting fatal outcome was neutrophils/CD3+ T ratio.

Conclusion: In conclusion, an altered T cell pattern underlies 

COVID-19 severity and is involved in predicting the outcome.

Since late December 2019, the COVID-19 pandemic caused by SARS-
CoV-2 registered more than 244.3 million of cases and more than 4.9 mil-
lion deaths as of October 27, 2021, according to the WHO Coronavirus  

(COVID-19) Dashboard. A wide range of clinical manifestations is asso-
ciated with SARS-CoV-2 infection, which causes few and mild symptoms 
in the vast majority of cases but potentially results in severe pneumonia 
and acute respiratory distress syndrome (ARDS), mainly in frail and/or 
aged patients.1

Advanced age and comorbidities concur in enhancing disease sever-
ity: elderly patients are more likely to have severe disease with a higher 
death rate compared to younger individuals.2 This age-related outcome 
might depend in part to age-related differences in the immune response: 
while children express more naïve T cells, elders are characterized by 
increased levels of memory cells.3

A reduction of lymphocytes was demonstrated in the most severe 
COVID-19 cases,1 and several studies reported a significant, although 
not univocal, specific reduction of T cell subsets,4 which are pivotal in 
the immune response against viral infections.5

The aim of this study was to identify the potential prognostic value 
of lymphocyte subsets in COVID-19 patients by extensive phenotyping 
of differentiation, senescence, and exhaustion markers on the surface of 
CD4+ and CD8+ T cells.

Materials and Methods
In this retrospective study, approved by the local ethic committee 
(number 27444), a total of 353 COVID-19 patients consecutively 
admitted at the University Hospital of Padova were studied. In-
cluded patients from March to October 2020 had a maximum of 
10  days’ disease history and were comprised of 221 males (mean 
age, 57 ± 16.47  years; range,  21–95  years) and 132 females (mean 
age, 60 ± 19.06 years; range, 19–98 years) with no difference in age 
(Student t-test, P = .0882). Peripheral blood immune cell data were 
analyzed the same day or the day after hospital admission. For 
 comparison, 40 unselected healthy blood donors (HDs) were included 
as a control group. In accordance with Italian law, HD are screened 
at each donation with NAAT for hepatitis C virus (HCV), hepatitis B 
virus (HBV), and human immunodeficiency virus (HIV-1); moreover, 
they must be free from any symptoms, including COVID-19–related 
symptoms, for at least 14 days.

The studied inpatients were referred to a semi-intensive and inten-
sive care unit (ICU, n = 74) or to the Tropical and Infectious diseases 
care unit (NOT-ICU, n = 279). A  total of 24 patients (7%) died within 
3 months from hospital admission due to COVID-19–related causes.
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Full blood cell count with differential were obtained from K2-
EDTA tubes (Sysmex XE-series, Sysmex). Lymphopenia was defined as 
lymphocytes <1.10 ×  109/L. Neutrophil count was used to obtain the 
neutrophil-to-lymphocyte ratio (NLR) and neutrophil-to-T cell indexes.

Lymphocyte subsets were analyzed within 2 days from sample col-
lection. Samples were loaded on AQUIOS CL Flow Cytometer (Beckman 
Coulter), stained with AQUIOS TETRA-1 panel (CD45-FITC/CD4-
RD1/CD8-ECD/CD3-PC5) and AQUIOS TETRA-2 panel (CD45-FITC/
(CD56+ CD16)-RD1/CD19-ECD/CD3-PC5), and analyzed using the 
Tetra Combo analytical mode for the detection of CD3+/CD4+/CD8+  T 
cells, CD19+ B cells, and CD16+ 56+  NK cells.

Duraclone IMT cell panel (CD45RA-FITC/CCR7-PE/CD28-ECD/
PD1-PC5.5/CD27-PC7/CD4-APC/CD8-A700/CD3-APC-A750/CD57-
PB/CD45-KO) was used for the detailed analysis of T cell phenotype on 
a 10-color NAVIOS EX Flow Cytometer (Beckman Coulter).

Kaluza Analysis Software (Beckman Coulter) was used to set a 
gate for identification of T lymphocytes (CD45+ CD3+ cells) and then 
to identify CD4+  (helper) or CD8+ (suppressor) lymphocytes. Within 
the CD4+ or CD8+ population we analyzed markers of differentiation 
(CD45RA, CCR7, CD28, CD27), senescence, and exhaustion (CD57 
and PD1).

Procedures for calibration, internal quality controls, and external 
quality assessment schemes were performed in accordance with ISO 
15189 accreditation requirements for clinical laboratories, being the 
laboratory accredited since 2006.

Statistical analyses were performed using Stata v13.1 (StataCorp) and 
GraphPad Prism version 9.2.0 (GraphPad Software). Student t-test and 
1-way ANOVA or multivariate ANOVA were used to assess differences 
between 2 or more groups, using Bonferroni’s adjustment for multiple 
testing. Nonparametric test for trend was used to evaluate increasing 
or decreasing trends. Nonparametric receiver operating characteris-
tic (ROC) analyses were used for assessing predictive performances of 
studied variables and estimating the area under the curve (AUC), with 
the Benjamini–Hochberg procedure for adjusting P value. Multivariate 
analyses were performed including age and sex as covariates.

Results

Total Lymphocytes and Lymphocyte Subsets Decline as 
Age and Disease Severity Increases
Lymphopenia occurred in 64% (225/353) of all patients and in 75% 
(117/157) of those >60  years. Total lymphocytes (LYM), CD4+ and 
CD8+ T cells, B cells, and NK cells were significantly lower in patients 
(F = 45.38 P < .0001 for LYM; F = 42.44, P < .0001 for CD4+; F = 28.27 
P <  .0001 for CD8+; F = 29.11, P <  .0001 for CD19+ B cells; F = 21.83, 
P < .0001 for NK cells) than in controls. A decreasing trend in CD3+ T 
cells was observed, although the variation was not significant (F = 0.87, 
P = ns).

The following age-related categories were defined for further sta-
tistical analysis: <40 years (52 patients and 13 HDs), 40–60 years (144 
patients and 23 HD), and >60 years (157 patients and 4 HDs).

As shown in FIGURE 1A, among COVID-19 patients a signif-
icant age-related decrease was found in LYM, CD3+  T cells, and their 
subsets and B cells; whereas no difference was seen in healthy controls 
(F = 14.23, P < .0001 vs F = 0.99, P = ns for LYM; F = 8.22, P = .0003 vs 
F = 1.21, P = ns for CD3+ T cells; F = 18.98, P < .0001 vs F = 0.65, P = ns 

for CD4+; F = 17.86, P <  .0001 vs F = 0.37, P = ns for CD8+; F = 4.83, 
P = .0086 vs F = 0.96, P = ns for B cells). No age-related change was found 
for NK cells (F = 0.64, P = ns vs F = 1.14, P = ns). For any age class, the 
decrease in LYM and subsets that was observed was more pronounced in 
ICU than NOT-ICU, except for CD3+ and B cells (F = 11.92, P =.0006 for 
LYM; F = 0.93, P = ns for CD3+; F = 13.68, P =.0003 for CD4+; F = 8.41, 
P =.004 for CD8+; F = 1.62, P = ns for B cells; F = 4.73, P < .05 for NK).

In healthy controls NLR, neutrophil-to-CD3+ cells ratio (N3R), 
neutrophil-to-CD4+ cells ratio (N4R), and neutrophil-to-CD8+ cells ra-
tio (N8R) did not differ significantly between age classes (FIGURE 1B). 
Conversely, ICU care for >60 year-old patients showed a sustained increase 
of NLR, N3R, N4R, and N8R; F = 13.43, P = .0003 for NLR; F = 8.28, 
P = .0043 for N3R; F = 10.76, P = .0011 for N4R; F = 4.90, P = .0275 
for N8R).

ROC curve analyses examining whether the lymphocyte count and 
subsets were associated with the referring hospitalization unit (NOT-
ICU vs ICU) based on patients age classes are shown in TABLE 1.

Pairwise comparisons of ROC showed that, although NLR presented 
the higher AUC value, the difference was not significant with respect to 
other AUC values.

It is worth noting that in our studied population the patient deaths 
(n = 24) occurred in the >60 year age class, therefore the prognostic role 
of laboratory findings on survival, estimated with ROC curve analysis, 
was made in patients belonging to this age class only. The most discrim-
inant index was N3R with an AUC of 0.877.

Disease Severity Is Associated with T Cell Senescence 
and Exhaustion
Markers of T cell differentiation, senescence, and exhaustion were fur-
ther analyzed in 68 COVID-19 patients (61 NOT-ICU and 7 ICU) and 
20 HD. The following CD4+  and CD8+  subsets were identified: naïve 
(N) (CCR7+ CD45RA+), central memory (CM) (CD45RA− CCR7+), ef-
fector memory (EM) (CD45RA− CCR7−), and terminal effector memory 
(TEMRA) (CD45RA+ CCR7−).

None of CD4+  T cell subsets varied between HD, NON-ICU, and ICU. 
On the contrary, CD8+ CM (P < .001) and EM (P = .012) subsets signif-
icantly decreased in ICU patients (Supplemental Figure 1A). No signif-
icant age-related differences were found for any of the studied subsets 
(data not shown).

Both CD4+ and CD8+ senescent cells, that is CD57+ PD1− and 
CD57+ PD1+, showed a trend toward increasing values in NON-ICU 
and ICU patients with respect to HD (P < .05) (Supplemental Fig-
ure 1B). Among these, the variations of CD8+ senescent and ex-
hausted CD57+ PD1+ cells were independent from age (P = .089), 
while increasing age was correlated with CD4+ CD57+ cells (P = .015), 
CD4+ CD57+ PD1+ cells (P = .025) and CD8+ CD57+ cells (P = .04).

When analyzing both markers in each subset (N, CM, EM, 
and TEMRA) among HD, NOT-ICU and ICU groups, naïve 
CD4+ CD57−PD1+  and CD4+ CD57+ PD1+ cells tended to progres-
sively increase among NON-ICU and ICU patients (P = .011 and 
P = .005, respectively). A  similar and age-independent pattern was 
found for EM CD4+ CD57+ PD1+, CM, and EM CD8+ CD57+ PD1+ cells 
(P = .006, P = .044, and P = .014, respectively) (Supplemental Figures 
2 and 3). On the contrary, the increase of naïve CD8+ CD57+ PD1+ cells 
observed in more severe cases (P = .048), was in part correlated with 
age (P = .010). No significant trend was identified for CM, TEMRA 
CD4+, and TEMRA CD8+.
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Discussion
During viral infection, T cells are crucial to viral clearance; CD8+ cy-
totoxic T cells directly attack and kill virus-infected cells, whereas 
CD4+ helper T cells assist cytotoxic T cells and B cells and enhance their 
ability to eliminate pathogens. In contrast to HIV-1, cytomegalovirus, 
and Epstein-Barr virus infections, which lead to proliferative lympho-
cyte response, one prominent feature of SARS-CoV-2 is lymphopenia 
due to pulmonary recruitment from the blood and direct virus killing.6

Previous studies in COVID-19 patients reported lymphopenia to af-
fect all subsets (T, B, and NK cells), with the lowest lymphocyte counts 
found in severe disease that needed ICU care being reversed in almost 
all convalescents.7

In our study, lymphopenia was confirmed to be a common finding 
in COVID-19 patients, being more severe among those >60 years old; 
however, we should mention as a limitation of our study that only 4 HDs 
aged >60 were enrolled. This pattern was also found when considering 
the absolute number of CD4+  and CD8+ T cells and B cells, being the 

lowest levels detected in older patients of the ICU group. Furthermore, 
in COVID-19 patients, lymphopenia associated with normal/increased 
neutrophils explained the observed increase in NLR, a marker of sys-
temic inflammation and infection; again, the highest NLR was found in 
the >60 year olds in ICU care. Interestingly, other hematologic features 
were noted in the COVID-19 cohort, such as an average eosinophilic 
count lower in COVID-19 patients than in HD (0.02 ± 0.04 × 109/L vs 
0.17 ± 0.09  ×  109). This finding is in agreement with recent data re-
ported by Outh et al.8

Qin et  al9 proposed some parameters derived from lymphocyte 
subsets to predict disease severity and survival. To confirm these 
findings, we performed ROC curve analysis to evaluate the role of total 
lymphocyte (CD3+, CD4+, and CD8+) counts and NLR/N3R/N4R/N8R 
for association with hospitalization unit and survival prediction—the 
last one estimated only for patients >60 years, since no death occurred 
among those younger. The most significant index of disease severity was 
NLR, while N3R was the best in predicting survival.

FIGURE 1. A, Age-related decrease of total lymphocytes and lymphocyte subsets in COVID-19 patients compared to healthy 
donors (F = 14.23, P < .0001 vs F = 0.99, P = ns for total lymphocytes; F = 8.22, P = .0003 vs F = 1.21, P = ns for total T cells; 
F = 18.98, P < .0001 vs F = 0.65, P = ns for CD4+; F = 17.86, P < .0001 vs F = 0.37, P = ns for CD8+; F = 4.83, P = .0086 vs F = 0.96 
P = ns for B cells; not significant for NK cells F = 0.64, P = ns vs F = 1.14, P = ns); age-related decrease both in NOT-ICU and 
ICU for total lymphocytes, CD4+ and CD8+ subsets only (F = 11.92, P = .0006 total lymphocytes; F = 0.93, P = ns total T cells; 
F = 13.68, P = .0003 CD4+; F = 8.41, P = .004 CD8+; F = 1.62, P = ns B cells; F = 4.73, P < .05 for NK).
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that T cell compartment displays several alterations.10 Indeed, known 
conditions of decreased numbers of CD8+ memory T  cells include 
solid cancer11 and autoimmune diseases12 that affected our extended 
immunophenotyped patients in 7% and 15%, respectively. Given the 
not-so-infrequent occurrence of these disorders in the general popula-
tion, a planned phenotyping at selected time points during clinical fol-
low-up might enhance infection-related risk stratification in chronic 
diseases.

We observed that the same populations, CM and EM CD8+ T cells, 
along with naïve and EM CD4+, express markers of senescence and ex-
haustion (CD57 and PD1) in higher percentages than in HD, as already 
noted13; this exhausted phenotype, peculiar to T cells that are chron-
ically stimulated by antigens from viral infection and malignancies, 
might worsen the already impaired response capability of those cell 
populations. The prognostic impact of T cell exhaustion in chronic vi-
ral illnesses is debated: as PD-1 expression on T cells seems to corre-
late with disease progression in HIV-1 infection, its role as a target of 
specific therapy is considered in different animal models of HCV and 
HBV.14 

Conclusion
T  cell subsets along with lymphocyte and neutrophil counts at the 
time of admission of COVID-19 patients might allow an early identi-
fication of individuals at risk of developing critical illness. Extensive 
phenotyping of T cell subsets ensures a deeper insight of SARS-CoV-2 
pathological mechanisms, highlighting that an exhausted phenotype as-
sociated with a severe disease could lead to a state of low-cell responsive-
ness impairing immune response.

Supplementary Data
Supplemental figures and tables can be found in the online version of 
this article at www.labmedicine.com.
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In our patients, a decreasing, not age-related, trend of CM and 
EM CD8+ from HD to NON-ICU and ICU care patients was found. 
Although we could not determine whether lower percentages of CM 

and EM CD8+ might be a preexisting condition or a direct effect of 
COVID-19 infection, these results indicate that patients with lower 
percentages at admission might need ICU care and confirm reports 

TABLE 1.  ROC Curve Analyses for Lymphocyte Count and Subsets Associated with Referring Hospitalization Unit (NOT-ICU vs 
ICU) and in Survival Prediction Based on Patients Age Classes

Variable AUC (95% Confidence Interval)

Hospitalization Unit Age < 40 y 40 y < Age < 60 y Age > 60 y Overall 

LYM 0.7143 (0.31485–1.0000) 0.7339 (0.61017–0.85760) 0.7007 (060979–0.79153) 0.7358 (0.67041–0.80126)

CD3+ T cells 0.6871 (0.25313–1.0000) 0.7189 (0.59572–0.84206) 0.7425 (0.65739–0.82762) 0.7666 (0.70496–0.82822)

CD4+ T cells 0.6803 (0.23878–1.0000) 0.7556 (0.64209–0.86916) 0.7098 (0.62083–0.79876) 0.7637 (0.70385–0.82352)

CD8+ T cells 0.7279 (0.36817–1.0000) 0.6034 (0.46939–0.73751) 0.7379 (0.65531–0.82056) 0.7363 (0.67081–0.80183)

NLR 0.7958 (0.73857–0.85296) 0.8467 (0.75735–0.93606) 0.7466 (0.66600–0.82727) 0.8050 (0.74953–0.86038)

N3R 0.6939 (0.39524–0.99251) 0.8325 (0.74269–0.92222) 0.7597 (0.67991–0.83952) 0.7950 (0.73676–0.85317)

N4R 0.7007 (0.42987–0.97149) 0.8349 (0.73976–0.93003) 0.7443 (0.66337–0.82528) 0.8047 (0.74708–0.86239)

N8R 0.7483 (0.47900–1.0000) 0.7365 (0.62245–0.85057) 0.7349 (0.65215–0.81764) 0.7581 (0.69561–0.82058)

Survival

LYM  0.734 (0.628–0.840)  

CD3+ T cells 0.866 (0.784–0.947)

CD4+ T cells 0.831 (0.747–0.915)

CD8+ T cells 0.821 (0.735–0.907)

NLR 0.849 (0.754–0.943)

N3R 0.877 (0.793–0.961)

N4R 0.858 (0.765–0.950)

N8R 0.826 (0.726–0.926)

AUC, area under the curve; LYM, total lymphocytes; NLR, neutrophil-to-lymphocyte ratio.

FIGURE 1. (cont) B, Neutrophil-to-lymphocyte ratio (NLR), neutrophil-to-CD3+ cells ratio (N3R), neutrophil-to-CD4+ cells ratio 
(N4R), and neutrophil-to-CD8+ cells ratio (N8R) between age classes in healthy donors (P = ns) vs COVID-19 patients (highest 
ratios in >60-year-old patients. F = 14.95, P < .0001 for NLR, F = 11.97, P < .0001 for N3R, F = 11.97, P < .0001 for N4R, F = 11.20, 
P < .0001 for N8R) and NOT-ICU vs ICU care (highest ratios in >60 years ICU F = 13.43, P = .0003 for NLR; F = 8.28, P = .0043 for 
N3R; F = 10.76, P = .0011 for N4R; F = 4.90, P = .0275 for N8R).
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that T cell compartment displays several alterations.10 Indeed, known 
conditions of decreased numbers of CD8+ memory T  cells include 
solid cancer11 and autoimmune diseases12 that affected our extended 
immunophenotyped patients in 7% and 15%, respectively. Given the 
not-so-infrequent occurrence of these disorders in the general popula-
tion, a planned phenotyping at selected time points during clinical fol-
low-up might enhance infection-related risk stratification in chronic 
diseases.

We observed that the same populations, CM and EM CD8+ T cells, 
along with naïve and EM CD4+, express markers of senescence and ex-
haustion (CD57 and PD1) in higher percentages than in HD, as already 
noted13; this exhausted phenotype, peculiar to T cells that are chron-
ically stimulated by antigens from viral infection and malignancies, 
might worsen the already impaired response capability of those cell 
populations. The prognostic impact of T cell exhaustion in chronic vi-
ral illnesses is debated: as PD-1 expression on T cells seems to corre-
late with disease progression in HIV-1 infection, its role as a target of 
specific therapy is considered in different animal models of HCV and 
HBV.14 

Conclusion
T  cell subsets along with lymphocyte and neutrophil counts at the 
time of admission of COVID-19 patients might allow an early identi-
fication of individuals at risk of developing critical illness. Extensive 
phenotyping of T cell subsets ensures a deeper insight of SARS-CoV-2 
pathological mechanisms, highlighting that an exhausted phenotype as-
sociated with a severe disease could lead to a state of low-cell responsive-
ness impairing immune response.

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

Objective:  Reflex cryptococcal antigen (CrAg) screening of blood 

specimens with a CD4 count of <100 cells/µL was performed at 45 

South African CD4 laboratories using a lateral flow assay (LFA). Our 

objective was to evaluate the reliability of routine LFA results through 

comparative interlaboratory testing.

Methods: All CrAg-positive and a selected number of CrAg-negative 

samples from the CD4 laboratories were retested at paired microbiol-

ogy laboratories using the same LFA. Samples with discordant results 

were tested at a reference laboratory, using the LFA (with CrAg titers).

Results: During interlaboratory testing, 12,502 samples were retested, 

with 93 (0.7%) discordant results and a between-laboratory agreement 

of 99.3% (Cohen’s kappa, 0.98). The proportion of retested samples 

with discordant results ranged from 0.17% to 5.31% per laboratory 

pair (median 0.28%), with 3 reporting >3% of results as discordant.

Conclusion: Routine CrAg screening results were reliable, with <1% 

of samples having discordant results, mainly due to interpretation and 

transcription errors.

Cryptococcal antigen (CrAg) screening followed by preemptive 
antifungal treatment of CrAg-positive persons with advanced HIV 
disease is recommended by the World Health Organization (WHO) to 
reduce mortality associated with cryptococcal meningitis.1,2 In Octo-
ber 2016, South Africa’s National Health Laboratory Service (NHLS) 
initiated reflex CrAg screening of remnant blood specimens with a CD4+ 
T-cell (CD4) count of <100 cells/µL.3–6 Screening was performed using 
a CrAg lateral flow assay (LFA) (IMMY) across a national network of 45 
CD4 laboratories.5,6 These laboratories are equipped with flow cytometry 
instruments to perform routine CD4+ T-cell enumeration for the 
national HIV program. From February 1, 2017, through September 30, 
2021, 99% (n = 1,012,493) of eligible patients in the public health sector 
were screened, with a national prevalence of 6.0%7 (unpublished data, 
National Institute for Communicable Diseases). Clinician-requested 
CrAg tests on blood and cerebrospinal fluid (CSF) were performed at 
NHLS microbiology laboratories using the same LFA method. Patients 
with a new positive blood CrAg result were recommended to have a lum-
bar puncture (LP) to exclude cryptococcal meningitis.1 Asymptomatic 
patients with antigenemia who were CSF CrAg-negative or who declined 
an LP were recommended to be treated preemptively with fluconazole 
until antiretroviral treatment-mediated immune reconstitution occurs.

To ensure accurate result reporting through the screening program, 
all NHLS CD4 laboratories performed verification procedures before pa-
tient testing commenced in 2016. This included testing of a verification 
panel of random CrAg-negative and -positive samples, using the IMMY 
LFA kit. In addition, an in-house proficiency testing scheme (PTS) was 
developed in 2017 for CrAg testing of simulated blood samples; NHLS 
CD4 and microbiology laboratories participated in this PTS.5 How-
ever, commonly encountered analytical and postanalytical issues are  
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ABSTRACT

Objective:  Reflex cryptococcal antigen (CrAg) screening of blood 

specimens with a CD4 count of <100 cells/µL was performed at 45 

South African CD4 laboratories using a lateral flow assay (LFA). Our 

objective was to evaluate the reliability of routine LFA results through 

comparative interlaboratory testing.

Methods: All CrAg-positive and a selected number of CrAg-negative 

samples from the CD4 laboratories were retested at paired microbiol-

ogy laboratories using the same LFA. Samples with discordant results 

were tested at a reference laboratory, using the LFA (with CrAg titers).

Results: During interlaboratory testing, 12,502 samples were retested, 

with 93 (0.7%) discordant results and a between-laboratory agreement 

of 99.3% (Cohen’s kappa, 0.98). The proportion of retested samples 

with discordant results ranged from 0.17% to 5.31% per laboratory 

pair (median 0.28%), with 3 reporting >3% of results as discordant.

Conclusion: Routine CrAg screening results were reliable, with <1% 

of samples having discordant results, mainly due to interpretation and 

transcription errors.

Cryptococcal antigen (CrAg) screening followed by preemptive 
antifungal treatment of CrAg-positive persons with advanced HIV 
disease is recommended by the World Health Organization (WHO) to 
reduce mortality associated with cryptococcal meningitis.1,2 In Octo-
ber 2016, South Africa’s National Health Laboratory Service (NHLS) 
initiated reflex CrAg screening of remnant blood specimens with a CD4+ 
T-cell (CD4) count of <100 cells/µL.3–6 Screening was performed using 
a CrAg lateral flow assay (LFA) (IMMY) across a national network of 45 
CD4 laboratories.5,6 These laboratories are equipped with flow cytometry 
instruments to perform routine CD4+ T-cell enumeration for the 
national HIV program. From February 1, 2017, through September 30, 
2021, 99% (n = 1,012,493) of eligible patients in the public health sector 
were screened, with a national prevalence of 6.0%7 (unpublished data, 
National Institute for Communicable Diseases). Clinician-requested 
CrAg tests on blood and cerebrospinal fluid (CSF) were performed at 
NHLS microbiology laboratories using the same LFA method. Patients 
with a new positive blood CrAg result were recommended to have a lum-
bar puncture (LP) to exclude cryptococcal meningitis.1 Asymptomatic 
patients with antigenemia who were CSF CrAg-negative or who declined 
an LP were recommended to be treated preemptively with fluconazole 
until antiretroviral treatment-mediated immune reconstitution occurs.

To ensure accurate result reporting through the screening program, 
all NHLS CD4 laboratories performed verification procedures before pa-
tient testing commenced in 2016. This included testing of a verification 
panel of random CrAg-negative and -positive samples, using the IMMY 
LFA kit. In addition, an in-house proficiency testing scheme (PTS) was 
developed in 2017 for CrAg testing of simulated blood samples; NHLS 
CD4 and microbiology laboratories participated in this PTS.5 How-
ever, commonly encountered analytical and postanalytical issues are  

seldom detected by these quality assurance methods. Most CrAg-positive 
samples included in the PTS are strongly CrAg-positive or -negative, 
making assessment of reading faint bands on the test strip a challenge 
(personal communication, NHLS Quality Assurance Department). This 
is the most common error noted, where faint results may be interpreted 
differently by individuals as the results are manually read and verified. 
Due to manual recording of CrAg test results on a paper worksheet be-
fore being transferred manually to the electronic laboratory information 
system (LIS), transcription errors can also occur.

Routine samples are tested once and authorized results are im-
mediately reported, making it difficult to gauge the reliability of CrAg 
results in the routine national program. We thus assessed the relia-
bility of routine CrAg LFA results through national interlaboratory 
 comparison, testing during a 7-month period in 2018, with retesting 
at secondary laboratories and confirmatory testing of samples with dis-
cordant results at a reference laboratory. We also conducted a root cause 
analysis to identify the underlying reasons for discordant results, with 
recommendations on how these could be rectified in practice.

Methods

Primary CrAg Testing
Remnant-settled ethylenediaminetetraacetic acid (EDTA)-plasma 
samples with a confirmed CD4 count of <100 cells/µL were routinely 
tested by 45 CD4 laboratories using the IMMY CrAg LFA, as per the 
manufacturer’s instructions and an internal standard operating proce-
dure, available through a Q-Pulse quality management system portal. 
CrAg LFA results were routinely entered by laboratory personnel into 
the NHLS TrakCare electronic LIS, and authorized results were then im-
mediately accessible to health care providers.

Interlaboratory CrAg Testing
Interlaboratory testing was set up between paired CD4 and microbiology 
laboratories, most based at the same health care facility, over a 6-month 
period from April to October 2018. Staff training at each site was pro-
vided by the reference laboratory through on-site visits and telephone 
or video conference calls. The purpose of training was to explain and/
or arrange CrAg retesting procedures and logistics at each laboratory 
pair. Participating laboratory pairs were provided with a supplementary 
SOP guiding additional requirements. For a period ranging from 3 to 
6 months (depending on availability of reagents), each of the 45 CD4 
laboratories sent a 2 mL aliquot of settled plasma from all CrAg-positive 
samples and a minimum of 5 CrAg-negative samples daily to their part-
ner microbiology laboratory. The CrAg LFA results obtained by the CD4 
laboratory for the selected samples, CrAg LFA lot numbers, and kit ex-
piry dates were transcribed onto study worksheets and also sent to the 
microbiology laboratory, where samples were retested using the IMMY 
CrAg LFA method. The results of these tests, the LFA lot number, and kit 
expiry date were also recorded.

Confirmation CrAg Testing at the Reference Laboratory
Concordant result lists were sent to the Mycology Reference Laboratory 
at the National Institute for Communicable Diseases (NICD), Johan-
nesburg, for data capture. For discordant results, plasma samples were 
shipped on ice to the reference laboratory for testing within 48 hours, 
that included: (1) IMMY LFA strips from 2 or more lot numbers to test 

samples (to exclude lot-to-lot variation), with results being independ-
ently and manually read by 2 investigators; and (2) serial dilutions were 
performed in samples with sufficient volumes to determine CrAg titers 
and to exclude a high-dose hook effect.8

Root Cause Analysis of Discordant Results
Possible reasons for discordant results were investigated according to 
the confirmatory results. A  validity check was performed for quality 
controls and kit lot number expiry dates recorded on worksheets. For 
each sample with discordant results, a detailed laboratory report with 
recommended corrective actions was compiled. Recommendations were 
based on the type of preanalytical, analytical, and postanalytical errors 
that frequently occurred (see Supplemental Table 1). The identified issues 
were resolved through on-site training on CrAg testing, interpretation, 
and results capture followed by competency recertification. In addition, 
we delivered a dedicated session on CrAg test troubleshooting within an 
online series of training seminars to all NHLS end users. Consolidated 
reports were compiled and shared with each testing laboratory pair at 
the end of the 6-month test period. Data were captured using REDCap 
electronic data capture tools hosted at the University of the Witwaters-
rand9 and Microsoft Excel and analyzed using Stata version 15.0 soft-
ware (StataCorp). The agreement between CrAg results obtained by 
the primary and secondary testing laboratories was assessed using the 
Cohen’s kappa statistic. Ethics approval was obtained from the Human 
Research Ethics Committee (Medical), University of the Witwatersrand 
(M140111 of 2014, for 5 years).

Results
During the interlaboratory comparison period (April through October 
2018), 202,345 blood specimens with a CD4 count of <100 cells/µL 
were eligible for CrAg screening at the 45 CD4 laboratories, of which 
200,387 (99%) specimens were tested. The remaining 1958 (1%) 
samples were either of insufficient volume or otherwise unsuitable for 
CrAg testing due to hemolysis, an abnormally high viscosity, or high 
concentration of lipids, with the plasma appearing white or milky in 
color. Of the 200,387 specimens, 11,576 (5.7%) were CrAg-positive. 
A  total of 12,502 blood samples were included in the retesting pro-
gram. Of these samples, 2936 CrAg-positive (23.6%) and 9473 CrAg-
negative results (76.4%) were concordant between the paired testing 
laboratories (FIGURE 1). The overall agreement between paired lab-
oratory CrAg test results was 99.3% (Cohen’s kappa statistic, 0.98). 
Ninety-three (0.7% of total) samples with discordant results between 
paired testing laboratories were sent for confirmatory testing to the 
reference laboratory (see Supplemental Table 2).

Reference Laboratory Results
Of the 93 discordant samples referred to the reference laboratory, 76 
(82%) were reported as LFA-positive by the primary testing CD4 labora-
tory but LFA-negative by the secondary testing microbiology laboratory. 
Of these 76 samples, the reference laboratory confirmed that 46 (61%) 
were indeed LFA-negative and thus discordant with the primary test-
ing laboratory’s routine results; 41/46 were also LFA-negative on serial 
dilutions (5 had insufficient volume for dilutions) (TABLE 1). Of the 
remaining 30/76 (39%), 1 had an insufficient volume for  confirmatory 
testing; the other 29 were confirmed as LFA-positive at the reference 
laboratory (and thus concordant with the primary testing laboratory),  
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and all (except 4 with insufficient volumes for dilutions) had a low CrAg 
titer of ≤80 (median titer of 5). The remaining 17/93 (18%) samples 
were originally reported as LFA-negative by the primary testing CD4 
laboratory and were LFA-positive on retesting. Fifteen of these 17 
samples were confirmed to be LFA-positive at the reference labora-
tory; 2 had very high LFA titers of ≥2560, 11 had low LFA titers of ≤40, 
and 2 had insufficient volumes for titer determination. The other 2/17 
samples were LFA-negative (on serial dilutions) at the reference labora-
tory, confirming the result of the primary testing laboratory.

Discordant Samples Per Testing Laboratory
The total number of samples earmarked for retesting ranged from 46 to 
653 per laboratory pair (median of 246), with a range of 0 to 315 posi-
tive samples (median of 38) and 46 to 482 negative samples (median of 
183) tested per laboratory pair. Twenty-two of the 45 laboratory pairs 
(49%) reported discordant results, ranging from 0 to 22 per laboratory 
pair for the 6-month period. Thus 23 of 45 (51%) laboratory pairs re-
ported no discordant results at all during the testing period. The pro-
portion of retested samples with discordant results ranged from 0.17% 
to 5.31% per laboratory pair (median 0.28%), with 42/45 laboratories 
reporting a proportion of <1%. Only 3 laboratory pairs, all in the same 
province, exceeded 3% (laboratory pair A: 22/414 [5.3%], laboratory 
pair B: 8/243 [3.3%], and laboratory pair C: 10/307 [3.3%]). On closer 
investigation of the individual data for these 3 laboratory pairs, 14/22 
of the primary LFA results from laboratory pair A were confirmed as dis-
cordant at the reference laboratory, with 3/14 samples tested on 1 day. 
Six of 8 primary LFA results for laboratory pair B were confirmed as 

discordant at the reference laboratory and of these, 5/6 samples were 
tested at the primary laboratory on the same day. For laboratory pair C, 
all 10 samples with discordant results were confirmed as such at the ref-
erence laboratory and tested separately on nonconsecutive dates.

Discussion
On average, 280,000 patients were screened per annum in the South 
African national reflex CrAg screening program since it was initiated in 
2016.5,10,11 This laboratory screening directly supports South Africa’s 
large public sector HIV program and, at the time of this study, was aligned 
to recommendations from both the South African Department of Health 
and Southern African HIV Clinicians Society to screen HIV-seropositive 
individuals with a CD4 count of <100 cells/µL.1,2 Clinicians can also re-
quest diagnostic CSF CrAg tests from NHLS microbiology laboratories 
for patients with symptomatic cryptococcal meningitis or order blood 
screening CrAg tests for asymptomatic patients with CD4 counts of 100 
to 200 cells/µL (ie, above the current reflex CrAg testing threshold). The 
current study was logistically feasible because plasma samples initially 
tested by a CD4 laboratory could be retested by a paired microbiology 
laboratory on the same premises using the same standardized method 
of testing (ie, IMMY LFA). These conditions provided a unique opportu-
nity to evaluate routine laboratory results reported by the national CrAg 
screening program through interlaboratory analysis.

Accurate result reporting in pathology laboratories is a high pri-
ority, and several systems are in place to ensure continuous excellent 
performance. This includes laboratory accreditation with a national 

FIGURE 1. Algorithm to test plasma samples for cryptococcal antigenemia, with primary IMMY lateral flow assay (LFA) testing 
at CD4 laboratories, retesting of selected samples at secondary microbiology laboratories, and confirmatory testing (IMMY LFA 
plus titers) of samples with discordant results at a reference laboratory.

Primary
cryptococcal

antigen testing
(n = 12,502)

LFA-
positive
(n = 76)

CD4
laboratory

Discordant
with secondary

testing
(n = 93; 0.7%)

Microbiology
laboratory

Reference
laboratory

Concordant
with secondary

testing
(n = 12,409; 99.3%)

LFA-
negative
(n = 17)

LFA-
positive
(n = 48)

LFA-
negative
(n = 45)

LFA-
positive

(n = 2936)

LFA-
negative
(n = 9473)

TABLE 1.  Samples with Discordant Results Between Paired Testing Laboratories Sent for Confirmatory Testing to the 
Reference Laboratory (n = 93)

 
Reference Laboratory Results

Total 
LFA-Positive LFA-Negative Insufficient Sample 

Primary laboratory results

 LFA-positivea 29 46 1 76

 LFA-negativea 15 2 0 17

 Total 44 48 1 93

LFA, lateral flow assay.
aSecondary laboratory results were discordant with those of the primary laboratory.
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discordant at the reference laboratory and of these, 5/6 samples were 
tested at the primary laboratory on the same day. For laboratory pair C, 
all 10 samples with discordant results were confirmed as such at the ref-
erence laboratory and tested separately on nonconsecutive dates.

Discussion
On average, 280,000 patients were screened per annum in the South 
African national reflex CrAg screening program since it was initiated in 
2016.5,10,11 This laboratory screening directly supports South Africa’s 
large public sector HIV program and, at the time of this study, was aligned 
to recommendations from both the South African Department of Health 
and Southern African HIV Clinicians Society to screen HIV-seropositive 
individuals with a CD4 count of <100 cells/µL.1,2 Clinicians can also re-
quest diagnostic CSF CrAg tests from NHLS microbiology laboratories 
for patients with symptomatic cryptococcal meningitis or order blood 
screening CrAg tests for asymptomatic patients with CD4 counts of 100 
to 200 cells/µL (ie, above the current reflex CrAg testing threshold). The 
current study was logistically feasible because plasma samples initially 
tested by a CD4 laboratory could be retested by a paired microbiology 
laboratory on the same premises using the same standardized method 
of testing (ie, IMMY LFA). These conditions provided a unique opportu-
nity to evaluate routine laboratory results reported by the national CrAg 
screening program through interlaboratory analysis.

Accurate result reporting in pathology laboratories is a high pri-
ority, and several systems are in place to ensure continuous excellent 
performance. This includes laboratory accreditation with a national 

body such as the South African National Accreditation System to ISO 
15189:2012, participation in external quality assessment (or proficiency 
testing) schemes for CD4 and CrAg testing; internal quality control per 
batch tested (as per manufacturer instructions); and verification of a 
test method upon implementation using panels of control material.12,13 
More than 98% of NHLS laboratories participated in an external quality 
assessment scheme for CrAg testing (personal communication, NHLS 
Quality Assurance Department). The limitation of this, and similar 
PTSs, is that each distributed survey includes a panel of strong-positive 
and -negative samples with fewer samples with a low antigen concentra-
tion to mimic the faint CrAg positivity often seen on LFA strips in the 
laboratory. The point-of-care nature of the CrAg LFA test may also pose 
challenges for an external quality assessment scheme, as interpretation 
and reporting of results are manual. Regular interlaboratory comparison 
would be an ideal way to assess the true number of samples with discord-
ant results, but is not always feasible in a resource-limited country with 
staffing shortages and additional reagent and distribution costs.

In this study, we report interlaboratory comparative testing, for 
a period of 3 to 6  months at each laboratory pair, using both CrAg-
negative and -positive samples for parallel testing at CD4 and microbi-
ology laboratories, with confirmatory testing at a reference laboratory, 
using LFA and LFA-titer methods as standards. Cryptococcus cannot 
be cultured directly from serum or EDTA-plasma samples. However, 
published data has confirmed the excellent accuracy of the LFA in se-
rum and plasma to the reference standard of CSF fungal culture among 
patients with cryptococcal meningitis, with superior performance 
compared to the older CrAg latex agglutination test.14 In serum, there 
is good agreement between the enzyme immunoassay (EIA) and LFA for 
diagnosis of antigenemia.15,16 The manufacturer states in the package 
insert that the limit of detection for the IMMY EIA is 5.3 ng/mL of anti-
gen, while the IMMY LFA has a lower limit (ie, 1.5 to 3 ng/mL of antigen) 
and would thus be expected to be more sensitive than the EIA.17,18 There 
is no equivalent comparison for EDTA-plasma samples since the EIA is 
not validated for use on this specimen matrix and thus was not used as a 
reference in this study. This study is not a report on method comparison 
under ideal laboratory conditions but instead is a reflection of daily CrAg 
testing results and operational challenges in routine laboratories. In this 
study, we also did not aim to describe national or local CrAg prevalence 
or test positivity rates; this information has been reported in earlier 
publications using a more representative study sample.10,19,20

Overall, only 0.7% of all samples tested in this interlaboratory com-
parison had discordant results across 45 paired laboratories. The median 
proportion of tested samples with discordant results across the 45 labo-
ratory pairs was very low (0.28%). Twenty-three laboratory pairs did not 
report any samples with discordant results, while the 3 laboratories with 
>3% discordant results tested low daily volumes and routinely reported 
few CrAg-positive results; the actual number of samples with discordant 
results equated to <2 per month of testing. Two laboratories had several 
samples with discordant results reported on the same day. This could 
indicate a new staff member reporting or verifying results. Additional 
training was done at the identified 3 laboratories with recertification of 
staff competency through test witnessing. All other discordant results 
reported for the 22 testing laboratory pairs were single samples on non-
consecutive days.

The discordant test results noted in this study could be in part caused 
by very low antigen concentrations, near the limit of detection for the LFA. 

This is supported by 36 samples with low antigen titers (of 81 total with 
sufficient volumes for serial dilutions). In addition, 2 of 81 had very high 
LFA titers of ≥2560, suggesting false-negative results caused by a possible 
high-dose hook effect. This latter issue is likely to be a far less common 
problem unless a patient with antigenemia has concurrent symptomatic 
meningitis or fungemia and thus very high plasma antigen concentrations. 
On root cause analysis, approximately 95% of discordant samples tested 
at the reference laboratory were attributed to misinterpretation of LFA 
bands or transcriptional errors onto the worksheet and/or LIS. Because 
the LFA results are manually read and interpreted, the visual acuity of the 
observer or poor ambient lighting could contribute to misclassification of 
faint-positive bands, for example. The impact of transport to the reference 
laboratory on sample stability was minimized by shipping samples in cold 
boxes, with retesting performed within 48 hours. This does not rule out the 
impact of sample age on retesting, as most samples tested at the primary 
CD4 laboratories are older than 48 hours (post venesection). Local studies 
have, however, indicated that CrAg results are stable over time (up to 72 
hours post venesection) under controlled laboratory conditions (data not 
shown) when performed on settled plasma. This is also within the stipula-
tion of the package insert of the IMMY LFA, where storage of specimens is 
allowed at 2°C to 8°C for up to 72 hours.

Our study highlights the importance of assessing not only 
strong-positive and -negative samples in PTSs but also samples with 
concentrations of CrAg close to the limit of detection in a panel to test 
the ability of laboratories to accurately identify and report on tests with 
faint lines. A challenge of the CrAg LFA is the manual reading and re-
porting of results, since this was designed for use at the point of care. 
The NHLS has conducted a validation of commercially available strip 
readers (data not shown) in an effort to reduce human error. These 
readers were either not suitable for multiple strip verification and/or 
had no LIS connectivity for direct upload of results (most use an Excel-
based program for data capture). New-generation readers may address 
these issues and be validated for introduction into high-volume CrAg 
testing laboratories. Fully automated CrAg EIA systems as a possible so-
lution to eradicate human error have also been investigated, with high 
sensitivity and specificity compared to the LFA (>95%). These are, how-
ever, expensive and not ideal for low- to medium-volume testing. A limi-
tation of this study was that microbiology laboratories were not blinded 
to CrAg results from the CD4 laboratory for practical reasons (routinely 
reported authorized results from the CD4 laboratory were available on 
the LIS). Samples were collected over a long period to ensure adequate 
test numbers, yet some laboratories had either low daily test volumes 
and/or CrAg positivity that may have led to an overestimation of the 
proportion with discordant results. Not all CrAg-negative samples were 
retested to save costs. These data are not a reflection of CrAg preva-
lence because we retested selected CrAg-negative and all CrAg-positive 
samples at each laboratory pair for a defined period.

Conclusion
CrAg screening results are critically important for clinical decision-mak-
ing in people with advanced HIV disease, and a positive CrAg test result 
will prompt invasive investigations and or potentially toxic treatment 
regimens. Reliable and accurate results are thus essential in a screen-
ing program. This is the first study to report the operational discord-
ant results for CrAg testing in a national screening program rather 
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than in the context of method validation or duplicate sample testing. 
Routine reflex CrAg test results were confirmed to be very reliable. 
Interlaboratory comparisons are useful to identify errors not detected 
by PTSs and internal quality control measures and should be conducted 
more frequently to ensure ongoing excellent performance. 

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

Objective: To investigate clinical values of early-pregnancy (8–13 

weeks) glycated hemoglobin (HbA1c), fasting plasma glucose (FPG), 

and body mass index (BMI) in screening gestational diabetes mellitus 

(GDM).

Methods: A total of 1120 cases underwent a 75 g oral glucose toler-

ance test (OGTT), of which 216 cases with GDM were selected as the 

study group, and 278 cases without GDM were selected as the control 

group. FPG, HbA1c, and BMI in early pregnancy were measured. The 

correlation between FPG, HbA1c and BMI in early pregnancy and the 

incidence of GDM was analyzed by binary logistic regression, and the 

value of each index in predicting GDM alone or in combination was 

evaluated. 

Results: FPG, HbA1c, and BMI in early pregnancy in the GDM group were 

higher than those in the control group, and the differences were statistically 

significant (P < .05). Binary logistic regression analysis showed that FPG, 

HbA1c, and BMI were risk factors for GDM in early pregnancy (odds ratio 

[OR] values were 3.374 [P < .05], 4.644 [P < .001], and 1.077 [P < .001], 

respectively). The area under the receiver operating characteristic (ROC) 

curve of FPG, glycated hemoglobin, and BMI in screening GDM for early 

pregnancy were 0.647, 0.661, and 0.608, respectively, while the area un-

der the ROC curve of the combination of these 3 indicators was 0.736. 

Conclusion: We found that FPG, HbA1c, and BMI in early pregnancy 

might be the potential risk factors for the occurrence of GDM, and 

the combination of them had certain clinical predictive value for GDM. 

However, it is still necessary for more studies, especially prospective 

studies, to validate our findings in the future.

Gestational diabetes mellitus (GDM), defined as a metabolic disease in which 
abnormal blood glucose is first detected during, but not before, the pregnancy, 
can lead to adverse pregnancy outcomes, such as ketoacidosis, gestational hy-
pertension, fetal macrosomia, intrauterine growth restriction, fetal distress, 
etc, and is associated with the increased risk of developing type 2 diabetes af-
ter delivery.1,2 Due to the high incidence and multiple adverse effects of GDM, 
early screening and diagnosis allows timely intervention and reduction of the 
occurrence of adverse pregnancy outcomes. At present, the oral glucose toler-
ance test (OGTT) has been recommended for the diagnosis of GDM at 24–28 
weeks of gestation, but OGTT requires complicated operations and more 
time, resulting in poor acceptance and compliance of pregnant women.3,4 It 
is also susceptible to other factors, the details of which are as follows: (1) die-
tary  control and living habits around the OGTT affect the outcome; (2) a small 
number of pregnant women experience nausea and vomiting after taking the 
glucose solution, which also affects blood sugar; (3) a small number of preg-
nant women do not draw blood on time after drinking the glucose solution, 
which leads to an inaccurate outcome. If there were more convenient and 
simpler methods for screening GDM at an earlier stage, it will become possible 
to perform earlier clinical intervention, thereby reducing the risk of adverse 
perinatal outcomes. The purpose of this study was to determine the clinical 
value of early-pregnancy (8–13 weeks) glycated hemoglobin (HbA1c), fasting 
plasma glucose (FPG), and body mass index (BMI) in screening for GDM.

Materials and Methods
This study was conducted in accordance with the declaration of Helsinki. 
This study was conducted with approval from the Ethics Committee of 
The No. 1 Hospital. Written informed consent to publish the clinical 
details and images of the patients was obtained.
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Participants
We selected 1120 cases of women with singleton pregnancy who had 
their records and regular maternity checkups in our hospital from May 
2017 to May 2019. All of the 1120 cases underwent 75 g OGTT, of which 
216 cases were diagnosed with GDM, with an incidence of 19%, and 
the other 994 cases did not suffer GDM. The 216 cases with GDM were 
selected as the study group. Of the 994 cases without GDM, 278 cases 
were randomly selected as the control group.

Exclusion criteria  were as follows: multiple pregnancies; patients 
with prepregnancy diabetes, hypertensive diseases, thyroid dysfunction, 
and  combined disease of the liver and kidney or tumor; and  patients 
with gestational hypertensive disease during pregnancy.

Methods
All pregnant women had fasting blood glucose and glycated hemoglo-
bin tests as well as their BMI measured at the phase of early pregnancy 
(8–13 weeks) and took a 1-step 75 g 2-hour OGTT to diagnose GDM at 
24–28 weeks. All pregnant women fasted for 12 hours before blood sam-
pling, and 5 mL of brachial venous blood was collected on the following 
morning to determine FPG, HbA1c, and BMI. BMI formula = weight/
height squared (kg/m2).

Diagnosis
A 1-step 75 g OGTT was performed following overnight fasting (for 
12 hours). A  diagnosis of GDM is made if 1 plasma glucose value 
is abnormal (fasting ≥5.1  mmol/L, 1 hour ≥10.0  mmol/L, 2 hours 
≥8.5 mmol/L).5

Statistical Methods
The data of the 2 groups were analyzed using SPSS 20. The mean ± stand-
ard deviation was used to express the measurement data. Independent 
sample t-test was used for comparison between groups if the variance 
was equal. χ2 test was used to count the data. P <  .05 indicated that 
the difference was statistically significant. The influencing factors were 
analyzed by binary logistic regression, and ROC curves were drawn to 
analyze the clinical value of BMI, FPG, HbA1c, and the combination of 
them all in predicting GDM.

Results

Comparison of General Data of Pregnant Women 
Between Two Groups
There was no statistically significant difference (P > .05) between the 2 
groups in terms of maternal age, gravidity, and parity. The BMI of the 
study group was higher than that of the control group with a statistically 
significant difference (P < .05). See TABLE 1.

Comparison of FPG and HbA1c of Pregnant Women 
Between Two Groups
The FPG and HbA1c levels in the study group were higher than those in 
the control group, with a statistically significant difference (P < .05). See 
TABLE 2.

The Correlation Between GDM and Serum FPG, HbA1c, 
and BMI in Pregnant Women
Logistic regression analysis showed that FPG, HbA1c, and BMI in early 
pregnancy had significant correlations with the occurrence of GDM (P 
<  .05), with OR values of 3.374, 4.644, and 1.077, respectively, which 
suggested FPG, HbA1c, and BMI might be the potential risk factors for 
the occurrence of GDM. See TABLE 3.

Predictive Value of the Combination of the Three 
Indicators for GDM
FPG, HbA1c, and BMI individually predicted GDM with sensitivities of 
0.588, 0.505, and 0.634, and specificities of 0.633, 0.745, and 0.554, 
while the combination of the 3 had the sensitivity of 0.689 and the 
specificity of 0.640. The area under the curve (AUC) of the combina-
tion curve was 0.736, significantly higher than that of the individual 
test (FPG, 0.647; HbA1c, 0.661; BMI, 0.608), as shown in FIGURE 1 
and TABLE 4.

Discussion
The prevalence of GDM has gradually increased,6 accompanied by the 
improved living standard and constantly revised diagnostic criteria for 
GDM in recent years, threatening the mental and physical health of 
pregnant women and the safety of the fetus. Despite this, the cause of 
GDM remains unclear. The generally accepted explanation at the mo-
ment is insulin resistance and islet cell damage from various causes,7 
although the exact mechanism is still uncertain.1 The internationally 
recognized diagnostic criterion of GDM is OGTT at 24–28 weeks of 
 gestation, but there are no approaches to do the diagnosis in early preg-
nancy, so that it is impossible to perform the early intervention. There-
fore, in recent years, many investigators have committed to exploring 
the reliable screening indicators of GDM in early pregnancy.

Some studies have revealed a certain correlation between early-
pregnancy FPG, HbA1c, BMI, and GDM.8 FPG in early pregnancy is the 
initial screening of blood glucose during pregnancy. Han9 found that 
fasting blood glucose in early pregnancy has predictive value for GDM, 
which is consistent with this study. HbA1c is originally used to measure 
the level of glycemic control in recent months.10 At present, there has 
been a fierce debate on whether HbA1c can be used for GDM screening 
in early pregnancy. It is generally accepted that HbA1c is a reflection 
of blood glucose over the past 3  months. It allows blood sampling at 

TABLE 1.  Comparison of General Data of Pregnant Women Between Two Groups (Mean ± SD)

Groups Age (y) Gravidity (No.)  Parity (No.)  BMI (kg/m2)  

Study (GDM) group (n = 216) 29.39 ± 4.70 1.95 ± 0.86 0.48 ± 0.54 26.08 ± 5.21

Control group (n = 278) 29.05 ± 4.74 2.04 ± 0.79 0.43 ± 0.53 24.09 ± 4.55

t 0.810 1.170 1.009 4.435

P .418 .243 .314 <.001

BMI, body mass index; GDM, gestational diabetes mellitus.
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Comparison of FPG and HbA1c of Pregnant Women 
Between Two Groups
The FPG and HbA1c levels in the study group were higher than those in 
the control group, with a statistically significant difference (P < .05). See 
TABLE 2.

The Correlation Between GDM and Serum FPG, HbA1c, 
and BMI in Pregnant Women
Logistic regression analysis showed that FPG, HbA1c, and BMI in early 
pregnancy had significant correlations with the occurrence of GDM (P 
<  .05), with OR values of 3.374, 4.644, and 1.077, respectively, which 
suggested FPG, HbA1c, and BMI might be the potential risk factors for 
the occurrence of GDM. See TABLE 3.

Predictive Value of the Combination of the Three 
Indicators for GDM
FPG, HbA1c, and BMI individually predicted GDM with sensitivities of 
0.588, 0.505, and 0.634, and specificities of 0.633, 0.745, and 0.554, 
while the combination of the 3 had the sensitivity of 0.689 and the 
specificity of 0.640. The area under the curve (AUC) of the combina-
tion curve was 0.736, significantly higher than that of the individual 
test (FPG, 0.647; HbA1c, 0.661; BMI, 0.608), as shown in FIGURE 1 
and TABLE 4.

Discussion
The prevalence of GDM has gradually increased,6 accompanied by the 
improved living standard and constantly revised diagnostic criteria for 
GDM in recent years, threatening the mental and physical health of 
pregnant women and the safety of the fetus. Despite this, the cause of 
GDM remains unclear. The generally accepted explanation at the mo-
ment is insulin resistance and islet cell damage from various causes,7 
although the exact mechanism is still uncertain.1 The internationally 
recognized diagnostic criterion of GDM is OGTT at 24–28 weeks of 
 gestation, but there are no approaches to do the diagnosis in early preg-
nancy, so that it is impossible to perform the early intervention. There-
fore, in recent years, many investigators have committed to exploring 
the reliable screening indicators of GDM in early pregnancy.

Some studies have revealed a certain correlation between early-
pregnancy FPG, HbA1c, BMI, and GDM.8 FPG in early pregnancy is the 
initial screening of blood glucose during pregnancy. Han9 found that 
fasting blood glucose in early pregnancy has predictive value for GDM, 
which is consistent with this study. HbA1c is originally used to measure 
the level of glycemic control in recent months.10 At present, there has 
been a fierce debate on whether HbA1c can be used for GDM screening 
in early pregnancy. It is generally accepted that HbA1c is a reflection 
of blood glucose over the past 3  months. It allows blood sampling at 

any time without fasting, which is easier to perform and more accepta-
ble to patients, with better compliance from pregnant women, thereby 
benefiting clinical work. In this study, early-pregnancy HbA1c and FPG 
of pregnant women with GDM were found to be higher than those in 
the control group, which is consistent with an earlier study.11 Regression 
analysis showed that HbA1c and FPG were high-risk factors for GDM, 
and high levels of early-pregnancy HbA1c and FPG could predict the oc-
currence of GDM.

Studies have shown that obese patients have more severe insulin 
resistance and impaired pancreatic β-cell function. A  meta-analysis12 
showed that overweight and obese pregnant women were 2.01 times 
more likely to develop GDM than those with a normal BMI. Therefore, 
diet, lifestyle intervention, and weight control are important parts of 
GDM therapy.13 Studies by Harper et al14 and Li et al15 suggest that early 
detection of GDM in obese women can prevent fetal overgrowth and 
reduce perinatal outcomes such as macrosomia. This study found that 
pregnant women who developed GDM also had a higher body mass in-
dex in early pregnancy than those in the control group. Logistic regres-
sion analysis suggests that pregnant women with a high BMI are 1.077 
(95% CI, 1.035–1.122) times more likely to develop GDM than those 
with a low BMI, indicating that BMI in early pregnancy might be a risk 
factor for GDM. However, there are still some limitations in our study, 
such as a small sample size and the use of a single center.

In this study, we found that early-pregnancy FPG, HbA1c, and BMI 
of pregnant women with GDM were higher than those of the control 
group. The ROC curve analysis showed that the AUC values of FPG, 
HbA1c, and BMI in predicting GDM were 0.647, 0.661, and 0.608, re-
spectively; the sensitivity was 0.588, 0.505, and 0.634, respectively; and 
the specificity was 0.633, 0.745, and 0.554, respectively. The AUC value of  
the combination of FPG, HbA1c, and BMI was 0.736, with a  sensitivity 
of 0.689 and a specificity of 0.640. These implied that the combination 
of the 3 indicators in early pregnancy was more accurate in clinically 
predicting GDM than using each indicator alone. Currently, 75 g OGTT 
at 24–28 weeks of gestation is used to diagnose GDM. This test requires 
waiting for 2 hours and blood draws 3 times, which increases the bur-
den on patients. What’s more, it cannot be used to identify GDM in the 
first trimester, so that early intervention on GDM cannot be performed. 
The actual situation in clinical practice is that some high-risk pregnant 
women have high blood sugar in the first trimester, and high blood 
sugar affects both the fetus and mother. If high blood sugar is detected 
early, it can be treated by diet, exercise, weight control, and oral medi-
cation, accompanied by monitoring blood sugar, to reduce the impact of 
hyperglycemia on the fetus and mother. Our present study examined 
glycated hemoglobin and fasting plasma glucose in the first trimester 
and prepregnancy body mass index to identify women who will develop 
GDM in the future for which interventions can be employed to reduce 
the incidence of GDM-associated complications. The combination of 

TABLE 2.  Comparison of FPG and HbA1c Levels in Early 
Pregnancy Between Two Groups (Mean ± SD)

Groups FPG (mmol/L) HbA1c (%) 

Study (GDM) group (n = 216) 4.02 ± 0.44 4.81 ± 0.37

Control group (n = 278) 3.79 ± 0.44 4.60 ± 0.35

t 5.905 6.441

P <.001 <.001

FPG, fasting plasma glucose; GDM, gestational diabetes mellitus; HbA1c, 
glycated hemoglobin.

TABLE 3.  The Correlation Between Serum FPG, HbA1c 
Levels, BMI, and GDM

Items β SD Wals χ2 P OR (95% CI) 

BMI 0.074 0.021 12.983 <.001 1.077 (1.035–1.122)

FPG 1.216 0.235 26.667 .010 3.374 (2.127–5.353)

HbA1c 1.536 0.284 29.148 <.001 4.644 (2.659–8.109)

BMI, body mass index; CI, confidence interval; FPG, fasting plasma 
glucose; GDM, gestational diabetes mellitus; HbA1c, glycated hemoglo-
bin; OR, odds ratio.

FIGURE 1. Receiver operator characteristic (ROC) curves 
of glycated hemoglobin (HbA1c), fasting plasma glucose 
(FPG), and body mass index (BMI) individually predicting 
gestational diabetes mellitus (GDM), and the ROC curve of 
the 3 combined predicting GDM.
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TABLE 4.  Comparison of the Efficacy of Individual and Combined Tests for GDM Diagnosis

Items AUC 95% CI P Sensitivity  Specificity Maximum Younden index 

BMI 0.608 0.558–0.659 <.001 0.634 0.554 0.188

FPG 0.647 0.598–0.695 <.001 0.588 0.633 0.221

HbA1c 0.661 0.613–0.709 <.001 0.505 0.745 0.249

Combination 0.736 0.692–0.779 <.001 0.689 0.640 0.356

AUC, area under the curve; BMI, body mass index; CI, confidence interval; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin.
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the 3 indicators were more effective in identifying GDM patients than 
each one alone. This method may be simpler than the conventional 75 g 
OGTT. At present, a unified standard for early prediction of GDM has 
not yet come into being in clinical practice, and multicenter prospective 
randomized controlled trials with large sampling are necessary to pro-
vide a solid theoretical basis for early prediction of GDM, early interven-
tion, and less incidence of adverse perinatal outcomes.

Conclusion
Our present study found that FPG, HbA1c, and BMI in early pregnancy 
might be the potential risk factors for the occurrence of GDM, and the 
combination of them had certain clinical predictive value for GDM. 
However, it is still necessary for more studies, especially prospective 
studies, to validate our findings.

Data Availability 
The datasets used and/or analyzed during the current study are available 
from the corresponding author on reasonable request.
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ABSTRACT

Importance: Many therapies are used to treat COVID-19, the disease 

caused by the virus SARS-CoV-2, including convalescent plasma. The 

clinical utility of using 2 units of convalescent plasma for COVID-19 

hospitalized patients is not fully understood.

Objective: Many therapies are used to treat COVID-19, the disease 

caused by the virus SARS-CoV-2, including convalescent plasma. The 

clinical utility of using 2 units of convalescent plasma for COVID-19 

hospitalized patients is not fully understood. Our study aims to de-

termine the safety and efficacy of treating hospitalized COVID-19 

patients with 2 units of COVID-19 convalescent plasma (CCP).

Method: This was a retrospective study of Arkansas patients treated 

with CCP using the (US) Food and Drug Administration (FDA) emer-

gency Investigational New Drug (eIND) mechanism from April 9, 2020, 

through August 9, 2020. It was a multicenter, statewide study in a low-

resource setting, which are areas that lack funding for healthcare cost 

coverage on various levels including individual, family, or social. Adult 

patients (n = 165, volunteer sample) in Arkansas who were hospitalized 

with severe or life-threatening acute COVID-19 disease as defined by 

the FDA criteria were transfused with 2 units of CCP (250 mL/unit) 

using the FDA eIND mechanism. The primary outcome was 7- and 

 30-day mortality after the second unit of CCP.

Results: Unadjusted mortality was 12.1% at 7  days and 23.0% at 

30  days. The unadjusted mortality was reduced to 7.7% if the first 

CCP unit was transfused on the date of diagnosis, 8.7% if transfused 

within 3 days of diagnosis, and 32.0% if transfused at or after 4 or 

more days of diagnosis. The risk of death was higher in patients that 

received low, negative, or missing titer CCP units in comparison to 

those that received higher titer units.

Conclusion: The provision of 2 units of CCP was associated with a 

reduction in mortality in patients treated with high titer units within 

3 days of COVID-19 diagnosis. Given the results, CCP is a viable, low-

cost therapy in resource-constrained states and countries.

Coronavirus disease 2019 (COVID-19), which is caused by the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was first re-
ported in Arkansas on March 11, 2020.1 The Arkansas Initiative for 
 Convalescent Plasma (AICP) was a statewide effort to provide COVID-19 
convalescent plasma (CCP) to every patient in Arkansas diagnosed with 
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COVID-19 disease. This collaborative effort by several hospitals in the 
state and the Arkansas Department of Health was initiated because 
Arkansans experience many barriers to accessing healthcare, including 
potentially life-saving therapies.

Convalescent plasma is a passive antibody therapy that has been used 
successfully to treat respiratory illnesses during previous epidemics.2,3 
Given early reports of mortality secondary to COVID-19 in the United 
States during the early phases of the pandemic and the lack of effective 
treatment to combat the disease, patients in Arkansas were treated with 
CCP via the Food and Drug Administration (FDA) emergency Investiga-
tional New Drug (eIND) mechanism. Patients began receiving 2 units 
of CCP starting in April 2020. The AICP provided oversight and coor-
dination for providing 2 units of CCP for adult patients with severe or 
life-threatening COVID-19 in many hospitals in the state. We performed 
exploratory analyses on the efficacy and safety of CCP and present here 
the first large multicenter study on this treatment for this patient popu-
lation in the United States.

Methods

Population
A retrospective medical chart review was conducted of 165 patients 
treated for COVID-19 with 2 units of CCP at 5 hospitals in Arkansas 
utilizing the FDA eIND mechanism. Two units of CCP were provided 
in accordance with an interinstitutional protocol established by the 
participating hospitals in Arkansas. We previously described the proc-
ess for providing CCP in Arkansas through the AICP program.1 Eligi-
ble patients were adults 18  years or older meeting the following FDA 
criteria: laboratory-confirmed COVID-19 and severe or immediately 
life-threatening COVID-19 disease.4 Severe disease was defined as 
having 1 or more of the following: shortness of breath (dyspnea), respi-
ratory frequency >30/min, blood oxygen saturation <93%, partial pres-
sure of arterial oxygen to fraction of inspired oxygen ratio <300, and 
lung infiltrates >50% determined radiographically by computed tomog-
raphy within 24 to 48 hours.5 Immediately life-threatening disease was 
defined as having 1 or more of the following: respiratory failure, septic 
shock, and multiple organ dysfunction or failure.5 Informed consent was 
obtained from either the patient or a healthcare proxy before CCP was 
transfused.

Compatible or low-titer isohemagglutinin, anti-A and/or anti-B, CCP 
was administered according to the transfusion policies and practices at 
the 5 participating institutions. Some of these institutions had satel-
lite facilities that participated in this study. Two units of CCP (approx-
imately 250 mL each) were transfused to each patient. The second unit 
was transfused approximately 24 hours after the first unit, according to 
an interinstitutional protocol.

Convalescent Plasma
CCP was obtained from a registered and licensed blood collector. It was 
donated by individuals who had recovered from COVID-19 and met the 
following FDA criteria: (1) evidence of COVID-19 documented by a diag-
nostic test (eg, nasopharyngeal swab) at the time of illness; (2) complete 
resolution of symptoms at least 14 days before the donation; (3) male 
donors, female donors who had never been pregnant, or female donors 
who had tested negative for HLA antibodies since their most recent 
pregnancy; and (4) negative diagnostic results for COVID-19 if donating 

after 14 days or before 28 days postsymptom resolution.4 Antibody titer 
and neutralizing antibody testing were not performed at the time of CCP 
donation. However, the blood center collected retention serum samples 
from each convalescent plasma donation in Arkansas. A total of 500 of 
these serum samples were randomly tested for antibody titers. Antibody 
titer testing was performed using an immunometric/sandwich ELISA-
based assay which detects IgG antibodies to the spike protein of SAR-
CoV-2 (Ortho Vitros anti-SARS-CoV-2 IgG; Ortho Clinical Diagnostics). 
The signal to cutoff (S/Co) ratio of the SARS-CoV-2 IgG immunoassay 
was defined as follows in the study: >12 (high titer), <11.99 to 1 (low 
titer), and <0.99 (negative).

Data Collection
The University of Arkansas for Medical Sciences (UAMS) served as the 
academic research institution coordinating the collection of this explor-
atory data. After an institutional review board protocol was issued, a 
data use agreement was obtained from the 5 hospitals included in this 
study. A form was provided to the hospitals for the collection of labora-
tory and clinical parameters, including CCP administration and transfu-
sion reaction reporting. Patient information was collected concurrently 
with their hospital admission and treatment with CCP. The clinical 
data were abstracted retrospectively from 165 patients’ charts using a 
standardized data collection form by healthcare providers at each insti-
tution and then reviewed by a second physician at UAMS. The data were 
transferred for analysis into an Excel file.

Statistical Analysis
Patients who were transfused with 2 units of CCP between April 9, 2020, 
and August 9, 2020, were included in our analyses. This allowed for a 7- 
and 30-day follow-up after the transfusions. Demographic and baseline 
medical characteristics were summarized using counts and percentages. 
Our primary outcome was 7- and 30-day mortality after transfusion 
with the second unit of CCP. Unadjusted mortality estimates and cor-
responding 95% confidence intervals were calculated. Crude mortality 
for various demographic and treatment categories was also estimated. 
A Cox proportional hazards (CPH) model was used to compare the sur-
vival distributions between the titer groups. Titer results were availa-
ble for 54 (33%) patients in the study. For the CPH model, patients for 
whom titer testing was not performed were classified as “missing.”

Results

Patient Demographics and Characteristics
A total of 165 patients who were transfused with 2 units of CCP using 
the FDA eIND between April 9 and August 9, 2020, were included in 
the analyses. Five hospitals provided the data. These hospitals were 
representative of the 5 metropolitan regions in the state. Demographic 
and medical characteristics are presented in TABLE 1. The male to fe-
male ratio was 1.7:1. White (n = 77, 46.67%) and Black (n = 62, 37.58%) 
patients made up the majority of COVID-19 cases in our sample, and most 
patients (n = 127, 76.97%) received CCP within the first 3 days of diag-
nosis. A large percentage of patients were in the intensive care unit (ICU) 
and progressing to respiratory failure but were not on a ventilator at the 
time of CCP transfusion (n = 124, 75.15%). The majority of patients had 
at least 1 or more comorbidities (n = 149, 90.30%), with 29.70% (n = 82) 
having 1 to 2, and 40.61% (n = 67) having 3 or more comorbidities. The 
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most common comorbidities were hypertension (n = 114, 69.1%), diabe-
tes mellitus (n = 76, 46.1%), obesity (n = 59, 35.8%), hypercholesterole-
mia (n = 49, 29.7%), pulmonary disease (n = 29, 17.6%), and renal disease 
(n = 26, 15.8%). Many patients (n = 105, 63.64%) received remdesivir be-
fore receiving the 2 units of CCP.

Efficacy of CCP in COVID-19
The unadjusted mortality was 12.1% (n = 20; 95% CI, 7.6%-18.1%) at 
7  days and 23.0% (n = 38; 95% CI,  16.8%-30.2%) at 30  days for the 
patients who received 2 units of CCP. The unadjusted mortality was 
reduced to 7.7% (n = 13; 95% CI, 0.2%-36.0%) if the first unit of CCP 
was transfused on the day of diagnosis. It was 8.7% (n = 127; 95% CI, 

4.4%-15.0%) if CCP was transfused within 3 days of diagnosis and 32.0% 
(n = 25; 95% CI, 14.9%-53.5%) if CCP was transfused 4 or more days af-
ter diagnosis. The 30-day unadjusted mortality was 23.1%, 17.3%, and 
52.0%, respectively, for the 3 CCP specified intervals. Additional risk 
modifiers such as age, sex, and race were analyzed (TABLE 2). The mor-
tality rate at 7 days after CCP transfusion was 35.7% for patients who 
were >80 years, 14.5% for females, 10.7% for men, 14.3% for Whites, 
and 12.9% for Blacks. Patients on a ventilator had a 7-day mortality rate 
of 26.8% compared to 7.3% for patients not on a ventilator. Similarly, 
the mortality rate for patients in the ICU was 3.4 times higher than that 
of patients not in the ICU (18.0% for ICU patients vs 5.3% for non-ICU 
patients).

The competing risk analysis graph (FIGURE 1) shows the propor-
tion of patients in various categories over time. The categories or states 
include in-hospital, discharged, and death. The time-to-event outcomes 
of death and discharge are competing risks in the context of this CCP 
analysis. This means that when estimating the time-to-death distribu-
tion, we must also account for patients who are discharged and vice 
versa. Initially, during multistate modeling, all patients are “in-hospital” 
immediately after receiving their first CCP treatment. And patients tran-
sition to either the discharged or the death state. The death state is a 
terminal, absorbing state.

Over time, most patients were discharged from hospitals within 
30 days of follow-up. On average, the patient spent 11.7 days in the in-
itial in-hospital state, 13.5 in the discharged state, and 4.9 days in the 
death state. Patients who received CCP treatment 4 or more days after 
diagnosis experienced more deaths and fewer discharges compared to 
the other 2 strata, that is, those who received CCP on the date of diag-
nosis or within 2–3 days of diagnosis. The strata, that is, in-hospital and 
discharged, were significantly different with respect to death distribu-
tion (P = .0029). However, the differences between in-hospital strata to 
discharge distribution were not significant.

The CPH model indicated that the overall effect of titer level (low, 
high, negative) on survival was not statistically significant (P = .1625) 
(TABLE 3). However, the model suggests that the risk of death may be 
higher in the low, negative, and missing categories as compared to the 
high titer category since the risk ratio is greater than 1 in all cases.

Safety of CCP in COVID-19
There were no reports of transfusion reactions among the 165 patients 
who received 2 units of CCP in this study.

Discussion
Analysis of the data from the 165 adult patients in Arkansas who were 
treated with 2 units of CCP demonstrated that CCP was safe and associ-
ated with lower rates of 7-day and 30-day mortality. Mortality was lower in 
patients treated within 3 days of diagnosis compared to patients treated 4 
or more days after diagnosis (8.7% [95% CI, 5.7%-23.9%] vs 32% [95% CI, 
14.9%-53.5%], respectively). This effect was also shown using a competing 
risk analysis graph, in which patients that received CCP on the day or within 
2 to 3 days of diagnosis experienced less death and more discharges than 
patients who received their CCP treatment 4 or more days after diagnosis. 
Our mortality data were similar to data reported for the Mayo Clinic Ex-
panded Access program (8.7% [95% CI, 8.3%-9.2%]).6 Patients in Arkansas 
had reduced unadjusted 7-day and 30-day mortality rates, similar to their 
study. In terms of age groups, our study also shared similarities with the 

TABLE 1. Summary of Demographic, Medical, and Outcome 
Characteristics of the Patients (n = 165) Included in This 
Study

Variable No. (%) 

Age, y

 18–39 9 (5.45)

 40–59 58 (35.15)

 60–69 46 (27.88)

 70–79 38 (23.03)

 80+ 14 (8.48)

Sex

 Female 62 (37.58)

 Male 103 (62.42)

Race

 White 77 (46.67)

 Black 62 (37.58)

 Hispanic 15 (9.09)

 Other 11 (6.67)

Time to first CCP transfusion, d

 0  13 (7.88)

 1–3  127 (76.97)

 4+ 25 (15.15)

On ventilator prior to CCP transfusion?

 Yes 41 (24.85)

 No 124 (75.15)

In ICU prior to CCP transfusion?

 Yes 89 (53.94)

 No 76 (46.06)

No. of comorbidities

 0 16 (9.70)

 1–2 82 (49.70)

 3+ 67 (40.61)

Medications

 Remdesivir 105 (63.64)

 Hydroxychloroquine 8 (4.85)

Mortality

 7-day 20 (12.12)

 30-day 38 (23.03)

CCP, COVID-19 convalescent plasma; ICU, intensive care unit. 
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largest expanded access program in that patients between 40 and 59 years 
of age in our study were most affected.6 Similarly, men were predominantly 
affected by COVID-19, but we found that women were more likely than 
men to die from COVID-19. Whites were most likely to die after contracting 
COVID-19 (14.3% [95% CI, 7.4%-24.1%]) at 7  days after receiving CCP. 
Blacks were the predominant minority group affected (37.58%), and these 
patients had a 12.9% (95% CI, 5.7%-23.9%) mortality rate at 7 days. The 
mortality rate increased if the patient was on a ventilator in the ICU before 
 receiving CCP, and patients with more comorbidities were more likely to die 
from COVID-19.

There are 3 studies that reviewed the clinical benefit of 2 units of CCP: 
the PLACID study, the REMAP-CAP study, and the Stony Brook Medi-
cine COVID Plasma Trial Group study.7–9 The PLACID study, which was a 
randomized controlled study (RCT) conducted in India, did not demonstrate 
a significant benefit with 2 units of CCP transfusion. The limitations of this 
study included low participant enrollment and low titers of the administered 
CCP units.7 REMAP-CAP, an open-label RCT, enrolled patients from 4 coun-
tries including the United States.8 This study also did not find significant 
benefits in primary or secondary outcomes, such as hospital survival and 

organ support-free days. However, in immunodeficient subjects, a trend 
toward benefit was observed. The limitations included the study design in 
which the physicians and patients knew the treatment administered and 
the lack of patient recruitment from the United States. The study conducted 
at Stony Brook hospital randomized 74 patients in a 4:1 ratio to either 2 
units of CCP or standard plasma. A total of 59 patients were randomized 
to receive CCP units. This study found that while CCP increased antibodies 
to SARS-CoV-2, it did not show significant differences in ventilator-free 
days, death, or World Health Organization (WHO) ordinal scale.9 Our large, 
multicenter observational study demonstrated that the risk of death was 
higher in patients who received low or negative titer CCP units. While the 
overall effect was not statistically significant, given the number of missing ti-
ter results, there was a trend toward reduced mortality in patients who were 
administered high titer CCP. This is in contrast to the PLACID and the Stony 
Brook Medicine COVID Plasma Trial Group study, which did not observe a 
difference between patients who received 2 units of CCP compared to stand-
ard of care.7

Although there were several limitations to this study, no stud-
ies in the United States have investigated the safety and efficacy of  

TABLE 2. Mortality Estimates for Various Demographic and Treatment Categories

  7-Day Mortality 30-Day Mortality

Variable No. No. (%) 95% CI No. (%) 95% CI 

Unadjusted 165 20 (12.1) 7.6–18.1 38 (23.0) 16.8–30.2

Age, y 

 18–39 9 0 (0.0) 0.0–33.6 1 (11.1) 0.3–48.2

 40–59 58 5 (8.6) 2.9–19.0 10 (17.2) 8.6–29.4

 60–69 46 7 (15.2) 6.3–28.9 14 (30.4) 17.7–45.8

 70–79 38 3 (7.9) 1.7–21.4 8 (21.1) 9.6–37.3

 80+ 14 5 (35.7) 12.8–64.9 5 (35.7) 12.8–64.9

Sex

 Female 62 9 (14.5) 6.9–25.8 15 (24.2) 14.2–36.7

 Male 103 11 (10.7) 5.5–18.3 23 (22.3) 14.7–31.6

Race

 White 77 11 (14.3) 7.4–24.1 21 (27.3) 17.7–38.6

 Black 62 8 (12.9) 5.7–23.9 13 (21.0) 11.7–33.2

 Hispanic 15 0 (0.0) 0.0–21.8 2 (13.3) 1.7–40.5

 Other 11 1 (9.1) 0.2–41.3 2 (18.2) 2.3–51.8

Time to first CCP, d

 0  13 1 (7.7) 0.2–36.0 3 (23.1) 5.0–53.8

 1–3  127 11 (8.7) 4.4–15.0 22 (17.3) 11.2–25.0

 4+ 25 8 (32.0) 14.9–53.5 13 (52.0) 31.3–72.2

On ventilator prior to first CCP transfusion?

 Yes 41 11 (26.8) 14.2–42.9 21 (51.2) 35.1–67.1

 No 124 9 (7.3) 3.4–13.3 17 (13.7) 8.2–21.0

ICU prior to first CCP transfusion?

 Yes 89 16 (18.0) 10.6–27.5 31 (34.8) 25.0–45.7

 No 76 4 (5.3) 1.5–12.9 7 (9.2) 3.8–18.1

No. of comorbidities

 0 16 1 (6.2) 0.2–30.2 3 (18.8) 4.0–45.6

 1–2 82 13 (15.9) 8.7–25.6 18 (22.0) 13.6–32.5

 3+ 67 6 (9.0) 3.4–18.5 17 (25.4) 15.5–37.5

CCP, COVID-19 convalescent plasma; CI, confidence interval; ICU, intensive care unit. 
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providing 2 units of convalescent plasma to treat COVID-19. One lim-
itation was the predominant retrospective design of our study. We 
attempted to minimize the bias by collecting data concurrently with the 
treatment of the patient. In addition, Arkansas is a resource-constrained 
state, and the delivery of CCP in the state was to ensure access to life-
saving therapy. In this setting, we formalized the delivery and transfu-
sion of CCP through educational sessions with physicians at hospitals 
and blood collectors. Another is the potential small sample size of our 
study, which may have underestimated the mortality rate reduction and 
the ability to detect clinically significant differences. There is a poten-
tial for confounding by the heterogeneity that could not be adjusted for 
in the study.  Furthermore, some patients in this study received other 
treatments in addition to CCP, which may confound the therapeutic ben-
efit of this treatment.

Convalescent plasma can be a life-saving therapy that should be 
considered for COVID-19 given the demonstrated benefits in our study. 
Furthermore, given that it is relatively inexpensive in comparison to 
medications used to treat COVID-19, CCP may be utilized in resource-
limited settings, including developing countries that have difficulty 
accessing expensive medications or lack the infrastructure to partic-
ipate in research studies. In comparison to CCP, another passive im-
mune therapy, monoclonal antibodies, have shown clinical benefit in 
the outpatient setting only. Studies on bamlanivimab plus etesevimab, 

casirivirimab/imdevimab, and sotrovimab have not demonstrated ben-
efit in the hospitalized patient population.10–12 Therefore, the FDA has 
authorized the use of these medications for nonhospitalized patients 
only. This therapy is also expensive compared to CCP. Hyperimmune 
globulin, which is purified immunoglobin G products, did not show 
disease progression risk reduction against COVID-19 in hospitalized 
patients.13

Presently, the FDA revised the Emergency Use Authorization (EUA) 
of CCP to immunocompromised patients in either the inpatient or out-
patient settings based on recent studies showing benefits in this popu-
lation. FDA-approved medications for COVID-19 hospitalized patients 
are limited. Remdesivir, an effective antiviral therapy did not demon-
strate clinical benefits in studies on immunocompromised patients.14,15 
Therefore, immunocompromised patients in outpatient settings are 
unable to benefit from this treatment. Tixagevimab plus cilgivimab, 
which were shown to be efficacious against the  Omicron  variant, is 
EUA authorized but is expensive and difficult to obtain in low-resource 
states.16,17

In comparison to alternate therapies, the FDA should consider 
revising its CCP authorization because CCP is readily available and can 
be provided quickly, which may be beneficial in the setting of newly 
emerging variants. Furthermore, the risk of adverse events with the use 
of CCP appears negligible. It is also an inexpensive option. 

FIGURE 1. Cumulative discharge and death rates stratified by time from diagnosis to COVID-19 convalescent plasma (CCP) 
treatment.

TABLE 3. Results of Cox Proportional Hazard Model Assessing the Effect of Titer Level on the Risk of Death for Patients 
Treated with COVID-19 Convalescent Plasma Therapya

Titer Level Referent RR 95% CI P Value 

Low High 1.13 0.23–5.67 .8804

Negative High 3.02 0.95–9.67 .0620

Missing High 2.22 0.89–5.52 .0854

Likelihood ratio test: 5.13 (3 degrees of freedom) .1625

aSurvival time was calculated from when the first dose was administered until death. Survival times were censored at the time of discharge for those 
patients who were discharged alive. Risk ratio (RR) and 95% confidence interval (CI) are presented for each level. A high titer level was used as the refer-
ent class for these calculations.
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Conclusion
In conclusion, given that there is 1 FDA-approved treatment for 
hospitalized COVID-19 patients, high titer CCP should be considered a 
therapeutic option, especially in constrained settings such as Arkansas.
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ABSTRACT

Objective: We aim to prospectively validate a previously developed 

machine learning algorithm for low-density lipoprotein cholesterol 

(LDL-C) estimation.

Methods: We retrospectively and prospectively evaluated a ma-

chine learning algorithm based on k-nearest neighbors (KNN) 

according to age, sex, health care setting, and triglyceridemia 

against a direct LDL-C assay. The agreement of low-density 

lipoprotein-k-nearest neighbors (LDL-KNN) with the direct meas-

urement was assessed using intraclass correlation coefficient 

(ICC).

Results: The analysis comprised 31,853 retrospective and 6599 pro-

spective observations, with a mean age of 54.2 ± 17.2  years. LDL-

KNN exhibited an ICC greater than 0.9 independently of age, sex, 

and disease status. LDL-KNN was in satisfactory agreement with 

direct LDL-C in observations with normal triglyceridemia and mild 

hypertriglyceridemia but displayed an ICC slightly below 0.9 in se-

verely hypertriglyceridemic patients and lower in very low LDL-C 

observations.

Conclusion: LDL-KNN performs robustly across ages, genders, 

health care settings, and triglyceridemia. Further algorithm develop-

ment is needed for very low LDL-C observations.

The accumulation and oxidization of low-density lipoprotein cholesterol 
(LDL-C) within the arterial intima is a major modifiable risk factor of 
atherosclerotic cardiovascular diseases (ASCVD), such as myocardial in-
farction.1,2 The National Cholesterol Education Program (NCEP) Adult 
Treatment Panel III (ATP III) has therefore defined LDL-C as the main 
biomarker to estimate ASCVD risk and the primary target of lipid-
lowering therapy.3 Henceforth, the accuracy and reliability of LDL-C de-
termination is a key issue in diagnostic cardiology.

In most clinical laboratories, LDL-C is calculated using the 
Friedewald equation (LDL-F), which subtracts high-density lipopro-
tein cholesterol (HDL-C) and very low-density lipoprotein choles-
terol (VLDL-C) from total cholesterol (TC). As VLDL-C measurement 
is not readily available, LDL-F assumes that it is equal to one-fifth of 
triglyceridemia (TG) in a fasting state. Thus, LDL-F consists in utilizing 
the equation LDL-C = TC − HDL-C − TG/5 (in mg/dL).4 LDL-F is inappli-
cable in cases of severe hypertriglyceridemia, defined as TG >400 mg/dL 
(4.52 mmol/L) and very low LDL-C (LDL-C <70 mg/dL [1.81 mmol/L]), 
settings in which it significantly underestimates LDL-C.5,6 Moreover, 
multiple guidelines are nowadays considering nonfasting blood samples 
to be an at least acceptable alternative to fasting samples.7

The reference method procedure (RMP) to directly determine LDL-C 
is beta quantification (BQ), but it is inaccessible to most laboratory 
settings. Direct homogeneous assays that specifically measure LDL-C 
by an enzymatic method following a masking of non–apolipoprotein 
B particles have been commercialized and endorsed by the NCEP.8 
 However, their lack of standardization and cost has sustained a need to 
estimate LDL-C at no additional expense. In an aim to improve on LDL-
F’s performance, numerous alternative equations to calculate LDL-C 
have been proposed. Many of these methods performed inconsistently 
across anthropometric and biochemical parameters. For instance, the 
Anandaraja equation (LDL-C = 0.9 × TC − 0.9 × TG/5 − 28 in mg/dL) was 
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deemed preferable to LDL-F in Greek children9 with dyslipidemia but in-
ferior to LDL-F in both normotriglyceridemic and hypertriglyceridemic 
Americans.10 The Ahmadi equation (LDL-C = TC/1.19 + TG/1.19 − HDL
-C/1.1 − 38 in mg/dL) seems to perform better in an Iranian population 
with hypercholesterolemia11 than a normolipidemic population of the 
same country.12 Nonetheless, the Martin/Hopkins equation (LDL-MH), 
which utilizes patient TG and non-HDL-C to modify the fixed factor of 
5 in LDL-F, proved to be more reliable than LDL-F independently of the 
studied population, disease states, or therapeutic states.13 LDL-MH was 
therefore endorsed by the 2019 American College of Cardiology (ACC)/
American Heart Association (AHA) Guideline on the Primary Preven-
tion of Cardiovascular Disease as an acceptable method to estimate 
LDL-C in cases of high TG (≥150 mg/dL [1.69 mmol/L]) or low LDL-C 
(<70 mg/dL [1.81 mmol/L]).14

Recently, different machine learning (ML) methods for LDL-C es-
timation emerged. In 2010, Chakraborty and  Tudu15 used artificial 
neural networks using anthropometric, clinical, and biochemical input 
parameters to estimate LDL-C.  In 2020, Singh et  al16 validated a ML 
algorithm based on random forests to estimate LDL-C using the other 
components of the standard lipid panel (HDL-C, TG, and TC).  More 
recently, an algorithm based on the KNN method was developed and 
compared with various equations for LDL-C calculation.17

In this study, we aim to prospectively evaluate the developed 
LDL-KNN ML-model17 and critically assess its reliability in specific 
subgroups, namely sex, health status, age quintiles, and strata of 
lipid panel components, using a direct homogeneous assay as a refer-
ence method.

Materials and Methods

Study Design
The conduction of this study was approved by the ethics committee 
of Université Saint Joseph, Beirut, Lebanon (CE HDF 1748). The 
retrospective subsample was built between September 1, 2017, and 
July 31, 2019, in which the results of complete standard lipid profiles 
were extracted from the laboratory information system of the Hotel 
Dieu de France University Hospital clinical chemistry laboratories. 
The extracted data comprised the patient unique identification num-
ber, sex, age, date and time of phlebotomy, setting (hospitalized set-
ting vs ambulatory setting), and the values of the directly measured 
LDL-C, TC, HDL-C, and TG during the same day. Any observations 
lacking a lipid panel measurement were excluded. All observations 
included in both subsamples were obtained from patients at a 12-
hour fasting state. The patients who performed multiple standard 
lipid profile testing throughout the data collection period were in-
cluded in the analysis. The prospective validation dataset was built 
from the observations prospectively collected between August 1, 
2020, and April 30, 2021.

Analytical Methods
Blood samples were drawn in separator tubes at a fasting state. All 
tubes were centrifuged (at 2500g for 12 minutes), and all the lipid 
measurements were executed on serum immediately after centrif-
ugation. The TC, HDL-C, LDL-C, and TG assays were executed by the 
VITROS 5600 dry chemistry analyzer (Ortho-Clinical Diagnostics) in ac-
cordance with a previous publication.17 Briefly, TC was measured using 

the CHOL VITROS Chemistry Products colorimetric assay, with a line-
arity of 49.88 mg/dL–324.8 mg/dL (1.29 mmol/L–8.40 mmol/L), and 
a total coefficient of variation (CV) of 1.4% at a mean of 143.08  mg/
dL (3.7 mmol/L) and 1.6% at a mean of 247.5 mg/dL (6.4 mmol/L). TG 
was measured using the TRIG VITROS Chemistry Products colorimetric 
assay with a linearity of 9.74–525.2 mg/dL (0.11–5.93 mmol/L), and a 
total CV of 1.5% at a mean of 106.29  mg/dL (1.2  mmol/L) and 1.3% 
at means of 248 mg/dL (2.8 mmol/L) and 469.4 mg/dL (5.3 mmol/L). 
HDL-C was measured directly using the dHDL VITROS Chemistry 
Products, with a linearity of 5.03–109.82 mg/dL (0.13–2.84 mmol/L), 
and a total CV of 3.4% at a mean of 38.67 mg/dL (1.0 mmol/L) and 3.1% 
at means of 69.6 mg/dL (1.8 mmol/L) and 104.40 mg/dL (2.7 mmol/L). 
LDL-C was measured directly using dLDL VITROS Chemistry Products, 
with a linearity of 30.1–350 mg/dL (0.78–9.05 mmol/L), and a total CV 
of 2.9% at a mean of 65.74 mg/dL (1.7 mmol/L) and 3.3% at a mean of 
146.95 mg/dL (3.8 mmol/L). The analyzer was calibrated according to 
manufacturer protocols.

Statistical Analysis
Categorical variables were expressed as frequencies and percentages. 
Continuous variables with symmetrical distribution were expressed 
as mean ± standard deviation. Continuous variables with skewed 
 distribution (assessed mainly using the QQ plots) were expressed as 
median with its interquartile range. LDL-C was estimated using a pre-
viously developed and published machine learning model relying on 
the k-nearest neighbors algorithm.17 Briefly, the model randomly 
partitioned observations in the retrospective subsample into training 
and holdout datasets comprising 80% and 20% of observations, respec-
tively. Ten folds were used for cross-validation. Gender was included as 
a factor. Covariates, which were normalized and adjusted, included age, 
non-HDL-C, TG, and sampling hour. The number of neighbors tested 
was allowed to vary between 3 and 7, and the Euclidian distance was 
used. The prospective subsample was used as a second external valida-
tion dataset.

In each sample, the age was symmetrically distributed, expressed 
as mean ± standard deviation, then divided into quintiles for analy-
sis. The lipid panel markers were subdivided into strata for analysis. 
The lipid strata were chosen either on clinical grounds (the European 
Society of Cardiology/European Atherosclerosis Society LDL-C cardi-
ovascular risk classes, and 3 classes for triglycerides with 2 cutoffs: 
150  mg/dL [1.69  mmol/L] and 400  mg/dL [4.52  mmol/L]) or were 
based on distributional cutoffs defined empirically by percentiles that 
would create exploratory subgroups either for low LDL-C (percentiles 
5, 10, and 40), or for high triglycerides (percentiles 60, 90, and 95), as 
these latter would be interesting with their gradually outward values 
and decreasing sample size. The distributional cutoffs were built on 
the whole sample. For agreement analysis, natural logarithm (Ln) of 
lipid parameters, which have symmetrical distributions, were used. 
An intraclass correlation coefficient type 3 (ICC3) using a 2-way mixed 
effects model was used to test the absolute agreement of estimated 
LDL-C values with the directly measured LDL-C values, performing F 
tests for an ICC3 true value = 0.9. The 95% confidence limits for the 
ICC3 were also calculated. ICCs were obtained, then assessed, in each 
subsample for each age and lipid marker strata, as well as each gender 
and disease status.

The analysis was performed using IBM SPSS software (IBM, SPSS 
Statistics for Windows version 26.0). The statistical code and the 
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deidentified dataset are available from the main author upon a reasona-
ble scientific request.

Results
The whole sample comprised 38,452 observations, with a 
mean age of 54 ± 17  years and 46.5% males. The retrospective  
subsample included 31,853 observations, whereas the prospec-
tive validation subsample encompassed 6599 observations. The 
characteristics of the 2 subsamples are shown in TABLE 1. The 

2 subsamples exhibited similar distribution characteristics for all 
of the tested parameters, namely age, sex, health status, and lipid 
panel components. TABLE 2 depicts specific percentiles (distri-
butional cutoffs) and prespecified cutoffs (clinical cutoffs) for the 
direct homogeneous LDL-C assay and TG used for subgroup analy-
sis. There were 2005 observations from hospitalized patients, mak-
ing up 5.2% of observations. A  total of 575 (1.5%) observations 
presented TG > 400 mg/dL (4.52 mmol/L).

The distributional cutoffs were 57.23  mg/dL (1.48  mmol/L), 
68.06 mg/dL (1.76 mmol/L), and 99 mg/dL (2.56 mmol/L) for LDL-C, 

TABLE 1. Characteristics of the Subjects Included in the Total Sample and in the Retrospective and Prospective (Validation) 
Subsamplesa

Variable Total Sample (n = 38,452) 
Retrospective   

Subsample  (n = 31,853) 
Prospective  Subsample  

(n = 6599) 

Age, mean ± SD (y)  54.2 ± 17.2 54.3 ± 17.2 53.4 ± 17.3

Age (y)

 ≤39 8071 (21%) 6602 (20.7%) 1469 (22.3%)

 40–51 8108 (21.1%) 6701 (21%) 1407 (21.3%)

 52–59 7105 (18.5%) 5891 (18.5%) 1214 (18.4%)

 60–70 8044 (20.9%) 6656 (20.9%) 1388 (21%)

 71+ 7124 (18.5%) 6003 (18.8%) 1121 (17%)

Sex

 M 17,883 (46.5%) 14,755 (46.3%) 3128 (47.4%)

 F 20,569 (53.5%) 17,098 (53.7%) 3471 (52.6%)

Setting

 Hospitalized 2005 (5.2%) 1756 (5.5%) 249 (3.8%)

 Ambulatory 36,447 (94.8%) 30,097 (94.5%) 6350 (96.2%)

TC, Me (Q1–Q3) (mg/dL) 185.0 (157.0–235.0) 184.0 (157.0–212.0) 188.0 (160.0–217.0)

HDL-C, Me (Q1–Q3) (mg/dL) 48.0 (39.0–59.0) 48.0 (39.0–58.0) 48.0 (40.0–60.0)

LDL-D, Me (Q1–Q3) (mg/dL) 108.0 (86.0–133.0) 108.0 (86.0–133.0) 107.0 (85.0–133.0)

LDL-C class (mg/dL)

 <40.0 506 (1.3%) 419 (1.3%) 87 (1.3%)

 40.0–55.0 1236 (3.2%) 1021 (3.2%) 215 (3.3%)

 55.0–70.0 2865 (7.5%) 2339 (7.3%) 526 (8%)

 70.0–100.0 11,333 (29.5%) 9335 (29.3%) 1998 (30.3%)

 100.0–116.0 6749 (17.6%) 5586 (17.5%) 1163 (17.6%)

 116.0–190.0 14,988 (39%) 12,512 (39.3%) 2476 (37.5%)

 >190.0 775 (2%) 641 (2%) 134 (2%)

TG, Me (Q1–Q3) (mg/dL) 125.0 (89.0–173.0) 124.0 (88.0–173.0) 129.0 (94.0–178.0)

TG class (mg/dL)

 TG <150.0 24,666 (64.1%) 20,576 (64.6%) 4090 (62%)

 150.0≤ TG <400.0 13,211 (34.4%) 10,820 (34%) 2391 (36.2%)

 TG ≥400.0 575 (1.5%) 457 (1.4%) 118 (1.8%)

Non-HDL-C, Me (Q1–Q3) (mg/dL) 133.0 (108.0–162.0) 133.0 (107.0–161.0) 135.0 (109.0–166.0)

Non-HDL-C class (mg/dL)

 <100.0 7383 (19.2%) 6216 (19.5%) 1167 (17.7%)

 100.0–130.0 10,910 (28.4%) 9061 (28.4%) 1849 (28%)

 131.0–185.0 15,760 (41%) 13,087 (41.1%) 2673 (40.5%)

 186.0–210.0 2742 (7.1%) 2211 (6.9%) 531 (8%)

 >210.0 1657 (4.3%) 1278 (4.0%) 379 (5.7%)

HDL-C, high density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LDL-D, LDL-C obtained by direct homogeneous assay; Me (Q1–
Q3), median (1st quartile–3rd quartile); TC, total cholesterol; TG, triglycerides.
aData are given as No. (%) except where indicated otherwise. 

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/6/629/6619100 by guest on 28 February 2025



2022;53;629–635  |  https://doi.org/10.1093/labmed/lmac049632 Laboratory Medicine

corresponding respectively to the 5th, 10th, and 40th percentiles of 
LDL-C distribution over the whole sample (FIGURE 1A). The distri-
butional cutoffs were 141.72  mg/dL (1.60  mmol/L), 239.15  mg/dL 
(2.7  mmol/L), and 292.3  mg/dL (3.3  mmol/L) for TG, corresponding 
respectively to the 60th, 90th, and 95th percentiles of TG distribution 
over the whole sample (FIGURE 1B).

The ICCs describing the concordance between LDL-KNN and 
directly measured LDL-C across clinical and biological strata are 

depicted in TABLE 2. Overall, in both retrospective and prospec-
tive subsamples, ICCs are well above the 0.9 cutoff independently 
of gender, age quintiles, and health care setting. Across TG values, 
ICCs seem to slightly decrease in cases of severe hypertriglyceridemia, 
exhibiting an ICC of 0.899 in normotriglyceridemic observations 
(TG <150  mg/dL [1.69  mmol/L]) and 0.703 in observations with 
TG >400 mg/dL (4.52 mmol/L) in the prospective subsample. In both 
subsamples, ICCs satisfied the ICC cutoff of 0.9 in observations with 

TABLE 2. Intraclass Correlation Coefficients Between K-Nearest Neighbors, Derived LDL-C Values, and the Directly Measured 
LDL-C Values According to Clinical and Biological Parameters in the Retrospective and Prospective Subsamples

Factor 
Retrospective Subsample Prospective Subsample

No. ICC3 (95% CI) P Value No. ICC3 (95% CI) P Value 

Age (y)

 ≤39 6602 0.94 (0.936–0.943) .000 1469 0.931 (0.884–0.955) .076

 40–51 6701 0.926 (0.922–0.93) .000 1407 0.887 (0.843–0.916) .790

 52–59 5891 0.93 (0.925–0.934) .000 1214 0.9 (0.85–0.93) .518

 60–70 6656 0.929 (0.924–0.933) .000 1388 0.919 (0.884–0.941) .125

 71+ 6003 0.934 (0.93–0.938) .000 1121 0.92 (0.86–0.948) .221

Sex

 F 14,755 0.933 (0.93–0.936) .000 3128 0.922 (0.886–0.944) .093

 M 17,098 0.939 (0.936–0.942) .000 3471 0.917 (0.869–0.943) .212

Setting

 Hospitalized 1756 0.931 (0.923–0.937) .000 249 0.921 (0.883–0.945) .117

 Ambulatory 30,097 0.935 (0.933–0.938) .000 6350 0.918 (0.876–0.942) .173

TG (mg/dL)

 TG <150 20,576 0.953 (0.951–0.954) .011 4090 0.899 (0.823–0.935) .550

 150≤ TG <400 10,820 0.917 (0.903–0.928) .000 2391 0.943 (0.92–0.957) .001

 TG ≥400 457 0.758 (0.501–0.864) .998 118 0.703 (0.296–0.853) .998

LDL-C class  (mg/dL)

 <40 419 0.04 (–0.034–0.119) 1.000 87 0.039 (–0.05–0.151) 1.000

 40–55 1021 0.145 (–0.006–0.281) 1.000 215 0.52 (0.107–0.732) 1.000

 55–70 2339 0.256 (0.122–0.369) 1.000 526 0.252 (0.142–0.349) 1.000

 70–100 9335 0.615 (0.577–0.649) 1.000 1998 0.786 (0.767–0.803) 1.000

 100–116 5586 0.296 (0.272–0.32) 1.000 1163 0.065 (–0.043–0.18) 1.000

 116–190 12,512 0.797 (0.768–0.82) 1.000 2476 0.207 (–0.02–0.396) 1.000

 > 190 641 0.637 (0.211–0.808) 1.000 134 0.544 (0.322–0.68) 1.000

Distributional LDL-C cutoffs

 LDL-C >p5 30,223 0.939 (0.938–0.94) 0.000 6252 0.925 (0.893–0.945) .055

 LDL-C ≤p5 1630 0.309 (0.008–0.521) 1.000 347 0.276 (–0.064–0.53) 1.000

 LDL-C >p10 28,478 0.932 (0.931–0.934) .000 5877 0.917 (0.888–0.937) .108

 LDL-C ≤p10 3375 0.516 (0.221–0.684) 1.000 722 0.436 (0.026–0.666) 1.000

 LDL-C >p40 19,189 0.89 (0.883–0.897) .998 3850 0.875 (0.859–0.889) 1.000

 LDL-C ≤p40 12,664 0.8 (0.729–0.847) 1.000 2749 0.744 (0.489–0.851) .999

Distributional TG cutoffs

 TG <p60 19,189 0.953 (0.952–0.954) .000 3806 0.943 (0.92–0.957) .000

 TG ≥p60 12,664 0.91 (0.893–0.923) .110 2793 0.888 (0.808–0.928) .705

 TG <p90 28,711 0.948 (0.947–0.949) .000 5856 0.938 (0.909–0.955) .007

 TG ≥p90 3142 0.855 (0.785–0.897) .983 743 0.809 (0.596–0.892) .984

 TG <p95 30,294 0.945 (0.943–0.946) .000 6218 0.934 (0.902–0.953) .019

 TG ≥p95 1559 0.828 (0.702–0.889) .990 381 0.767 (0.459–0.878) .993

ICC3, intraclass correlation coefficient 3; LDL-C, low-density lipoprotein cholesterol; p, percentile; TG, triglycerides.
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mild hypertriglyceridemia, with values of 0.943 and 0.953 in the 
 prospective and retrospective samples, respectively. LDL-KNN showed 
satisfactory agreement with directly measured LDL-C at the 90th per-
centile of TG in both subsamples. Beyond the 95th percentile of TG, 
the algorithm performed noticeably better in the retrospective sub-
sample, with an ICC of 0.828 and with a 95% confidence interval (CI) 
of 0.702–0.889, than the prospective validation subsample (ICC of 
0.767 with a 95% CI of 0.459–0.878). In contrast with TG, agreement 
of LDL-KNN with the direct homogeneous assay seems to be poor in 
very low LDL-C observations for both subsamples. LDL-KNN perfor-
mance improves as LDL-C increases. In the retrospective subsample, 
ICCs progress from 0.145 in the 40–55  mg/dL (1.03–1.41  mmol/L) 
stratum to 0.615 in the 70–100 mg/dL (1.81–2.58 mmol/L) stratum. 
In the prospective subsample, the ICC progresses from 0.52 in the 40–
55 mg/dL (1.03–1.41 mmol/L) category to 0.786 in the 70–100 mg/
dL (1.81–2.58 mmol/L) category. However, there is a dip in the agree-
ment between LDL-KNN and direct LDL-C in the 100–116  mg/dL 
(2.61–3.0 mmol/L) stratum for both subsamples.

Throughout all the studied clinical and biochemical parameters 
without exception, agreements obtained in the prospective subsample 
closely shadowed those obtained in the retrospective subsample, al-
though marginally inferior to the latter.

Discussion
As major guidelines recommend different dyslipidemia management 
strategies according to patient LDL-C,18 accurately determining LDL-C is 
a major issue in laboratory medicine. Because of the unavailability of BQ, 
the cost of direct homogeneous LDL-C measurement, and the unreliability 
of LDL-F, various equations have been proposed to estimate LDL-C, but 
most of them performed very inconsistently when evaluated in different 
settings. To our knowledge, this is the first study to prospectively evalu-
ate the reliability of a KNN-based algorithm for LDL-C estimation across 
sexes, age strata, disease status, TG strata, and LDL-C variation in a White 
population.

There are 4 key findings to this study. First, LDL-KNN is in very 
good agreement with a direct LDL-C assay independent of sex, age, 

and health care setting over a very large sample of complete lipid 
panel observations studied retrospectively then prospectively. Sec-
ond, while agreement of LDL-KNN with the direct measurement does 
not seem to be impacted whatsoever by mild hypertriglyceridemia 
(150< TG <400  mg/dL [1.69< TG <4.52  mmol/L]), it is minorly af-
fected by severe hypertriglyceridemia (TG > 400 mg/dL [4.52 mmol/L]). 
Third, LDL-KNN performance is severely impacted by very low LDL-C 
concentrations (LDL-C <40 mg/dL [1.03 mmol/L]), and its performance 
tends to improve as LDL-C increases. Fourth, since the 2 subsamples 
only differ by size with otherwise very similar distributional characteris-
tics, sample size seemed to play a minor role in LDL-KNN performance. 
Nonetheless, even the smaller prospective subsample still comprised 
more than 6000 observations, which can be considered a large dataset 
in itself.

As LDL-KNN agreement with the direct homogeneous LDL-C as-
say generally improves as LDL-C increases, its ICC curiously plunged in 
the 100–116 mg/dL (2.61–3.0 mmol/L) stratum of LDL-C. This can be 
explained by the tightness of the latter. As a matter of fact, we noticed 
that the algorithm exhibited better ICCs in larger LDL-C intervals than 
tighter ones. Notwithstanding, the poor performance of LDL-KNN in 
observations with LDL-C <40  mg/dL (1.03  mmol/L) warrants further 
algorithm training to assess a potential improvement of performance in 
very low LDL-C observations.

Recently, various data mining and ML-derived methods have shown 
great promise in LDL-C estimation. Çubukçu and Topcu19 developed  
various ML-derived methods to estimate LDL-C and showed them to  
outperform the guideline-endorsed Martin-Hopkins equation, es-
pecially in low LDL-C (70  mg/dL [1.81  mmol/L]) and moderate 
hypertriglyceridemia (176.26–398.6  mg/dL [1.99–4.50  mmol/L]).19 
However, careful interpretation of the data provided in some stud-
ies casts doubt on the generalizability of ML models. For instance, 
Dansethakul et  al20 used a Pace regression data mining model to 
derive an LDL-C equation, finding it to outperform other equa-
tions (including LDL-F) for TG <1000  mg/dL (11.29  mmol/L) in a 
dataset of 1786 observations in a Thai population. Nevertheless, 
Dansethakul et  al only used the correlation coefficient r to assess 
the equations’ performances, and equations may very well correlate  

FIGURE 1. Distribution of LDL cholesterol (A) and triglycerides (B) in the whole sample (retrospective and prospective 
subsamples, n = 38,452). The vertical lines represent the 5th, 10th, and 40th percentiles of low-density lipoprotein 
(LDL) cholesterol in panel A. In panel B, the vertical lines represent the 60th, 90th, and 95th percentiles of triglycerides. Values 
shown on top of the vertical lines correspond to the actual value of the percentiles. The x-axis is log-scaled.

A B

LDL Cholesterol (mg/dL)

Fr
eq

ue
nc

y 
(%

)

0
10 100

57 68 99

1000

2

4

6

Triglycerides (mg/dL)

Fr
eq

ue
nc

y 
(%

)

0
10 100

142 236 292

10,0001000

2

4

5

1

3

6

TABLE 2. Intraclass Correlation Coefficients Between K-Nearest Neighbors, Derived LDL-C Values, and the Directly Measured 
LDL-C Values According to Clinical and Biological Parameters in the Retrospective and Prospective Subsamples

Factor 
Retrospective Subsample Prospective Subsample

No. ICC3 (95% CI) P Value No. ICC3 (95% CI) P Value 

Age (y)

 ≤39 6602 0.94 (0.936–0.943) .000 1469 0.931 (0.884–0.955) .076

 40–51 6701 0.926 (0.922–0.93) .000 1407 0.887 (0.843–0.916) .790

 52–59 5891 0.93 (0.925–0.934) .000 1214 0.9 (0.85–0.93) .518

 60–70 6656 0.929 (0.924–0.933) .000 1388 0.919 (0.884–0.941) .125

 71+ 6003 0.934 (0.93–0.938) .000 1121 0.92 (0.86–0.948) .221

Sex

 F 14,755 0.933 (0.93–0.936) .000 3128 0.922 (0.886–0.944) .093

 M 17,098 0.939 (0.936–0.942) .000 3471 0.917 (0.869–0.943) .212

Setting

 Hospitalized 1756 0.931 (0.923–0.937) .000 249 0.921 (0.883–0.945) .117

 Ambulatory 30,097 0.935 (0.933–0.938) .000 6350 0.918 (0.876–0.942) .173

TG (mg/dL)

 TG <150 20,576 0.953 (0.951–0.954) .011 4090 0.899 (0.823–0.935) .550

 150≤ TG <400 10,820 0.917 (0.903–0.928) .000 2391 0.943 (0.92–0.957) .001

 TG ≥400 457 0.758 (0.501–0.864) .998 118 0.703 (0.296–0.853) .998

LDL-C class  (mg/dL)

 <40 419 0.04 (–0.034–0.119) 1.000 87 0.039 (–0.05–0.151) 1.000

 40–55 1021 0.145 (–0.006–0.281) 1.000 215 0.52 (0.107–0.732) 1.000

 55–70 2339 0.256 (0.122–0.369) 1.000 526 0.252 (0.142–0.349) 1.000

 70–100 9335 0.615 (0.577–0.649) 1.000 1998 0.786 (0.767–0.803) 1.000

 100–116 5586 0.296 (0.272–0.32) 1.000 1163 0.065 (–0.043–0.18) 1.000

 116–190 12,512 0.797 (0.768–0.82) 1.000 2476 0.207 (–0.02–0.396) 1.000

 > 190 641 0.637 (0.211–0.808) 1.000 134 0.544 (0.322–0.68) 1.000

Distributional LDL-C cutoffs

 LDL-C >p5 30,223 0.939 (0.938–0.94) 0.000 6252 0.925 (0.893–0.945) .055

 LDL-C ≤p5 1630 0.309 (0.008–0.521) 1.000 347 0.276 (–0.064–0.53) 1.000

 LDL-C >p10 28,478 0.932 (0.931–0.934) .000 5877 0.917 (0.888–0.937) .108

 LDL-C ≤p10 3375 0.516 (0.221–0.684) 1.000 722 0.436 (0.026–0.666) 1.000

 LDL-C >p40 19,189 0.89 (0.883–0.897) .998 3850 0.875 (0.859–0.889) 1.000

 LDL-C ≤p40 12,664 0.8 (0.729–0.847) 1.000 2749 0.744 (0.489–0.851) .999

Distributional TG cutoffs

 TG <p60 19,189 0.953 (0.952–0.954) .000 3806 0.943 (0.92–0.957) .000

 TG ≥p60 12,664 0.91 (0.893–0.923) .110 2793 0.888 (0.808–0.928) .705

 TG <p90 28,711 0.948 (0.947–0.949) .000 5856 0.938 (0.909–0.955) .007

 TG ≥p90 3142 0.855 (0.785–0.897) .983 743 0.809 (0.596–0.892) .984

 TG <p95 30,294 0.945 (0.943–0.946) .000 6218 0.934 (0.902–0.953) .019

 TG ≥p95 1559 0.828 (0.702–0.889) .990 381 0.767 (0.459–0.878) .993

ICC3, intraclass correlation coefficient 3; LDL-C, low-density lipoprotein cholesterol; p, percentile; TG, triglycerides.
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with LDL-C obtained by direct homogeneous assay without being in 
agreement with the latter. Using such an approach, Dansethakul et al20 
found LDL-F to be usable for TG <1000 mg/dL (11.29 mmol/L), which 
contradicts a wealth of evidence proving that LDL-F is inapplicable for 
TG >400 mg/dL (4.52 mmol/L). Sarangi et al21 also derived an LDL-C 
equation using an unspecified data mining approach and showed it 
outperformed LDL-F and the Anandaraja equation for TG <1000  mg/
dL (11.29  mmol/L) using mean differences and Bland-Altman plot 
analysis. However, the authors’ equation was derived from a very 
small dataset of 266 observations that is markedly skewed towards 
hypertriglyceridemia. Sarangi et  al21 assessed the equations’ perfor-
mance across arbitrarily defined TG strata, and even the lowest stratum 
(200 mg/dL [≤2.25 mmol/L]) included both hypertriglyceridemic among 
normotriglyceridemic observations. Furthermore, the standard devia-
tion of TG is so great that it would fallaciously imply the existence of 
negative TG observations.21 Singh et  al16 developed the Weill Cornell 
model based on random forests on a large dataset of 17,500 observations 
and found it to outperform LDL-F and the Martin-Hopkins equation 
across all predefined strata of LDL-C and TG, including very low LDL-C 
(<70 mg/dL [1.81 mmol/L]) and severe hypertriglyceridemia (>500 mg/
dL [5.64 mmol/L]). Yet, a few remarks can be raised upon scrutiny of 
the provided data. The Weill Cornell model presented by the authors 
was trained on a dataset lacking any LDL-C values beyond 350 mg/dL 
(9.05 mmol/L). Having not encountered such values, it cannot perform 
as satisfactorily as externally validated LDL-C estimation methods in 
that regard. Moreover, there are concerns regarding the studied popu-
lation that cast doubt over the model’s generalizability: for instance, the 
mean HDL-C in the study was 60.5 ± 3.5 mg/dL (1.56 ± 0.09 mmol/L), 
higher than the 90th percentile for the US male population and around 
the 75th percentile for the US female population, as per the Appendix 
III-A of the Third Report of the NCEP/ATP III.22 Also, the standard de-
viation for HDL-C seems unnaturally small, yielding an unrealistically 
increased lower limit of the 95% distribution interval around the 75th 
HDL-C percentile for US male population and around the median for the 
US female population.16 Likewise, LDL-C and TG mean values are away 
from median values for the US population, with their increased stand-
ard deviation reflecting a hidden positive skewedness of their respective 
distributions.16 Understandably, the Weill Cornell model—and any ML 
algorithm—can be continuously updated to ameliorate its performance. 
While none of the aforementioned studies used LDL-KNN to estimate 
LDL-C, our investigations took all of these limitations into account.

“Deep” ML algorithms, such as deep neural networks (DNN), have 
also been developed to estimate LDL-C with a satisfactory level of per-
formance.23 However, they are very computationally expensive, and 
Tsigalou et  al24 showed that various “shallow” ML algorithms (such as 
LDL-KNN, which was not tested) exhibit similar levels of performance 
as DNN without their informatic complexity. The works of Tsigalou et al 
also indicated that ML algorithms, including multivariate linear regres-
sion, support vector machine regression, extreme gradient boosting, 
and DNN don’t perform as well when the testing dataset has different 
distributional characteristics than the training dataset.24 As both of our 
subsamples presented equivalent distributions of population and lipid 
data, we could not verify this variability in performance for LDL-KNN.

The lower performance of the current KNN model in patients with 
LDL-C <80  mg/dL (2.09  mmol/L) is not concerning. In a previous ar-
ticle,17 the current model’s performance relative to that of the exist-
ing classic and newer closed-form equations (Friedewald, De Cordova, 

Martin-Hopkins, and Sampson) in patients with LDL-C <80  mg/dL 
(2.09 mmol/L) was tested. The model had none of the predicted values 
below the Bland-Altman 95% lower limit of agreement contrary to the 
closed-form equations, which is desirable, since it does not underesti-
mate LDL values. In this respect, we might consider that the ML model 
shows an improvement over the existing closed-form equations.

One caveat for the low-LDL subgroups is their small group size, either 
in relative terms (less than 1.5% have LDL-C <40 mg/dL in the current 
sample, and less than 5% have LDL-C less than 55 mg/dL), or most im-
portantly in absolute terms (506 observations and 1742 observations, 
respectively), limiting the learning process of ML, which is demanding 
in terms of observations. Nonetheless, the fact that the ICCs were pre-
served in the prospective subsample sends a reassuring message.

This study is not without limitations. First, it did not use the RMP of 
BQ following ultracentrifugation to build, train, and validate LDL-KNN, 
and a search of the literature could not provide an investigation tracing 
the assay used for the RMP. In a study evaluating 8 direct homogeneous 
LDL-C assays, Miller et al25 found that none of them fulfilled the NCEP 
total error goals in diseased patients with dyslipidemia. While ML would 
have harbored better results had BQ been used for training and validating 
LDL-KNN, direct homogeneous assays are nonetheless well correlated with 
BQ, suitable for routine practice, and recommended by the 2018 AHA/ACC 
Multisociety Guideline on the Management of Blood Cholesterol.2 Sec-
ond, our validation of LDL-KNN only used 1 direct LDL-C assay. In fact, 
Rossouw et al26 showed that the performance of LDL-C equations can sig-
nificantly differ according to the analyzer chosen to measure TC, HDL-C, 
and TG. Therefore, further investigations are needed to evaluate whether 
LDL-KNN performance can vary according to the RMP used to assess it.

Conclusion
LDL-KNN performs robustly across age strata, gender, disease sta-
tus, and triglyceridemia, and poorly in very low LDL-C observations, 
warranting further research in this specific category.
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respectively), limiting the learning process of ML, which is demanding 
in terms of observations. Nonetheless, the fact that the ICCs were pre-
served in the prospective subsample sends a reassuring message.

This study is not without limitations. First, it did not use the RMP of 
BQ following ultracentrifugation to build, train, and validate LDL-KNN, 
and a search of the literature could not provide an investigation tracing 
the assay used for the RMP. In a study evaluating 8 direct homogeneous 
LDL-C assays, Miller et al25 found that none of them fulfilled the NCEP 
total error goals in diseased patients with dyslipidemia. While ML would 
have harbored better results had BQ been used for training and validating 
LDL-KNN, direct homogeneous assays are nonetheless well correlated with 
BQ, suitable for routine practice, and recommended by the 2018 AHA/ACC 
Multisociety Guideline on the Management of Blood Cholesterol.2 Sec-
ond, our validation of LDL-KNN only used 1 direct LDL-C assay. In fact, 
Rossouw et al26 showed that the performance of LDL-C equations can sig-
nificantly differ according to the analyzer chosen to measure TC, HDL-C, 
and TG. Therefore, further investigations are needed to evaluate whether 
LDL-KNN performance can vary according to the RMP used to assess it.

Conclusion
LDL-KNN performs robustly across age strata, gender, disease sta-
tus, and triglyceridemia, and poorly in very low LDL-C observations, 
warranting further research in this specific category.
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ABSTRACT

Objective: This study aimed to examine the intra- and interlaboratory 

variations of cycle threshold (Ct) values using the nationwide profi-

ciency testing for SARS-CoV-2.

Methods: Triplicated strong-positive contrived samples duplicated 

weak-positive contrived samples, and 2 negative samples were 

transported to participating laboratories in October 2021.

Results: A total of 232 laboratories responded. All except 4 

laboratories correctly answered. Six false-negative results, including 

2 false-negatives with Ct values beyond the threshold and 1 clerical 

error, were noted from weak-positive samples. Intralaboratory var-

iations of Ct values of weak-positive and strong-positive samples 

were not acceptable (Ct > 1.66) in 17 and 7 laboratories, respec-

tively. High interlaboratory variations of Ct values (up to 7 cycles) 

for the 2 commonly used polymerase chain reaction (PCR) reagents 

were observed.

Conclusion: The overall qualitative performance was acceptable; 

intralaboratory variation was acceptable. However, interlaboratory 

variations of Ct values were remarkable even when the same PCR 

reagents were used.

During the coronavirus disease 2019 (COVID-19) pandemic, diagnostics 
is an important armamentarium in dealing with COVID-19. Several re-
ported proficiency testing (PT) programs, with up to 930 participating 
laboratories for SARS-CoV-2 in Austria, China, Europe, South Korea, 
and the US, showed excellent performance and preparedness.1–7 Cy-
cle threshold (Ct) values are generally accepted as semiquantitative 
estimates of SARS-CoV-2 in samples and clinically regarded as 
indicators of infectivity in the real world.8 However, professional bod-
ies discourage the clinical application of Ct values in qualitative test-
ing.9,10 Interlaboratory variation of Ct values was observed in reports 
from Austria and the US; therefore, caution needs to be exercised 
when interpreting Ct values of SARS-CoV-2 testing.1,7,11 However, 
intralaboratory precision of Ct value has not yet been analyzed. There-
fore, this study aimed to evaluate the status of SARS-CoV-2 report-
ing of laboratories in South Korea, a country with a low prevalence of 
SARS-CoV-2, and assess intralaboratory and interlaboratory variations 
of SARS-CoV-2 testing.

Materials and Methods

PT Scheme
Participation in the nationwide PT conducted by the Korean Associa-
tion of External Quality Assessment Service (KEQAS) was mandatory 
for 232 laboratories performing SARS-CoV-2 real-time reverse  tran-
scription polymerase chain reaction (rRT-PCR) tests in Korea. Speci-
men preparation, validation and transport, and data reporting were 
performed as described previously.4 The Korea Research Institute of 
Standards and Science (KRISS) SARS-CoV-2 Proficiency Panel was 
adopted. This PT panel is composed of triplicated strong-positive 
samples, duplicated weak-positive samples, and 2 negative samples. 
Two-level concentrations of the positive reference material were pre-
pared using the entire SARS-CoV-2 genome inserted into a lentivirus 
vector, and the negative reference materials included the human RNase 
P gene. Strong-positive samples and weak-positive samples showed E 
gene Ct values of 26.74 ± 0.16 and 32.79 ± 0.39 when tested in triplicate 
with eMAG (bioMérieux) and Allplex SARS-CoV-2 Assay (Seegene), re-
spectively. These samples were transported to participating laboratories 
in October 2021, and responses were returned within 4  days. Due to 
the lack of personal identifiers and patient data in this study, the  

institutional review board of Asan Medical Center waived the ethics re-
view (#2021-1772).

Data Analysis
Only samples showing ≥80% agreed response with the expected results 
were submitted for qualitative evaluation as recommended by the Clini-
cal and Laboratory Standards Institute (CLSI). Intralaboratory variations 
were calculated using the maximum difference in the Ct values of RNA-
dependent RNA polymerase (RdRp) genes for strong-positive samples 
and weak-positive samples, tested using PCR reagents in the same labo-
ratory. The difference from false-negative responses was discarded from 
this analysis. The maximum difference of >1.66, reflecting a difference of 
0.5 log concentration, was considered unacceptable for strong-positive 
and weak-positive samples. Meanwhile, interlaboratory variations were 
analyzed by comparing the Ct values of RdRp with extraction kits and 
PCR reagents using the box-and-whisker plot. MedCalc 20.015 (MedCalc 
Software) and Excel 2016 (Microsoft) were used for the descriptive sta-
tistical analyses.

Results
A total of 232 laboratories, including 35 public laboratories (26 laboratories 
operated by public health bodies, 5 army laboratories, and 4 national 
quarantine stations), participated. RNA extraction kits, extraction  
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institutional review board of Asan Medical Center waived the ethics re-
view (#2021-1772).

Data Analysis
Only samples showing ≥80% agreed response with the expected results 
were submitted for qualitative evaluation as recommended by the Clini-
cal and Laboratory Standards Institute (CLSI). Intralaboratory variations 
were calculated using the maximum difference in the Ct values of RNA-
dependent RNA polymerase (RdRp) genes for strong-positive samples 
and weak-positive samples, tested using PCR reagents in the same labo-
ratory. The difference from false-negative responses was discarded from 
this analysis. The maximum difference of >1.66, reflecting a difference of 
0.5 log concentration, was considered unacceptable for strong-positive 
and weak-positive samples. Meanwhile, interlaboratory variations were 
analyzed by comparing the Ct values of RdRp with extraction kits and 
PCR reagents using the box-and-whisker plot. MedCalc 20.015 (MedCalc 
Software) and Excel 2016 (Microsoft) were used for the descriptive sta-
tistical analyses.

Results
A total of 232 laboratories, including 35 public laboratories (26 laboratories 
operated by public health bodies, 5 army laboratories, and 4 national 
quarantine stations), participated. RNA extraction kits, extraction  

devices, PCR platforms, and PCR reagents were varied along with the 
protocols used by participating institutions (Supplemental Table 1).

All participating laboratories, except 4 laboratories, answered cor-
rectly. False-negative results from weak-positive samples were reported 
from 4 laboratories, as described in TABLE 1. Two laboratories using 
the Biosewoom Real-Q Direct SARS-CoV-2 Detection Kit incorrectly 
responded for 1 of the weak-positive samples; one completely missed 
1 weak-positive sample for any of the target genes. Another laboratory 
incorrectly responded due to clerical error, and the fourth laboratory 
detected E gene with a Ct value >38 for both samples. However, the pos-
itive threshold of the Seasun Biomaterials U-TOP COVID-19 Detection 
Kit Plus was at Ct value 38.

Intralaboratory variations of Ct of weak-positive and strong-
positive samples were not acceptable (>1.66) in 17 (7.3%) and 7 
(3.0%) laboratories, respectively (FIGURE 1). A  majority (62.9%) 
of the participating laboratories used PCR reagents produced by 
SDbiosensors STANDARD M nCoV Real-Time Detection Kit (93; 
40.1%) and Seegene Allplex SARS-CoV-2 Assay (53; 22.8%), as shown 
in Supplemental Table 1. Interlaboratory variation for these 2 PCR 
reagents is depicted in FIGURE 2. The ranges of the Ct values of 
RdRp were 21–28 (SDBiosensors) and 25–30 (Seegene) for strong-
positive samples and 28–35 (SDBiosensors) and 32–37 (Seegene) for 
weak-positive samples.

TABLE 1. Six False-Negative Cases From Four Participating Laboratories

Laboratory Sample 
Target  
Gene 

Reported  
Ct Value 

Other Target Gene Ct Value PCR Reagent Used Extraction Kit Used 

1 WPS #2 E ND RdRp 35.93 Biosewoom Real-Q Direct SARS-CoV-2 Detection Kit Alphagene Nucleic Acid Extraction Kit

2 WPS #1 RdRp ND E ND Biosewoom Real-Q Direct SARS-CoV-2 Detection Kit Real-Prep Viral DNA/RNA Kit

2 WPS #1 E ND RdRp ND Biosewoom Real-Q Direct SARS-CoV-2 Detection Kit Real-Prep Viral DNA/RNA Kit

3 WPS #1 RdRp 30.78 E 32.46 SDbiosensors STANDARD M nCoV Real-Time Detection Kit Libex Viral DNA and RNA Extrac-
tion Kit

4 WPS #1 E 38.30 S 36.30, N 35.20, RdRp 33.90 Seasun Biomaterials U-TOP COVID-19 Detection Kit Plus Others

4 WPS #2 E 39.90 S 37.00, N 36.50, RdRp 35.70 Seasun Biomaterials U-TOP COVID-19 Detection Kit Plus Others

Ct, cycle threshold; E, envelope; N, nucleocapsid; ND, not detected; PCR, polymerase chain reaction; RdRp, RNA-dependent RNA polymerase; S, 
spike; WPS, weak-positive sample.

FIGURE 1. Intralaboratory variation of cycle threshold (Ct) values of RdRp for strong-positive (A) and weak-positive (B) samples. 
Intralaboratory variation was defined as the maximum difference between Ct values of RdRp from the same sample in the same 
laboratory. Negative results for strong-positive and weak-positive samples were excluded.
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Discussion
This PT study showed the performance of commonly used molecular 
assays for SARS-CoV-2 detection in laboratories in South Korea. The 
overall qualitative performance of the participating laboratories was 
acceptable, and intralaboratory variation was acceptable in the vast 
majority (89.7%). Considering the well-known variability of weak-
positive samples, 97.0% of participating laboratories reported Ct val-
ues with acceptable intralaboratory variability.

Six false-negative results were reported in this PT. However, only 
1 laboratory missed 1 weak-positive sample without positivity of any 
target genes; the agent used in this laboratory targeted only 2 genes, 
RdRp and E genes. Other cases with false-negative results of a single 
target could be reexamined due to positivity in another gene. In light 
of the continuous emergence of novel SARS-CoV-2 variants,12 PCR 
reagents targeting multiple genes have advantages over those with 
only 2 targets considering the dropout phenomenon.13,14 However, 
not only PCR reagents but also extraction and sample preparation 

should be rigorously reviewed for satisfactory reporting of SARS-
CoV-2.

Intralaboratory variation was acceptable for most laboratories. 
With this finding, follow-up of the Ct value in the same institution 
seems reasonable. However, variability can occur even in the sample 
acquisition process.10,15 Furthermore, sampling using a nasopharyn-
geal swab, as recommended by the Centers for Disease Control and 
Prevention, is very painful and difficult in some instances16; thus, Ct 
values obtained on the same day from the same patient can be varied 
even if the same protocol is performed in the same institution. There-
fore, caution is required in monitoring patients with COVID-19 in the 
same institution.

Conversely, interlaboratory variation of the Ct values for the 2 com-
monly used PCR reagent companies were observed up to 7 cycles, as 
shown in FIGURE 2. Previous reports from the US and Austria1,7,11 
pointed to  remarkable interlaboratory variation. One report from Aus-
tria demonstrated a Ct value range for RdRp of 25.1 to 37.7 from a single  

FIGURE 2. Interlaboratory variation of cycle threshold (Ct) values of RdRp gene along with extraction kits for laboratories using 
SDbiosensors reagents (n = 93) and Seegene reagents (n = 53). Strong-positive samples using SDbiosensors reagents (A) and 
Seegene reagents (B). Weak-positive samples using SDbiosensors reagents (C) and Seegene reagents (D). Extraction kits: 1, 
AdvanSure R (LG Chem); 2, Alphagene Nucleic Acid Extraction Kit (Alphagene); 3, EZ1 Advanced XL RNA Card (Qiagen); 4, 
Genolution Viral NA Kit (Genolution); 5, Libex Viral DNA and RNA Extraction Kit (Tianlong); 6, NucleiSens easyMAG (bioMérieux); 
7, QIAamp Viral RNA Mini Kit (Qiagen); 8, QIAcube Kit (Qiagen); 9, QIAsymphony DSP Virus/Pathogen Kit (Qiagen); 10, Real-
Prep Viral DNA/RNA kit (Bioneer); 11, Seegene ProPrep (Seegene); 12, Seegene STARMag (Seegene); 13, Smart LabAssist 
Extraction Kit (TANBead); 14, TANBead Optipure Prep (TANBead); 15, Viral Nucleic Acid (small or large) Volume Kit (Roche); 16, 
other kits.

sample.1 The study noted interassay variation, in addition to sample volume 
used during extractions, as a major cause for this variation.1,11 In the pres-
ent study, high interlaboratory variations between laboratories using the 
same reagent and extraction protocol were observed. This finding is in line 
with the US study,7 which reported an interlaboratory variation of up to 14 
cycles between laboratories using the same testing systems. Therefore, we 
discourage clinicians from interpreting the Ct values reported from other 
institutions, even if the same PCR reagent was used.

This study has some limitations. First, positive samples showing 
high viral loads were not included in this study; Ct values of all positive 
samples were higher than 20. Therefore, false-positives resulting from 
cross-contamination were not evaluated. Second, this PT was conducted 
in 1 country, so most laboratories used the PCR reagents from only 
4 companies. International PT is required to investigate  intra- and 
interlaboratory variations of various PCR reagents.

Conclusion
In conclusion, this study showed that the overall performance of the 
participating laboratories was satisfactory. However, a few laboratories 
with unsatisfactory results were also noted. In addition to evaluating 
the performance of the participating laboratories, PT can also examine 
the SARS-CoV-2 rRT-PCR protocols, including reagents and extraction 
methods. Interlaboratory variations in SARS-CoV-2 testing were re-
markable even if the same extraction method and PCR reagent were ap-
plied. Therefore, attention is needed when using the Ct value to estimate 
the clinical status of patients with COVID-19, including their infectivity.
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Supplemental figures and tables can be found in the online version of 
this article at www.labmedicine.com
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ABSTRACT

Objective: Solute carrier family 19 member 2 (SLC19A2, OMIM 

*603941) encodes thiamine human transporter 1 (THTR-1), which 

contributes to bringing thiamine (vitamin B1) into cells. Mutations in 

SLC19A2 lead to a rare recessive genetic disorder termed thiamine-

responsive megaloblastic anemia (TRMA) syndrome.

Methods: An Iranian family with TRMA was investigated by whole-

exome sequencing (WES) to determine the genetic cause(s) of the dis-

ease. Accordingly, SLC19A2 genetic variants were gathered through 

literature analysis.

Results: WES recognized a known pathogenic variant, c.697C > T (p. 

Q233X), within exon 2 of SLC19A2 (NM_006996). Subsequently, the 

proband’s parents and sister were confirmed as heterozygous carriers 

of the identified variant.

Conclusion: The diagnostic utility and affordability of WES were 

confirmed as the first approach for the genetic testing of TRMA 

to verify the diagnosis. This analysis can be used to guide future  

prenatal diagnoses and determine the consequences in the other fam-

ily members.

Thiamine-responsive megaloblastic anemia (TRMA) syndrome, 
also called Rogers syndrome1 or thiamine metabolism dysfunction 
 syndrome-1 (THMD1), is specified by cardinal clinical findings of 
megaloblastic anemia, progressive sensorineural hearing loss, and 
non-type I  diabetes mellitus.2 The manifestation of diabetes mellitus 
and  megaloblastic anemia occurs between infancy and adolescence, 
whereas deafness onset is usually observed in the toddler age group.3 
It is an autosomal recessive genetic condition caused by different 
pathogenic variants in solute carrier family 19 member 2 (SLC19A2) 
(OMIM: *603941, HGNC ID: 10938; NM_006996.2), encoding the high-
affinity thiamine human transporter 1 (THTR-1) (UniProt/SwissProt: 
O60779),4 which is the major thiamine transporter in pancreatic islet 
tissue and hematopoietic cells.5,6 The SLC19A2 gene is composed of 6 
exons, spanning 22.5 kb on chromosome 1q23.3 in the 1.4 cM region.7,8 
THTR-1 encompasses 497 amino acids and owns 12 putative transmem-
brane domains and cytoplasmic NH2- and COOH-terminal areas.8

TRMA syndrome is very rare and seen in children of consanguine-
ous parents and isolated communities.9 Although TRMA is diagnosed 
based on a triad of clinical characteristics, composed of megaloblastic 
anemia, sensorineural deafness, and diabetes, it is also associated with 
various other abnormal and unspecific clinical conditions, including ret-
inal detachment, optic atrophy, thrombocytopenia, hepatomegaly, con-
genital heart disease, cardiomyopathy, arrhythmia, ataxia, and stroke 
leading to a significant delay between the accurate time of symptom 
onset and a correct diagnosis. Also, differentiation diagnosis of TRMA 
syndrome would enable clinicians to make correlations between clini-
cal phenotypes and molecular results. The average time from symptom 
presentation to diagnosis could be up to 8  years.10–12 Residual activi-
ties of some mutants, environmental factors, and/or coinheritance of 
mutations in other genes seem to be associated with these variable phe-
notypic presentations observed in patients with TRMA.10

So far, research has yielded over 60 TRMA variants. Most of these 
variants are missense and nonsense mutations, followed by insertion 
and deletion mutations, for which phenotypic variabilities are re-
stricted to help guide a molecular workup. Mutations in other genes 
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*603941) encodes thiamine human transporter 1 (THTR-1), which 

contributes to bringing thiamine (vitamin B1) into cells. Mutations in 

SLC19A2 lead to a rare recessive genetic disorder termed thiamine-

responsive megaloblastic anemia (TRMA) syndrome.

Methods: An Iranian family with TRMA was investigated by whole-

exome sequencing (WES) to determine the genetic cause(s) of the dis-

ease. Accordingly, SLC19A2 genetic variants were gathered through 

literature analysis.

Results: WES recognized a known pathogenic variant, c.697C > T (p. 

Q233X), within exon 2 of SLC19A2 (NM_006996). Subsequently, the 

proband’s parents and sister were confirmed as heterozygous carriers 

of the identified variant.

Conclusion: The diagnostic utility and affordability of WES were 

confirmed as the first approach for the genetic testing of TRMA 

to verify the diagnosis. This analysis can be used to guide future  

such as SLC19A3,13 SLC25A19,14 and TPK1 are also related to thiamine 
metabolism.15 The current diagnostic approach, polymerase chain reac-
tion (PCR)-based Sanger sequencing (the gold standard to identify gene 
mutations), is a costly and time-consuming process. Next-generation 
sequencing-based assay16 provides simultaneous analysis of known and 
novel mutations associated with TRMA, leading to a higher detection 
rate of causative variants.

In this research, the efficacy of whole-exome sequencing (WES) was 
explored as the first diagnostic approach to identify known and novel 
gene(s) causing TRMA. Accordingly, a known, albeit rare, nonsense var-
iation—namely c.697C > T (p. Q233X)—in exon 2 of the SLC19A2 gene 
was identified in a boy with consanguineous parents who suffered from 
anemia, diabetes mellitus, and severe deafness. Moreover, the genetic 
variants of patients with TRMA were reviewed to enhance the existing 
knowledge on this syndrome.

Materials and Methods

Ethics Approval and Consent to Participate
The present study complied with the Declaration of Helsinki and was 
approved by the Ethics Committee of Rajaie Cardiovascular Medical 
and Research Center (IR.RHC.REC.1400.112). Informed consent was 
obtained from the subjects for participation in this research and the 
publication of this report.

Family Recruitment and Clinical Characteristics
FIGURE 1 illustrates the pedigree of three generations of an Iranian 
family presenting with the manifestations of TRMA. Seven members 
of the pedigree, consisting of 2 affected (FIGURE 1A: II-10 and III-6) 
and 5 healthy individuals (FIGURE 1A: II-3, II-5, II-6, II-7, and III-1), 
who consented to participate in this study are depicted in the figure. In-
formation regarding the clinical and demographic characteristics of the 
studied pedigree, including family history and related clinical symptoms, 
was collected from Rajaie Cardiovascular Medical and Research Center. 
Evidence of diabetes mellitus, stroke, several seizures, hearing loss 
(FIGURE 1A: II-8), hematological diseases (FIGURE 1A: II-4 and II-9), 
hearing loss (FIGURE 1A: II-10), and stroke and seizure (FIGURE 1A: 
I-4) was reported in this family. Other clinical information concerning 
the other family members was unavailable.

The proband (III-6) was a 2-year-old boy who was found to be deaf at 
14 months. His parents stated that he showed no response to any sound. 
He developed diabetes mellitus at the age of 1. Based on the available 
reports, there was no stroke and visual impairment. Additionally, no 
abnormalities were seen in the limbs. The hearing aid trial failed for him, 
so he was planned to receive cochlear implantation. A laboratory routine 
blood test at the age of 2 indicated a white blood cell count of 9200/µL, a 
neutrophil count of 26.2%, a lymphocyte count of 61.5%, a red blood cell 
count of 1.50 × 1012/L, a hemoglobin level of 8.4 g/dL, a mean corpuscu-
lar volume of 96.8 fl, and a platelet count of 259.00/µL. The hemoglobin 
level rose to 11 g/dL following oral treatment with iron, vitamin B12, 
and folic acid. Biochemistry laboratory analysis showed a fasting blood 
glucose level of 213 mg/dL (70–115 mg/dL) and an HbA1c level of 7.9% 
(4.0%–6.5%). Serum creatinine and sodium levels were below the nor-
mal range. Thiamine treatment improved diabetes and anemia to some 
extent. For an investigation of other coexisting clinical characteristics 
of the syndrome, he underwent a cardiologic examination at the age of 

2. His echocardiogram was normal. Clinical possibility for the proband 
(III-6) being suggestive of TRMA syndrome, clinical exome sequencing 
was ordered for him.

The proband (FIGURE 1A: III-6) had a healthy sister (FIGURE 1A:  
III-1, 12  years old) and a diabetic brother (FIGURE 1A: III-5). The 
brother (III-5), who had received cochlear implants because of severe 
hearing loss, died at the age of 4 from sudden cardiac death due to long 
QT syndrome. The proband’s father (FIGURE 1A: II-5) and mother 
(FIGURE 1A: II-6) were clinically unaffected. The proband’s (III-6) 
mother (II-6) had a history of three miscarriages.

WES and Bioinformatics Analysis
A family with a TRMA syndrome-affected son was referred to the 
Cardiogenetics Research Center of Rajaie Cardiovascular Medical and 
Research Center, affiliated with Iran University of Medical Sciences, Teh-
ran, Iran. The study protocol was approved by the institutional ethics 
committee, and signed informed consent was obtained from the family.

DNA was extracted from blood samples of all family members. 
Exomes were captured with the Agilent SureSelect Human All Exon V7 
kit (Agilent). Then, the sequencing of the enriched exon libraries was 
performed on the Illumina NovaSeq 6000 (Macrogen). The sequencing 
reads were aligned to the human genome reference (GRCh37 build) by 
using the BWA (v07.17) tool. The quality of exome data mapping to the 
reference genome was 98.8%, and the target region coverage was 99%. 
Single-nucleotide variant (SNV)/insertion and deletion (InDel) were 
called by applying the GATK (v4.1.4.1) tool with the result file of map-
ping (BAM). Duplicates were marked and removed with SAMtools (GATK 
package). Recalibration and SNV/InDel calling were done next. Confi-
dent variants were filtered and prioritized due to the minor allele fre-
quency (MAF > 0.05) of 1000 Genomes Project, gnomAD (v2.1.1), and 
ExAc databases. Bioinformatics analysis was performed with prediction 
tools such as CADD,17 SIFT,18 PolyPhen-2,19 PROVEAN,19 FATHMM,20 
and GERP++21to evaluate the pathogenicity of the detected variants. 
The variant interpreted to be pathogenic in at least four algorithms was 
considered for validation.

Variant Validation
The identified candidate variant was segregated from the exome 
data via polymerase chain reaction (PCR)-based Sanger sequencing 
on an ABI Sequencer 3500XL PE (Applied Biosystems) in our 
center. With the use of Primer3 (v.04.0) (http://bioinfo.ut.ee/
primer3-0.4.0/), the following specific primers were designed: 
SLC19A2_fwd 5′- TTGCCACAGACTACCTCCG -3′, SLC19A2_rev 5′- 
CCAGCCCCCATAGTAGCA -3′.

PCR was then performed on a SimpliAmp Thermal Cycler (Thermo 
Fisher Scientific) with 100 ng genomic DNA (gDNA), 200 mmol/L dNTP, 
10 pmol/L primers, 1.5 mmol/L MgCl2, and 1 U of Taq DNA polymerase 
(Amplicon). After incubation of the entire mix at 95°C for 5 minutes, 
35 amplification cycles (40 seconds at 95°C, 30 seconds at 60°C, and 30 
seconds at 72°C) were performed. PCR products were then subjected 
to Sanger sequencing-based analysis on an ABI Sequencer 3500XL PE 
(Applied Biosystems). The sequences were subsequently analyzed using 
CodonCode Aligner v.7.1.2 (http://www.codoncode.com/aligner).

Homology Modeling and Docking
The 3D structure of the human THTR-1 protein (SLC19A2) was not 
available in the Protein Data Bank (PDB [http://www.rcsb.org/pdb]). 
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The protein sequence (FASTA format) was downloaded from the NCBI 
database (https://www.ncbi.nlm.nih.gov/), and the 3D structure was 
constructed by homology modeling via the SWISS-MODEL server 
(https://swissmodel.expasy.org/). For the generation of 3D structures 
in the SWISS-MODEL server, each of the protein sequences, normal 
and mutant (p.Q233X) in FASTA format, was loaded into the SWISS-

MODEL server, and the molecular modeling was initiated to generate 
the PDB format of each protein. The 3D structure of the thiamine mole-
cule (vitamin B1, PubChem CID: 1130) was accessed from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/) and was processed into 
PDB format. The protein structures were corrected by ViewerLite (v.5), 
and polar hydrogens were added. Furthermore, energy minimization  

FIGURE 1. SLC19A2 mutation in a family with an autosomal recessive pattern. A, The pedigree of the family indicates a typical 
autosomal recessive inheritance pattern. In the pedigree members, males are illustrated by squares and females by circles. 
The affected and unaffected individuals are respectively shown by shaded symbols and open symbols. The triangles represent 
miscarriages. The diagonal line shows a deceased family member, and the double lines indicate consanguineous mating. 
B, The sequences show the pathogenic c. 697C > T (p. Q233X) variant identified in exon 2 of SLC19A2 (reverse sequencing 
results). The proband (III-6, arrow) was homozygous for the variant. The proband’s father (II-5), mother (II-6), and sister (III-1) 
were carriers of c. 697C > T (p. Q233X). CC, wild type; CT, heterozygous for the variant; TT, homozygous for the variant.
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for molecular docking was performed using the YASARA Energy 
 Minimization Server (http://www.yasara.org/minimizationserver.htm). 
The 3D structures of the compounds were imported as an SCE file into 
the YASARA View (v.20.12.24) to deliver low-energy structures of the 
compounds and then saved in PDB format.

Molecular docking was carried out to evaluate the binding efficacy 
of the normal and mutant protein-ligand complexes using AutoDock 
Vina (in UCSF [University of California, San Francisco] Chimera ver-
sion 1.15). Post-docking analysis was visualized using PyMOL (v.2.5.2), 
BIOVIA Discovery Studio (v.4.5), and LigPlus + (v.2.2.4), yielding details 
of the size, binding site location, and hydrogen-bond interactions of the 
docked ligand in various conformations.

Results

Molecular Analysis
WES was conducted on genomic DNA extracted from a peripheral blood 
sample obtained from the proband (III-6) to discover the mutated gene. 
A previously known but extremely rare pathogenic variant, c.697C > T, 
was found in the second exon of the SLC19A2 gene. This pathogenic 
variant substituted glutamine at site 233 for a stop codon, which has 
been proposed to cause a premature THTR-1 truncated protein and/or 
nonsense-mediated SLC19A2 mRNA decay. The variant was validated in 
the proband (FIGURE 1A: III-6) by Sanger sequencing in the homozy-
gous state. It was also found in the proband’s father (FIGURE 1A: II-5), 
mother (FIGURE 1A: II-6), and sister (FIGURE 1A: III-1) in a hetero-
zygous state. Accordingly, the variant was validated in the other studied 
pedigree members (FIGURE 1A: II-3, II-7, and II-10). Only one healthy 
individual (FIGURE 1A: II-3) was homozygous for the c.697C > T vari-
ant. DNA from the other family members was not available. The results 
are shown in FIGURE 1B.

Relevant English articles were identified by searching Web of Sci-
ence, OMIM, Scopus, Google Scholar, ScienceDirect, MalaCards (the 
human disease database), Research Gate, and ClinVar databases 
using the following words: SLC19A2 variants, the clinical importance 
of SLC19A2 gene mutations, thiamine, THTR-1, TRMA, anemia, hear-
ing loss, and diabetes. Studies on TRMA syndrome with observed 
variant(s) in SLC19A2 were included. The results, consisting of sev-
eral variants of SLC19A2, are detailed in TABLE 1. According to the 
American College of Medical Genetics and Genomics 2015 (ACMG),22 
the c.697C > T was determined to be a pathogenic variant (criteria: 
PVS1, PP5, PM2, and PP3). The nonsense variant was supported 
as the cause of the disease by CADD, SIFT, PolyPhen-2, PROVEAN, 
FATHMM, and GERP++.

Homology Modeling and Docking Findings
Molecular docking analysis was used to survey the interaction between 
THTR-1 (normal/mutant) and the thiamine molecule. Docking analysis was 
performed on THTR-1_ligand compounds in mutated and normal modes 
with the root-mean-square deviations of 0 and 2.538 and docking scores 
of −5.9 and −5.6. The normal THTR-1_ligand compound had a binding 
energy value of −5.6 kcal/mol and two hydrogen bonds (viz, PRO271 and 
ASP285) with thiamine (FIGURE 2A, 2B). However, the mutant THTR-
1_ligand compound had a binding energy value of −5.9 kcal/mol and no 
connection with thiamine (FIGURE 2C, 2D). The buried surface area of 
the normal/mutant THTR-1 with thiamine is illustrated in FIGURE 3.
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for molecular docking was performed using the YASARA Energy 
 Minimization Server (http://www.yasara.org/minimizationserver.htm). 
The 3D structures of the compounds were imported as an SCE file into 
the YASARA View (v.20.12.24) to deliver low-energy structures of the 
compounds and then saved in PDB format.

Molecular docking was carried out to evaluate the binding efficacy 
of the normal and mutant protein-ligand complexes using AutoDock 
Vina (in UCSF [University of California, San Francisco] Chimera ver-
sion 1.15). Post-docking analysis was visualized using PyMOL (v.2.5.2), 
BIOVIA Discovery Studio (v.4.5), and LigPlus + (v.2.2.4), yielding details 
of the size, binding site location, and hydrogen-bond interactions of the 
docked ligand in various conformations.

Results

Molecular Analysis
WES was conducted on genomic DNA extracted from a peripheral blood 
sample obtained from the proband (III-6) to discover the mutated gene. 
A previously known but extremely rare pathogenic variant, c.697C > T, 
was found in the second exon of the SLC19A2 gene. This pathogenic 
variant substituted glutamine at site 233 for a stop codon, which has 
been proposed to cause a premature THTR-1 truncated protein and/or 
nonsense-mediated SLC19A2 mRNA decay. The variant was validated in 
the proband (FIGURE 1A: III-6) by Sanger sequencing in the homozy-
gous state. It was also found in the proband’s father (FIGURE 1A: II-5), 
mother (FIGURE 1A: II-6), and sister (FIGURE 1A: III-1) in a hetero-
zygous state. Accordingly, the variant was validated in the other studied 
pedigree members (FIGURE 1A: II-3, II-7, and II-10). Only one healthy 
individual (FIGURE 1A: II-3) was homozygous for the c.697C > T vari-
ant. DNA from the other family members was not available. The results 
are shown in FIGURE 1B.

Relevant English articles were identified by searching Web of Sci-
ence, OMIM, Scopus, Google Scholar, ScienceDirect, MalaCards (the 
human disease database), Research Gate, and ClinVar databases 
using the following words: SLC19A2 variants, the clinical importance 
of SLC19A2 gene mutations, thiamine, THTR-1, TRMA, anemia, hear-
ing loss, and diabetes. Studies on TRMA syndrome with observed 
variant(s) in SLC19A2 were included. The results, consisting of sev-
eral variants of SLC19A2, are detailed in TABLE 1. According to the 
American College of Medical Genetics and Genomics 2015 (ACMG),22 
the c.697C > T was determined to be a pathogenic variant (criteria: 
PVS1, PP5, PM2, and PP3). The nonsense variant was supported 
as the cause of the disease by CADD, SIFT, PolyPhen-2, PROVEAN, 
FATHMM, and GERP++.

Homology Modeling and Docking Findings
Molecular docking analysis was used to survey the interaction between 
THTR-1 (normal/mutant) and the thiamine molecule. Docking analysis was 
performed on THTR-1_ligand compounds in mutated and normal modes 
with the root-mean-square deviations of 0 and 2.538 and docking scores 
of −5.9 and −5.6. The normal THTR-1_ligand compound had a binding 
energy value of −5.6 kcal/mol and two hydrogen bonds (viz, PRO271 and 
ASP285) with thiamine (FIGURE 2A, 2B). However, the mutant THTR-
1_ligand compound had a binding energy value of −5.9 kcal/mol and no 
connection with thiamine (FIGURE 2C, 2D). The buried surface area of 
the normal/mutant THTR-1 with thiamine is illustrated in FIGURE 3.

Discussion
In this study, a pathogenic variant in the SLC19A2 gene, c.697C > T (p. 
Q233X), was found in an Iranian family with TRMA syndrome presenting 
a homozygous mutation in the proband (III-6) and heterozygous 
mutations in his parents (II-5 and II-6) and sister (III-1). The identified 
genetic variant was extremely rare and had been reported in a few stud-
ies among TRMA patients.23–26 It was located in exon 2 of the SLC19A2 
gene, which includes amino acids 69 to 269.9 The c.697C > T (p. Q233X) 
pathogenic variant changes the amino acid glutamine at position 233 to 
a stop codon. TRMA diagnosis only relied on the proband’s (III-6) typical 
clinical features, including diabetes mellitus, deafness, and anemia. The 
SLC19A2 gene encodes the THTR-1 protein, which is capable of actively 
transporting thiamine. Thiamine is a vital nutrient for all tissues. It 
works as an important cofactor of various enzymes involved in numer-
ous metabolic processes in mitochondria, cytosol, and peroxisomes.27 
Aside from THTR-1, thiamine can be transported by THTR-2, which spe-
cifically serves as a compensatory substitute in THTR-1 deficiency.28–30 
Although both THTR-1 and THTR-2 transporters are expressed in most 
tissues, THTR-1 is the sole thiamine transporter in bone marrow cells, 
cochlear cells, and pancreatic beta cells, and it indicates no compensatory 
mechanisms, which explains the cytological basis of anemia,  progressive 
hearing loss, and diabetes mellitus as a consequence of loss-of-function 
variants in SLC19A2.31 Molecular docking and bioinformatics studies, 
widely employed to predict ligand-target interactions, suggest that the 
truncated THTR-1 protein has no affinity with thiamine. Therefore, the 
mutant SLC19A2 (p.Q233X) has significantly reduced thiamine trans-
port activity compared with the normal SLC19A2.

TRMA is a rare hereditary disorder with an extremely low incidence 
rate.32 The first case of TRMA syndrome was reported in 1969 by Rogers 
et al.1 Zhang et al27 reported a high frequency of SLC19A2 mutations in 
the Middle East, South Asia, and northern Mediterranean. Accordingly, 
the family studied in the current investigation constitutes another re-
port of this variant in TRMA with a distinct phenotype from the Ira-
nian population and, thus, increases the probability of discovering other 
TRMA patients in the future. Early genetic diagnosis of TRMA syndrome 
is essential to allow accurately targeted interventions and to guide clini-
cal management. The majority of the affected individuals with follow-up 
data have been shown to benefit from early initiation of thiamine treat-
ment. Exogenous thiamine therapy could reverse some of the clinical 
manifestations of TRMA syndrome. It has been reported that the life-
long use of oral thiamine at pharmacological doses (25–100 mg/d) can 
reverse anemia and delay diabetes. Its commencement through the first 
years of life, before 2 months of age, can also prevent hearing defects.10,33 
At high concentrations, thiamine can cross the cell membrane via pas-
sive diffusion. Therefore, patients with TRMA who lack functional 
THTR-1 could respond to supraphysiological doses34 if diagnosed and 
treated with thiamine promptly.26 Despite the obvious triad of clinical 
features, TRMA diagnosis may remain challenging.35 Thus far, more 
than 60 mutations have been reported in the SLC19A2 gene. More com-
plexity arises from the existence of variable phenotypes in TRMA. The 
clinical presentations of TRMA syndrome can manifest themselves an-
ytime from infancy to adolescence.36 A misdiagnosis during this short 
time can be harmful, increasing the lag time between the onset of the 
symptoms and a precise diagnosis. Based on the results obtained from 
the present study, the application of WES, together with the presenta-
tion of the clinical triad and laboratory tests, is recommended for the 
clinical diagnosis and management of TRMA.
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FIGURE 2. The image depicts the complexes of THTR-1 and thiamine. A, B, Normal THTR-1 (green) is shown in interaction 
with thiamine. C, D, The mutant THTR-1 (pink) is demonstrated in interaction with thiamine. A and C were obtained by BIOVIA 
Discovery Studio (v.4.5) and B and D were obtained by PyMOL (v.2.5.2).
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Conclusions
WES is an appropriate approach to identify the etiology of genetic cause(s) 
for individuals with clinical characteristics, suspicion, or a family history of 
TRMA. Exogenous thiamine has been reported to reverse some of the clin-
ical features of TRMA, hence the vital importance of an early genetic diag-
nosis of this syndrome. The full spectrum of TRMA clinical manifestations 
is still developing due to the rare incidence of this disease. Therefore, exten-
sive cellular and clinical investigations are required to scrutinize mutation 
effects and the clinical utility of the genetic testing of TRMA.
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ABSTRACT

Myeloproliferative neoplasms (MPNs) are clonal hematopoietic stem cell 

disorders characterized by the expansion of myeloid lineage cells. Chronic 

myeloid leukemia (CML) is characterized by a BCR-ABL1 fusion gene that 

causes constitutive tyrosine kinase activity. Polycythemia vera, essential 

thrombocythemia, and primary myelofibrosis (PMF) are frequently asso-

ciated with driver mutations in genes such as JAK2, CALR, and MPL and 

are mutually exclusive of BCR-ABL1. Herein, we report the first case study 

of a patient diagnosed with accelerated-phase CML while undergoing 

treatment for initial JAK2 V617F–positive, BCR-ABL1-negative PMF. This 

finding emphasizes the importance of BCR-ABL1 testing in patients with 

an atypical BCR-ABL1-negative MPN disease course.

Clinical History
A 58 year old Korean woman was referred to the hematology depart-
ment after having experienced anemia and thrombocytosis for 6 months. 
Her complete blood count (CBC) showed a hemoglobin level of 9.9  g/
dL, a white blood cell (WBC) count of 10.2  ×  103/μL with a normal dif-
ferential count, and a platelet count of 547  ×  103/μL. A  peripheral  
blood smear showed occasional large platelets, and bone marrow (BM) aspira-

tion showed increased trilineage hematopoiesis with no blast increase. A BM 
biopsy showed hypercellular marrow (70% cellularity) with megakaryocytic 
hyperplasia (7.0 per high-power field [HPF]) exhibiting cluster formation. 
Reticulin staining showed a diffuse increase with extensive intersections 
and coarse bundles of thick fibers, and Masson’s trichrome staining showed 
a diffuse connecting meshwork of collagen comprising >30% of the speci-
men, which was equivalent to grade 3  fibrosis. (FIGURE 2) Molecular 
genetic studies performed on the patient’s BM specimen showed a JAK2 
V617F mutation but no BCR-ABL1 rearrangement. Her BM karyotype was 
46,XX[12], and her spleen was not palpable. As such, she was diagnosed 
with overt fibrotic primary myelofibrosis (PMF).

The patient remained untreated for the first 4 years post initial di-
agnosis until leukocytosis became evident. During the following 3-year 
treatment course with hydroxyurea, her WBC and platelet counts 
fluctuated, with a gradual increase in basophils. The JAK2 inhibitor 
ruxolitinib was added to her treatment after marked leukocytosis with 
anemia, basophilia, and circulating blasts were detected (hemoglobin, 
6.7  g/dL; WBCs, 88.4  ×  103/μL, with blasts at 1.0% and basophils at 
7.0%; and platelets, 200 × 103/μL). Marked splenomegaly (17.7 cm) was 
observed together with abdominal discomfort and weight loss.

Follow-up BM examination was performed 3  months later. The 
patient’s CBC showed hemoglobin of 7.1 g/dL, WBCs of 18.7 × 103/μL with 
circulating blasts at 1.0% and basophils at 7.0%, and platelets of 193 × 103/
μL. The BM aspirate was hemodiluted with 1.6% blasts, and BM biopsy 
showed hypercellular marrow (cellularity 80%) with granulocytic hyperpla-
sia and megakaryocytes in cluster formation (2.7/HPF [0-8/HPF]). Retic-
ulin and Masson’s trichrome staining indicated grade 2 fibrosis. (FIGURE 
3) Quantitative real-time polymerase chain reaction (PCR) of the BM speci-
men showed major BCR-ABL1 rearrangement (b3a2) with an international 
scale-normalized copy number (IS-NCN) of 41.114. The patient was posi-
tive for the JAK2 V617F mutation; her BM karyotype was 46,XX,t(9;22)
(q34;q11.2),t(12;19)(q24.1;q13.3)[14]/46,XX[6]. Based on these findings, 
which included an additional clonal chromosomal abnormality on Philadel-
phia chromosome-positive cells, a diagnosis of accelerated-phase chronic 
myeloid leukemia (CML) was inferred. (FIGURE 1) 

The CML clone remained constantly detectable for 3  months after 
diagnosis despite treatment with ruxolitinib and hydroxyurea, ranging 
from 39.663 to 59.360 IS-NCN in peripheral blood. The patient’s WBCs 
also reached 53.4 × 103/μL with circulating blasts at 1.0% and basophils 
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at 8.0%. To treat the CML, the tyrosine kinase inhibitor imatinib was 
added to ruxolitinib and hydroxyurea, but she showed an IS-NCN of 
31.73 for BCR-ABL1 rearrangement in the peripheral blood 2 weeks 
later. Her CBC after 1.5 months revealed hemoglobin of 8.5 g/dL, a WBC 
count of 11.2 × 103/μL with circulating blasts at 1.0% and basophils at 
4.0%, and a platelet count of 298 × 103/μL.

Discussion
Patients with concurrent BCR-ABL1 rearrangements and JAK2 V617F 
mutations have rarely been reported and can be categorized into 3 types: 
(i) concurrent BCR-ABL1 rearrangement and JAK2 V617F mutation at 
the initial diagnosis of myeloproliferative neoplasms (MPNs), (ii) acqui-
sition of JAK2 V617F mutation during the course of CML with BCR-
ABL1 rearrangement, and (iii) acquisition of BCR-ABL1 rearrangement 
during the course of BCR-ABL1-negative MPN with JAK2 V617F muta-
tion.1-11 The first and the third types seem to be more common than the 

second, although there remain too few patients reported to confirm this 
observation.2,10

Our patient fell under the third type, in which most MPNs are poly-
cythemia vera (PV) or (less commonly) essential thrombocythemia with 
BCR-ABL1 rearrangements acquired during the course of the original 
disease.1,2,5,7-10 Only 2 patients with initially BCR-ABL1-negative, JAK2 
V617F–positive PMF who acquired BCR-ABL1 rearrangements during 
the courses of their diseases have been reported to date, both of whom 
were untreated for PMF.2,4 In a multi-institutional study from the Bone 
Marrow Pathology Group, only 11 of 1570 patients were tested for both 
BCR-ABL1 and JAK2 V617F, among whom only 1 had JAK2 V617F–pos-
itive PMF and later acquired BCR-ABL1 with a CML phenotype during 
the course of disease without any treatment.2 Another patient with sim-
ilar characteristics was reported by Jallades et al.4 Ours is the third re-
ported patient with PMF who acquired BCR-ABL1 rearrangement but is 
the first to have acquired a BCR-ABL1 rearrangement while undergoing 
treatment for PMF with a JAK2 inhibitor and was determined to have 

FIGURE 1.  Time course of WBC count, basophil percentage, PLT count, JAK2 V617F status, BCR-ABL1 fusion transcript, and 
splenomegaly during the patient’s disease timeline. AP; accelerated phase; CML, chronic myeloid leukemia; PLT, platelet; PMF, 
primary myelofibrosis.
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accelerated-phase CML owing to an additional chromosomal abnormal-
ity in Philadelphia chromosome–positive cells at diagnosis.12

The relationship between JAK2 V617F–positive and BCR-ABL1-
positive clones has not yet been elucidated. Wang et al7 performed geno-
typic analyses of hematopoietic progenitor cells assayed from 2 patients 
with a history of JAK2 V617F–positive PV who developed CML 12 and 
18 years after their initial presentation, respectively; only 1 had received 
hydroxyurea therapy. The authors observed BCR-ABL1 fusion only in 
JAK2 V617F–positive hematopoietic colonies, but there were no such 
colonies with BCR-ABL1 lacking JAK2 V617F; this finding suggested 
that BCR-ABL1 acquisition occurred after the JAK2 V617F mutation and 
that the development of CML was a secondary event. 

However, Cambier et al8 could not identify any BCR-ABL-positive cells 
in the endogenous erythroid colonies of a patient with concurrent con-
comitant BCR-ABL rearrangement and JAK2 V617F mutation at the initial 

presentation of CML and PV, indicating that these 2 clones were distinct. 
Even though the patient achieved a complete cytogenetic response after 
6 months of imatinib mesylate therapy, the patient’s hematocrit was not 
affected; this finding also suggested distinct PV and CML clones. Indeed, 
Bader and Dreiling10 suggested different types of possible interactions and 
clones between JAK2 V617F mutation and BCR-ABL transcript levels and 
their corresponding clonal origins after comparing the disease courses of 33 
patients with concomitant JAK2 V617F–positive MPN and CML according 
to therapy. 

The JAK2 V617F–positive and BCR-ABL-positive clones may be ei-
ther the same, a component of one another, or distinct. In our patient, 
the JAK2 V617F mutation was retained when accelerated-phase CML 
was diagnosed, and follow-up real-time PCR of the peripheral blood 
showed that the level of the BCR-ABL1 fusion gene transcript decreased 
during treatment with ruxolitinib. Although we did not  perform 

FIGURE 2. Peripheral blood smear and bone marrow biopsy at the initial diagnosis of JAK2 V617F-positive primary 
myelofibrosis. (A) Peripheral blood smear showing anisopoikilocytosis including tear-drop cells and occasional large 
platelets (Wright-Giemsa stain, ×400). (B) Bone marrow biopsy showing increased megakaryocytes, extensive fibrosis, neo-
osteogenesis, and osteosclerosis (hematoxylin-eosin stain, ×200). (C) Bone marrow biopsy showing a diffuse and dense 
increase in reticulin with extensive intersections and coarse bundles of thick fibers consistent with collagen, corresponding to 
fibrosis grade 3 (reticulin stain, ×200). (D) Bone marrow biopsy showing a diffuse connecting meshwork of collagen in most of 
marrow spaces (Masson’s trichrome stain, ×200).
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molecular analysis at the single-cell or colony level, the changes in the 
level of BCR-ABL1 fusion gene transcript after ruxolitinib therapy in-
dicated that the BCR-ABL1 clone was at least a part of the JAK2 V617F 
clone if not the same.

In summary, we have reported the first patient with accelerated-
phase CML arising from JAK2 V617F–positive PMF during JAK2 inhib-
itor treatment. The emergence of the CML clone in patients with JAK2 
V617F–positive MPN may occur despite BCR-ABL1 rearrangements 
and JAK2 V617F mutations usually being mutually exclusive. It may 
be confused with drug resistance or relapse and can potentially be 
underestimated by myelosuppressive treatment. Our case study 
emphasizes the need to test for BCR-ABL1 when a patient shows an atyp-
ical disease course despite treatment, particularly when accompanied by 
basophilia or progressive leukocytosis, to allow for the prompt readjust-
ment of treatment.

Acknowledgments
The patient provided informed consent for the publication of this report.

REFERENCES

 1. Lorenzo M, Grille S, Stevenazzi M. Emergence of BCR-ABL1 chronic 
myeloid leukemia in a JAK2-V617F polycythemia vera. J Hematol. 
2020;9(1–2):23–29.

 2. Soderquist CR, Ewalt MD, Czuchlewski DR, et al. Myeloproliferative 
neoplasms with concurrent BCR-ABL1 translocation and JAK2 V617F 
mutation: a multi-institutional study from the Bone Marrow Pathology 
Group. Mod Pathol. 2018;31(5):690–704.

 3. Bocchia M, Vannucchi AM, Gozzetti A, et al. Insights into JAK2-V617F 
mutation in CML. Lancet Oncol. 2007;8(10):864–866.

 4. Jallades L, Hayette S, Tigaud I, et al. Emergence of therapy-
unrelated CML on a background of BCR-ABL-negative 

FIGURE 3. Peripheral blood smear and bone marrow biopsy at the time of detection of the BCR-ABL1 fusion transcript. (A) 
Peripheral blood smear showing left-shifted neutrophils, circulating blasts (1%), and increased basophils (15%) (Wright-Giemsa 
stain, ×400). (B) Bone marrow biopsy showing increased megakaryocytes, extensive fibrosis, and osteosclerosis (hematoxylin-
eosin stain, ×200). (C) Bone marrow biopsy showing a diffuse and dense increase in reticulin with extensive intersections and 
focal bundles of thick fibers consistent with collagen, corresponding to fibrosis grade 2 (reticulin stain, ×200). (D) Bone marrow 
biopsy showing paratrabecular or central deposition of collagen within a focally connecting meshwork (Masson’s trichrome 
stain, ×200).

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/6/e140/6542139 by guest on 28 February 2025



2022;53;e140–e144  |  https://doi.org/10.1093/labmed/lmac011e144 Laboratory Medicine

JAK2V617F-positive chronic idiopathic myelofibrosis. Leuk Res. 
2008;32(10):1608–1610.

 5. Pingali SR, Mathiason MA, Lovrich SD, et al. Emergence of chronic 
myelogenous leukemia from a background of myeloproliferative disor-
der: JAK2V617F as a potential risk factor for BCR-ABL translocation. 
Clin Lymphoma Myeloma. 2009;9(5):E25–E29.

 6. Hussein K, Bock O, Theophile K, et al. Chronic myeloproliferative 
diseases with concurrent BCR-ABL junction and JAK2V617F muta-
tion. Leukemia. 2008;22(5):1059–1062.

 7. Wang X, Tripodi J, Kremyanskaya M, et al. BCR-ABL1 is a secondary 
event after JAK2V617F in patients with polycythemia vera who de-
velop chronic myeloid leukemia. Blood. 2013;121(7):1238–1239.

 8. Cambier N, Renneville A, Cazaentre T, et al. JAK2V617F-positive poly-
cythemia vera and Philadelphia chromosome-positive chronic myeloid 
leukemia: one patient with two distinct myeloproliferative disorders. 
Leukemia. 2008;22(7):1454–1455.

 9. Ursuleac I, Colita A, Adam T, et al. The concomitant occurrence of 
JAK2V617F mutation and BCR/ABL transcript with phenotypic ex-
pression—an overlapping myeloproliferative disorder or two distinct 
diseases? Case report. J Med Life. 2013;6(1):34–37.

 10. Bader G, Dreiling B. Concurrent JAK2-positive myeloproliferative 
disorder and chronic myelogenous leukemia: a novel entity? A case 
report with review of the literature. J Investig Med High Impact Case 
Rep. 2019;7:2324709619832322.

 11. Bornhäuser M, Mohr B, Oelschlaegel U, et al. Concurrent 
JAK2(V617F) mutation and BCR-ABL translocation within 
committed myeloid progenitors in myelofibrosis. Leukemia. 
2007;21(8):1824–1826.

 12. Barbui T, Thiele J, Gisslinger H, et al. The 2016 WHO classifi-
cation and diagnostic criteria for myeloproliferative neoplasms: 
document summary and in-depth discussion. Blood Cancer J. 
2018;8(2):15.

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/6/e140/6542139 by guest on 28 February 2025



www.labmedicine.com e145

© The Author(s) 2022. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail: 

journals.permissions@oup.com

CASE STUDY

Acquired Thrombotic Thrombocytopenic Purpura 
After BNT162b2 COVID-19 Vaccine: Case Report and 
Literature Review
Emna Hammami, MD,1,*,  Mathilde Lamarque, MD,2 Olivier Aujoulat, PhD,3 Agathe Debliquis, MD,1 Bernard Drénou, MD,2 
Inès Harzallah, MD,1

  
1Laboratory of Hematology, Groupe Hospitalier de la région Mulhouse Sud Al-
sace, Mulhouse, France, 2Service d’hématologie clinique, Groupe Hospitalier de 
la région Mulhouse Sud Alsace, Mulhouse, France, 3Pharmacie centrale, Groupe 
Hospitalier de la région Mulhouse Sud Alsace, Mulhouse, France; *To whom 
correspondence should be addressed. emnahammami1993@gmail.com

Keywords: thrombotic thrombocytopenic purpura, COVID-19, vaccine, 
thrombosis, thrombocytopenia, microangiopathy 

Abbreviations: TTP, thrombotic thrombocytopenic purpura; aTTP, acquired 
thrombotic thrombocytopenic purpura; PE, plasma exchange; CBC, complete 
blood count; AIT, autoimmune thrombocytopenia; VITT, vaccine-induced immune 
thrombosis and thrombocytopenia; HUS, hemolytic uremic syndrome; ULVWF, 
ultralarge von Willebrand factor multimers.

Laboratory Medicine 2022;53:e145–e148; https://doi.org/10.1093/labmed/lmac016

ABSTRACT

Thrombotic thrombocytopenic purpura (TTP) is a thrombotic 

microangiopathy that is deadly if not treated promptly. The treat-

ment of choice in patients presenting with TTP is plasma exchanges. 

However, immunosuppressive therapy and caplacizumab have sig-

nificantly improved outcomes in TTP. This microangiopathy is clas-

sically divided into 2 entities: hereditary and acquired TTP (aTTP), 

caused by an autoantibody against ADAMTS 13. We present a 

case study of a patient wth TTP occurring after a second dose of 

the BNT162b2 (Pfizer-BioNTech) COVID-19 vaccine along with a 

review of the literature. A 55-year-old patient presented with gas-

trointestinal symptoms, anemia, and severe thrombocytopenia. 

The blood film revealed the presence of schistocytes. A diagnosis 

of aTTP was established because the patient had severe ADAMTS 

13 deficiency and autoantibodies against ADAMTS 13 were pos-

itive. This episode occurred 10  days after the patient received 

the COVID-19 vaccine. The patient received plasma exchanges, 

prednisone, rituximab, and caplacizumab and achieved complete 

remission. Ten patients with aTTP induced by the COVID-19 vac-

cine have been reported in the literature. Most of these situations 

occurred after the second dose of COVID-19 vaccine, and 7 

patients were noted to have received the BNT162b2 vaccine. 

Caplacizumab was used in 6 patients, and complete remission was 

achieved in 8 patients.

Thrombotic thrombocytopenic purpura (TTP) is a thrombotic 
microangiopathy presenting in one-third of patients as a clinical pentad. 
Typically, this pentad is composed of fever, renal failure, neurological 
symptoms, thrombocytopenia, and microangiopathic hemolytic ane-
mia. The diagnosis is suspected based on broad clinical manifestations 
and thrombocytopenia and hemolytic anemia of mechanical origin indi-
cated by the presence of schistocytes. The diagnosis of TTP is confirmed 
by a severe deficiency of ADAMTS 13 activity (<10%).

In France, the incidence of TTP is 1.5 cases per million per year in 
adults,1 with a high mortality if treated improperly. Although the treat-
ment of choice for TTP is plasma exchange (PE), immunosuppressive 
therapy has significantly improved outcomes with a reduced length of 
hospitalization.2

This microangiopathy is classically divided into 2 entities: hereditary 
TTP (historically known as Upshaw-Schulman syndrome) caused by a 
genetic mutation of the ADAMTS 13 gene and acquired TTP (aTTP), an 
autoimmune disease resulting from the development of an autoanti-
body directed against ADAMTS 13.

Studies have shown that aTTP can be caused by a variety of triggers 
including infections, pregnancy, malignancies, autoimmune diseases, 
and vaccines. Vaccine-induced thrombocytopenia has been reported 
in the literature, including rare cases of patients with vaccine-induced 
aTTP.3-5 Vaccination against COVID-19 has played an important role 
in controlling the pandemic. However, some adverse events have been 
observed, including rare cases of patients with TTP. We report a case of a 
patient with TTP occurring after a second dose of the BNT162b2 (Pfizer-
BioNTech) COVID-19 vaccine along with a review of the literature.

Case Report
Our patient was a 55 year old Caucasian woman. She presented to the 
emergency department with fatigue, nausea, and diarrhea persisting for 
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the previous 3  days. The patient also reported headache, and dizziness. 
Her background medical history included hypothyroidism, appendectomy, 
and amygdalotomy. Physical examination showed no particular signs aside 
from petechiae. A complete blood count (CBC) revealed anemia and severe 
thrombocytopenia (TABLE 1). The patient had normal hemoglobin and 
platelet counts with no history of hemolysis before admission.

Further tests showed an increase in lactate dehydrogenase with sig-
nificantly elevated total bilirubin and indirect bilirubin (TABLE 1). The 
patient’s haptoglobin level was depleted. The blood film revealed the 
presence of schistocytes at 2%. This finding raised suspicion for TTP.

Renal and hepatic blood panels were normal (creatinine = 62 µmol/L, 
alanine aminotransferase = 42 IU/L, and aspartate aminotransferase = 19 
IU/L). The patient’s calculated PLASMIC score6 was 7, predicting a 
high risk for TTP (TABLE 2). The French score was 2 (creatinin < 200 
>µmol/l, Platelet <30*109/l), also predicting a high risk for TTP.7

Cerebral MRI was performed and showed no signs of thrombo-
sis. Laboratory investigation for other causes of microangiopathy was 
negative: The antinuclear antibody screen and shiga-toxin-producing 
Escherichia coli screening were negative, and the complement cascade 
evaluation was normal.

Lupus anticoagulant, anticardiolipin antibody, and anti-beta 2 
glycoprotein I  antibody assays were negative. The ADAMTS 13 activ-
ity confirmed the diagnosis of TTP with a severe deficiency (<5%). An 
anti-ADAMTS 13 antibodies screen was positive at 90 U/mL. Exten-
sive anamnesis showed that the patient had received her second dose 
of BNT162b2 (Pfizer-BioNTech) COVID-19 vaccine 10 days before the 
onset of symptoms. Hence, the diagnosis of aTTP induced by COVID-19 
vaccine was established.

We started PE right away, along with prednisone and rituximab at 
a dose of 375 mg/m2. However, because the patient’s platelet numbers 
continued to drop, caplacizumab was introduced at day 5 in addition to 
the ongoing daily PE. Platelet numbers increased to finally normalize at 

day 10. After 20 days of treatment, ADAMTS 13 levels were normal and 
the patient was subsequently discharged. Subcutaneous caplacizumab 
was continued at home to total 20 doses.

Discussion
Since the launch of the COVID-19 vaccinations, vaccine adverse event 
reporting systems have been developed all over the world. Adverse 
events occurring after COVID-19 vaccination vary from simple events 
like headache, fever, and fatigue, which are described in the safety eval-
uation reports for COVID-19 vaccines,8,9 to serious events like myocar-
ditis and anaphylactic reactions.10 Our patient presented with nausea 
and diarrhea 10 days after the second dose of a COVID-19 vaccine. The 
main laboratory finding in the initial workup was a severe symptomatic 
thrombocytopenia.

COVID-19 vaccine–related thrombocytopenia has been observed 
as an adverse event and described as various conditions, all of them 
involving autoimmunity.11 Vaccine-triggered autoimmunity with vacci-
nation has been known for decades, mainly involving epitope mimicry 
mechanisms.12

Thrombocytopenia induced by a COVID-19 vaccine can be caused 
by autoimmune thrombocytopenia (AIT),11 which was the first diagno-
sis we considered in our patient. However, AIT is usually isolated in the 
CBC. In addition, the presence of schistocytes provided initial clues as to 
the diagnosis of TTP.

Another adverse event responsible for thrombocytopenia reported 
in the literature is vaccine-induced immune thrombosis and thrombo-
cytopenia (VITT).13 This condition has been observed more with the 
adenovirus-based coronavirus vaccines, and mostly after the first dose. 
Thrombocytopenia in VITT is caused by antibodies against platelet fac-
tor 4, in the absence of heparin. The severity of VITT is related to the 
occurrence of unusual-location thrombosis.

Although VITT and AIT are more frequently responsible for 
vaccine-induced thrombocytopenia, TTP has also been observed after 
COVID-19 vaccination. Most cases have been observed after BNT162b2 
(Pfizer-BioNTech) COVID-19 vaccination,14-17 but some were induced by 
ChAdOx1 nCov-19 (AstraZeneca)18,19 (TABLE 3) and one case occurred 
after mRNA-1273 COVID-19 vaccine (Moderna) administration.20

Our patient received the second dose of the BNT162b2 (Pfizer-
BioNTech) COVID-19 vaccine 10 days before the onset of symptoms. Her 
PLASMIC score predicted a high risk of severe ADAMTS 13 deficiency. 
Hence, aTTP induced by vaccination was the most likely diagnosis.

TABLE 1.  Complete Blood Count and Hemolysis Panel on 
Admission

Biological Parameter (unit) Value Normal Range 

Red blood cells (*1012/L) 3.54 3.92–5.08

Hemoglobin (g/dL) 10.7 11.9–14.6

Hematocrit (%) 30.8 36.6–44.4

Mean corpuscular volume (fL) 87 82.2–98

Mean cell hemoglobin (pg) 30.2 27–32.3

Platelets (*109/L) 15 150–450

Neutrophils (*109/L) 5.67 2.1–8.89

Eosinophils (*109/L) 0 0.01–0.07

Basophils (*109/L) 0.02 0.01–0.07

Lymphocytes (*109/L) 1.05 1.26–3.35

Monocytes (*109/L) 0.61 0.25–0.84

Reticulocytes (*109/L) 100.9 20–120

Haptoglobin (g/L) <0.02 0.4–2.8

Lactate dehydrogenase (IU/L) 645 120–246

Total bilirubin (µmol/L) 32 5–21

Direct bilirubin (µmol/L) 9 0–5

Schistocytes (%) 2 <1

The asteriks is to say that the number is multiplied bby 109/L , for example 
it’as 5.67 * 109/L for neutrophils.

TABLE 2.  PLASMIC Score in Patient

Items in PLASMIC Score Score 

Platelet count <30* 109/L 1

Hemolysis; reticulocyte count >2.5%, haptoglobin  
undetectable, or indirect bilirubin >2.0 mg/dL 
(34.2 µmol/L)

1 (haptoglobin undetectable)

Active cancer; treated for cancer within the past year No: 1

History of solid-organ or stem-cell transplant No: 1

MCV <9.0 × 10–14 L (<90 fL) 1

INR <1.5 1

Creatinine <2.0 mg/dL (176.8 μmol/L) 1

PLASMIC score 7

INR, international normalized ratio; MCV, mean corpuscular volume.
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Hemolytic uremic syndrome (HUS) was also considered in 
the differential diagnosis because the patient had a thrombotic 
microangiopathy and gastrointestinal symptoms. However, the ab-
sence of renal impairment was more in favor of a TTP diagnosis. Yet 
we ruled out probable causes of typical or atypical HUS because the 
patient had normal complement exploration and negative shiga-toxin-
producing E. coli screening. The diagnosis of aTTP was confirmed along 
with a severe ADAMTS 13 deficiency. The delay between symptom 
onset and COVID-19 vaccination was consistent with the literature  
(TABLE 3). All reported cases have been observed in adults except for 
1 case observed in an adolescent.21

The patient’s ADAMTS 13 levels at admission were severely deficient. 
In fact, in the absence of ADAMTS 13 (ie, TTP), uncleaved ultralarge von 
Willebrand factor multimers (ULVWF) are accumulated. They interact 
with platelets through the GpIb/IX/V complex, inducing the formation 
of microthrombi. Those microthrombi are responsible for the clinical 
manifestations and the formation of schistocytes.24 A severe ADAMTS 
13 deficiency is necessary for the development of TTP but not sufficient. 
The development of TTP is abruptly precipitated by the activation of the 
alternative complement pathway by ULVWF. Complement activation 
has also been described as a pejorative prognosis factor.25 Our patient’s 
favorable outcome after immunosuppressive therapy can be explained 
by her normal C3, C4, and CH50 levels .

For decades, PE has been the cornerstone of TTP treatment. How-
ever, recent advancements in aTTP pathophysiology understand-
ing have led to the inclusion of rituximab as a front-line treatment 
along with PE. More recently, caplacizumab, an antibody targeting 

domain A1 of von Willebrand factor was introduced. Caplacizumab 
showed satisfactory results, especially in patients with refractory TTP. 
Our patient received PE, prednisone, rituximab, and caplacizumab  
according to the HERCULES protocol.26 The platelet count normalized after 
10 days of treatment, and the patient is currently in complete remission.

Most patients with aTTP have been observed after receiving the sec-
ond dose of a COVID-19 vaccine (TABLE 3). However, patients with re-
lapse seem to be more frequently observed after receiving the first dose. 
Hence, the question is whether a patient should receive the COVID-19 
booster. Because COVID-19 infection has also been observed as an 
aTTP trigger, the benefit-risk balance of vaccination should be carefully 
considered in such patients.

Conclusion
This case report highlights the challenge of thrombocytopenia’s eti-
ology diagnosis after COVID-19 vaccination. Although VITT has 
been previously well described, aTTP related to COVID-19 may be 
less known and much is yet to be understood in the disease triggers, 
management, and prognosis. Caplacizumab seems to be an important 
therapy to consider and possibly include in front-line treatment in 
further studies.
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ABSTRACT

Objective: Hepatitis B virus–associated decompensated cirrhosis 

(HBV-DeCi) is difficult to cure and has a very high risk of mortality. 

However, prediction of its prognosis is challenging. The C-reactive 

protein–to–lymphocyte ratio (CLR) is a newly discovered inflamma-

tory indicator, but its role in HBV-DeCi remains unclear. In the pres-

ent study, we sought to determine the prognostic role of the CLR in 

patients with HBV-DeCi.

Materials and Methods: This retrospective study enrolled 134 patients 

with HBV-DeCi. Independent prognostic markers were identified using 

multivariate regression analysis.

Results: The 30-day mortality rate was 12.7% (n = 17). The CLR was 

markedly higher in nonsurvivors compared with survivors. The multi-

variate analysis identified a high CLR as an independent risk factor for 

mortality.

Conclusion: We found that the CLR is an effective and simple prog-

nostic marker in patients with HBV-DeCi.

Hepatitis B virus (HBV) is one of the major causes of morbidity and mor-
tality worldwide.1 Viral hepatitis is highly endemic in China, with HBV 
infection being the most common cause of cirrhosis and 3% of patients 
with compensated cirrhosis that develops into decompensated cirrho-
sis (DeCi) per year.2 Research has shown that DeCi is an end-stage liver 
disease accompanied by various complications responsible for the poor 
prognosis, and survival markedly decreases to 15% at 5  years.3 Cur-
rently, liver transplantation is the only effective therapeutic strategy for 
patients with DeCi. However, because of the lack of available donors and 
the lack of effective prediction for life expectancy, some patients remain 
on the waiting list for transplantation until they die.4-6 Therefore, early 
and accurate prognostic indicators that can identify high-risk patients 
are very important to improve clinical management and reduce the mor-
tality of patients with HBV-DeCi.

Systemic inflammation is recognized to play a crucial role in the 
pathology of advanced cirrhosis and to be associated with worse 
outcomes. The inflammatory response is usually evaluated by measuring 
leukocytes, neutrophils, lymphocytes, platelets, or C-reactive protein 
(CRP) in routine clinical practice. Thus, combinations of these inflamma-
tory parameters may provide prognostic indicators for HBV-related he-
patic disorders.7,8 Furthermore, HBV-induced direct cytopathic effects 
and viral evasion of host immune responses are believed to contrib-
ute to disease severity.9 It is generally acknowledged that lymphocytes 
play a key role in the immune response and that excessive immune ac-
tivation leads to a decrease in the lymphocyte count.9,10 Meanwhile, 
dysregulated immune responses have been shown to be associated with 
poor survival in patients with HBV infection.11 Given that both inflam-
mation and immunity are important for liver disease progression, the 
CRP-to-lymphocyte ratio (CLR), a combination of these 2 parameters 
measured in routine examinations, can be assumed to reflect systemic 
inflammatory and immune status and may serve as a convenient and 
accurate prognostic indicator for liver diseases. 

Several recent studies have shown that a high CLR was linked to ad-
verse outcomes in certain clinical situations. For example, the results of a 
meta-analysis conducted by Lagunas-Rangel12 showed that an increased 
CLR reflects unfavorable outcomes in patients with COVID-19. More-
over, a high CLR has been proposed as a poor prognostic indicator in 
patients with malignant diseases.13-16 Notably, Mungan et  al13 found 
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that the CLR was more effective than CRP alone for predicting poor 
prognosis after colorectal surgery. However, the relationship between 
the CLR and prognosis in patients with HBV-DeCi has not been deter-
mined. In the present study, we evaluated whether the CLR can be used 
as a predictor for clinical outcomes in patients with HBV-DeCi.

Materials and Methods

Patients
We enrolled patients with HBV-DeCi who were treated in our hos-
pital between 2017 and 2020. The study was approved by the ethics 
committee of our hospital. We identified DeCi by the development of 1 
or more major symptomatic complications of liver disease (ascites, en-
cephalopathy, gastrointestinal bleeding, or hepatorenal syndrome).17 All 
patients presented with clinical manifestations of decompensated liver 
disease for the first time. The exclusion criteria were concomitant infec-
tion with other hepatitis viruses or HIV, as other causes of liver diseases; 
malignant tumors; hematologic disorders; immunomodulatory therapy 
within the previous 3 months; and age >75 years. A total of 134 patients 
were ultimately enrolled (FIGURE 1). The primary endpoint was 30-day 
mortality.

Data Collection
Demographic and clinical data, including hematology, coagulation, he-
patic and renal parameters, and CRP, were obtained from the day of 
admission for all patients. Biochemical values were measured using a 
Hitachi 7600 analyzer (Hitachi, Tokyo, Japan) and a Sysmex CA1500 
analyzer (Sysmex, Hyogo, Japan). Hematological parameters were meas-
ured using a Sysmex XE-2100 analyzer (Sysmex, Kobe, Japan). The CRP 
values were measured using an immunoturbidimetric assay (BN II Sys-
tem; Siemens, Erlangen, Germany) with a reference range of 0–10 mg/L. 
The CLR was calculated as CRP (mg/L) divided by lymphocytes (× 109/L). 
The severity of liver disease was assessed using the Model for End-Stage 
Liver Disease (MELD) score.18

Statistical Analysis
Variables are expressed as number or median (interquartile range). 
Comparisons between nonsurvivors and survivors at 30  days were 
carried out using the chi-square test for categorical data and the Mann-
Whitney U test for continuous data. Univariate and multivariate 
analyses were performed to identify risk factors for mortality. Receiver 
operating characteristic curve analyses were conducted to determine the 
area under the curve (AUC) values for the CLR and the MELD score to 
evaluate their prognostic values for HBV-DeCi. Youden’s index was used 
to identify cutoff values for the baseline CLR and the MELD score to 
predict clinical outcomes. Kaplan-Meier curves were used to evaluate 
the survival of patients with different CLR levels. All statistical analyses 
were performed using SPSS 21.0 (Chicago, IL) and MedCalc 14.8 soft-
ware (MedCalc Software, Mariakerke, Belgium). Statistical significance 
was set at P <.05.

Results

Study Population
A total of 134 patients were enrolled in the study. The median age 
was 54.0  years, and 102 (76.1%) patients were men. The common 
complications for decompensation were ascites (80%), gastrointestinal 
bleeding (19%), hepatorenal syndrome (10%), and hepatic encephalop-
athy (2%).

At the 30-day follow-up, 17 of the 134 patients had died (12.7%). 
The causes of death were hepatic failure (n = 7), gastrointestinal bleed-
ing (n = 5), encephalopathy (n = 2), and hepatorenal syndrome (n = 3). 
TABLE 1 shows the comparisons between the survivors and non-
survivors. There were marked differences in creatinine, international 
normalized ratio, MELD score, CRP, CLR, and total bilirubin between 
the 2 groups (FIGURE 2).

Factors Associated with Poor Outcomes
The predictors associated with poor survival in the univariate analyses 
were CRP, the MELD score, and the CLR. The multivariate analysis 
identified the MELD score and the CLR as independent predictors for 
poor survival (TABLE 2). Using Youden’s index, the cutoff values for 
the MELD score and the CLR were 17.7 (sensitivity: 82.4%; specificity: 
78.6%) and 25.0 (sensitivity: 70.6%; specificity: 85.5%), respectively. 
As shown in FIGURE 3, the AUCs of the MELD score and the CLR for 
predicting poor outcomes were 0.845 and 0.795, respectively. The ability 
of the CLR to predict death was comparable to that of the MELD score 
(z = 0.605; P = .545). The combination of the CLR and the MELD score 
further improved the prognostic accuracy for poor outcomes (AUC: 
0.928) compared with the CLR or the MELD score alone (both P <.05). 
Furthermore, patients with a CLR ≤25.0 had a higher 30-day survival 
than patients with a CLR >25.0 (P <.001; FIGURE 4).

Discussion
Patients with HBV-DeCi are difficult to cure and have a very high risk 
of mortality. Therefore, early and accurate prognostic indicators are very 
important for clinicians to manage these patients. At present, the MELD 
score is a commonly used prognostic scoring system for end-stage liver 
disease.18 However, in approximately 15%–20% of patients, mortality 
cannot be accurately predicted by the MELD score. This problem may 

FIGURE 1.  Flow chart of the included participants. HBV-
DeCi, hepatitis B virus–associated decompensated cirrhosis.

176 HBV-DeCi
patients from
our hospital

134 patients
included

42 patients excluded:
1) HIV infection
    (n = 4)
2) Concurrent infection
    with hepatitis A/C/D/E virus
    (n = 11)
3) Autoimmune liver disease
    (n = 4)
4) Hepatocellular carcinoma
    (n = 4)
5) Alcoholic liver disease
    (n = 5)
6) Hematologic disorder
    (n = 4)
7) Ongoing immunomodulatory
    therapy
    (n = 10)
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arise because certain important risk factors (gastrointestinal bleeding, 
hepatic encephalopathy, hepatorenal syndrome, and systemic inflamma-
tion) that affect the prognosis are not incorporated in the MELD score.19 
The present study investigated the value of the CLR as a predictor of poor 
prognosis in patients with HBV-DeCi and found that nonsurvivors had a 
higher CLR than survivors and that a high CLR predicted poor outcomes. 

The multivariate analysis further identified the MELD score and the CLR 
as prognostic predictors for poor outcomes, with the predictive power 
of the CLR being similar to that of the MELD score. Of note, the combi-
nation of the CLR with the MELD score improved the prognostic power 
to 93%. Prior studies showed that several noninvasive indices were as-
sociated with poor prognosis in patients with HBV-DeCi, including the 

TABLE 1. Patient Characteristics at Baseline

 All Patients (n = 134) Nonsurviving Patients (n = 17) Surviving Patients (n = 117) P Value 

Sex (female/male) 32/102 4/13 28/89 .789

Age (y) 54.0 (47.0–62.0) 55.0 (49.8–58.0) 53.0 (46.8–63.0) .823

Total protein (g/L) 60.7 (56.1–66.6) 59.4 (50.1–66.4) 60.7 (56.4–66.6) .297

Albumin (g/L) 29.8 (26.2–33.5) 26.4 (22.4–33.6) 30.1 (26.4–33.4) .170

Alanine aminotransferase (U/L) 31.0 (18.0–56.0) 48.0 (20.5–60.8) 30.0 (17.8–55.3) .654

Aspartate aminotransferase (U/L) 49.0 (31.0–80.0) 57.0 (35.0–81.0) 49.0 (30.5–79.3) .493

Serum creatinine (μmol/L) 73.0 (60.0–88.0) 104.0 (60.3–130.0) 72.0 (60.0–84.0) .023

Total bilirubin (μmol/L) 56.5 (26.0–117.0) 90.0 (64.8–220.8) 44.0 (25.0–104.0) .010

INR 1.44 (1.24–1.68) 1.80 (1.52–2.26) 1.37 (1.21–1.63) <.001

MELD score 13.4 (9.3–18.3) 20.6 (17.9–22.6) 11.9 (8.5–17.2) <.001

Hemoglobin (g/L) 103.5 (86.0–120.0) 96.0 (85.0–110.3) 104.0 (86.5–121.0) .221

Platelets (× 109/L) 66.0 (40.0–108.5) 66.0 (63.5–94.0) 66.0 (38.8–114.3) .854

CRP (mg/L) 8.3 (3.1–18.2) 23.5 (13.9–69.4) 7.5 (2.8–15.6) <.001

Leukocytes (× 109/L) 4.4 (2.9–6.0) 4.8 (3.8–6.7) 4.2 (2.9–5.9) .198

Lymphocytes (× 109/L) 0.90 (0.70–1.40) 0.70 (0.50–1.15) 0.90 (0.70–1.40) .207

CLR 8.4 (3.4–23.0) 32.8 (11.4–68.7) 7.6 (3.3–11.9) <.001

CLR, CRP-to-lymphocyte ratio; CRP, C-reactive protein; INR, international normalized ratio; MELD, Model for End-Stage Liver Disease. Data are 
expressed as number or median (interquartile range).

FIGURE 2. Comparisons of MELD score, CRP, and CLR between the survivors and non-survivors among the patients with HBV-
DeCi. CLR, CRP-to-lymphocyte ratio; CRP, C-reactive protein.
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TABLE 2. Factors Associated with Mortality of Patients wuth HBV-DeCi in Logistic Regression Analyses

 
Univariate Multivariate

Odds Ratio 95% CI P Value Odds Ratio 95% CI P Value 

Albumin (g/L) 0.939 0.856–1.030 .183 … … …

MELD score 1.265 1.127–1.421 <.001 1.326 1.129–1.556 .001

CRP (mg/L) 1.041 1.017–1.065 <.001 … … …

Lymphocytes (× 109/L) 0.774 0.345–1.735 .534 … … …

CLR 1.047 1.023–1.071 <.001 1.048 1.020–1.076 .001

CI, confidence interval; CLR, CRP-to-lymphocyte ratio; CRP, C-reactive protein; MELD, Model for End-Stage Liver Disease.
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neutrophil-to-albumin ratio,20 the lymphocyte-to-monocyte ratio,21 and 
the mean platelet volume-to-lymphocyte ratio.22 Our study complements 
these previous studies and suggests that a high CLR can also be used to 
predict the prognosis of patients with HBV-DeCi.

There are 2 reasons for using CLR as an adverse prognostic biomarker 
in patients with HBV-DeCi. First, accumulating evidence confirms that 
inflammation is relatively common in patients with advanced cirrho-
sis and is associated with the severity of liver disease and poor prog-
nosis.23,24 We found that CRP was markedly higher in nonsurvivors 
compared with survivors. Studies have shown that CRP is a widely ac-
cepted universal inflammatory marker, and CRP levels increase in re-
sponse to cell damage or tissue injury.25-27 Zhu et al28 found that high 
CRP was a convenient negative predictor of prognosis in patients with 

HBV-DeCi. However, in the present study, CRP was associated with 
poor survival in the univariate analyses but was not identified as an 
independent risk factor in the multivariate analysis. It is possible that 
insomnia, depression, smoking, and high body mass index can all con-
tribute to elevations in CRP.29 Thus, CRP may not effectively reflect the 
inflammatory status of the liver and the disease severity, or the progno-
sis of patients. 

Second, slightly lower lymphocyte counts were found in nonsurvivors 
compared with survivors in the present study. Lymphocytes play critical 
roles in the pathogenesis of different clinical scenarios and in immune 
defense.30 Lymphocytes represent the outcome of controlled immune 
responses, and a decrease in the lymphocyte count may be related to ap-
optosis and dysfunction of immune cells.31 A previous study showed that 
lymphopenia is associated with malnutrition or poor immune response 
in liver diseases, and the occurrence of advanced cirrhosis may be linked 
to a gradual decrease in the lymphocyte count.32 Moreover, previous 
studies showed that the pretransplant lymphocyte count was a prognos-
tic factor for liver transplant recipients.33,34 However, the lymphocyte 
count was not identified as an independent prognostic indicator of unfa-
vorable outcomes in our univariate and multivariate analyses. Thus, we 
propose that the CLR, a new compound biomarker that integrates data 
for CRP and the lymphocyte count, can reflect the systemic inflamma-
tory, nutritional, and immune status of patients and may be useful to 
predict the prognosis of patients with HBV-DeCi. Compared with each 
single indicator, it has higher stability, sensitivity, and specificity. In fu-
ture studies, the underlying mechanisms will require further investiga-
tion.

The present study had some limitations. First, it was retrospec-
tively conducted and may have some selective bias. Second, it was a 
single-center study, and the number of patients with HBV-DeCi was 
small. Third, the 2 parameters were not measured dynamically; thus, 
it remains unclear whether they exhibited stepwise changes when the  
patient condition deteriorated. Finally, the results lacked external veri-
fication. Therefore, the present findings need to be validated by a large-
scale study in the future.

Conclusion
The present results show that a high CLR is associated with poor short-
term prognosis in patients with HBV-DeCi. The CLR is readily available 
and inexpensive, and it is a novel candidate biomarker. The combination 
of the CLR and the MELD score may help clinicians achieve early assess-
ment of prognosis and adjust treatment disciplines.
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The ASCP Board of Certification (BOC) Research and Development (R&D) 
committee launched 2 surveys of medical laboratory science (MLS) edu-
cation programs. These questionnaires were a follow-up to the survey of 
MLS education programs conducted in 2016. Two publications in 2019 
reported results of the 2016 study.1,2 The recent surveys were divided into 
2 questionnaires. One survey was designed for participation by program 
directors of university/college and hospital MLS programs. (Note that, for 
purposes of this paper, “university/college” will be referred to as just “uni-
versity”). Another survey targeted faculty in MLS university and hospital 
programs. The purpose of the surveys was to gather information to sup-
port MLS program directors and faculty in educating students, especially 
to clarify current issues and reveal trends that may impact future program 
resources and the quality of MLS education. Specifically, the surveys were 
designed to provide data to support strategic planning, funding requests, 
evidence for grant applications, workforce issues, and policy assessment. 
Topics in the surveys included demographics, educational level and rank, 
certification patterns, experience, responsibilities, salaries, retirement, 
and program-specific areas, such as minimum grade point averages (GPAs) 
for acceptance, vacancies, capacity, and clinical sites.

Methods
The BOC staff and R&D committee members drafted, reviewed, and 
edited the survey questions. The surveys were distributed as electronic 

invitations via Key Survey (an online survey tool) on May 14, 2020, 
and surveys were closed on August 14, 2020. A  total of 60 program 
directors from universities and 51 from hospital programs responded. 
Responses were received from 84 university faculty and 76 hospital 
faculty. This is the first of 2 papers reporting results of the surveys.

Results

Minimum Educational Level Requirements for Program 
Director and Faculty
The majority of both university and hospital programs require a min-
imum of a master’s degree for program directors. The situation differs 
slightly for faculty, where the majority of university programs requires a 
minimum of a master’s degree for faculty while the majority of hospital 
programs requires a bachelor’s degree (TABLE 1).

Duration of MLS Programs (Length of University and 
Hospital Programs) and Acceptance of Online Students
University programs were more varied than hospital programs in re-
gard to length, with 31.7% lasting 12 months or less and 40% lasting 
24  months or more. The majority of hospital programs (96.1%) were 
12 months or less in duration.

Of the 25 university programs reported offering online programs, 
68% provided bridge courses (medical laboratory technician (MLT) to 
MLS), 40% offered the entire MLS program (85% or more) online, and 
68% provided individual courses (50% or more) online. Ten hospital 
programs reported offering online courses, with 70% of these being in-
dividual courses. No hospital-based programs reported bridge programs 
or the entire MLS program online.

Student GPAs
The majority of both university and hospital programs require a mini-
mum GPA between 2.5 and 2.9 for admission (TABLE 2).

There is a difference in the minimum science GPA for admission with 
majority of university programs requiring a minimum GPA of 3.0–3.4, 
and a majority of hospital programs requiring 2.5–2.9.

When looking at overall GPAs for enrolled students, the major-
ity of both university and hospital programs have students averaging 
GPAs in the 3.0–3.4 range, above the required minimums for most 
programs.
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Student Numbers (Applicants and Graduates) and Student 
Capacity (Face-to-Face and Online)
The majority of programs reported a 5-year average of 20 to 29 
applicants (university: 25%, hospital: 28.6%). Cumulatively, 65% of 
university programs and 76.1% of hospital programs averaged at most 
39 applicants over the last 5 years.

In terms of graduation, 20% of university programs graduated 30 
or more students per year, while all hospital programs graduated fewer 
than 30 students per year.

Most university programs would be able to take more students either 
face-to-face or online. Most hospital programs are at capacity, and few 
would be able to take additional online students (TABLE 3).

Clinical Sites and Rotations
Of all hospital programs, 90.2% reported that they utilize 1–9 clinical 
training sites. University programs had a wider range of responses, with 

an equal 28% reporting 1–9 clinical sites, 10–19 sites, and 20–29 sites. 
Two university programs utilized 100 or more clinical sites. The number 
of clinical sites positively correlated with the number of graduates re-
ported by universities (FIGURE 1).

The combined length of time spent on all clinical rotations was quite 
variable, particularly among hospital programs. One-third of hospi-
tal program directors selected 40–49 weeks as the length of the clini-
cal rotation, but the length of clinical rotations varied between 10 and 
59 weeks. Clinical rotations associated with most university programs 
(56%) were 10–19 weeks in length, and students were typically on site 
for 30–49 hours each week (TABLE 4).

There were large differences in the laboratory disciplines available as 
clinical training sites. In general, university program directors responded 
that adequate numbers of clinical sites were available for chemistry, co-
agulation, hematology, immunology, phlebotomy, specimen processing, 
and urinalysis training. However, university program directors indicated 
the top 3 programs with difficulty obtaining clinical sites were microbiol-
ogy (55%), blood bank (35%), and molecular diagnostics (28%). Hospital 
program directors did not experience the same level of difficulty but indi-
cated the top 3 programs with difficulty obtaining clinical sites were mo-
lecular diagnostics (7.8%), blood bank (5.9%), and microbiology (3.9%).

The greatest barriers to obtaining adequate clinical sites identified 
by both university and hospital program directors were staffing, com-
petition with other programs, and time. Other common obstacles were 
geographic location, increase in workload, lack of physical space, budget, 
administrative support, and personal reasons. Additional challenges 
noted by university program directors included contracts, regulatory 
limitations, and the value of the program not being recognized.

Taking steps to overcome these barriers was common among uni-
versity programs and included sending students to multiple clinical 
sites (72%) and sharing clinical sites among multiple students (53%). 
Rescheduling clinical training, simulation labs, scheduling students dur-
ing evenings/weekends, splitting rotations among sites, and expanding 
clinical rotation sites to small facilities were other approaches employed 
by over 22% to as many as 37% of university programs. Some hospital 
programs also relied on these means, but no single tactic was used by 
more than 8% of programs.

Replacing the training experience in clinical laboratories with a lab-
oratory experience simulated in the university setting was reported by 
35% of university programs. Although more common for microbiology 
(20%) and blood bank (22%), simulation labs were incorporated for clin-
ical training in each of the other laboratory disciplines as well.

An additional approach to obtaining clinical sites for students has 
been to provide incentives to the training sites. Both university and hos-
pital programs encouraged participation through recognition awards/
certificates of appreciation, small gifts such as lunch or candy, providing 
for continuing education offerings, and faculty and staff appointments. 
Less than 5% of university programs provided any financial compensation, 

TABLE 1.  Minimum Educational Level of Requirements for Program Director and Faculty

 University (n = 60) Hospital (n = 51)

Program director Faculty Program director Faculty 

Associate degree 0.0% 0.0% 0.0% 9.8%

Bachelor’s degree 3.3% 23.3% 9.8% 90.2%

Master’s degree 83.3% 63.3% 90.2% 0.0%

Doctorate 13.3% 13.3% 0.0% 0.0%

TABLE 2.  Minimum GPA

 GPA University (n = 60) Hospital (n = 51) 

Minimum required overall 
GPA to be accepted into MLS 
program

   

 2.0–2.4 20.5% 5.9%

 2.5–2.9 66.7% 88.2%

 3.0–3.4 13.3% 5.9%

 3.5–4.0 0.0% 0.0%

Minimum required science 
GPA to be accepted into MLS 
program

   

 2.0–2.4 1.7% 3.9%

 2.5–2.9 11.7% 88.2%

 3.0–3.4 80.0% 7.8%

 3.5–4.0 6.7% 0.0%

Average GPA of students 
currently enrolled

   

 2.0–2.4 1.7% 0.0%

 2.5–2.9 11.7% 0.0%

 3.0–3.4 80.0% 83.3%

 3.5–4.0 6.7% 16.7%

TABLE 3.  Capacity to Add More Students (Face-to-Face and/
or Online)

 University (n = 60) Hospital (n = 51) 

Able to add more face-to-face students 50.0% 22.6%

Able to add more online students 24.3% 1.9%

Program is at full capacity 25.7% 75.5%
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and one-third of university programs indicated that no incentives were 
provided.

Students in Categorical Programs
There has been an increase in the percentage of university and hospi-
tal programs accepting categorical students between 2016 and 2020 
(TABLE 5). The most common categorical program is microbiology, 
followed by chemistry and hematology (TABLE 6).

Number of Program Faculty
The majority of university programs (70.0%) and hospital programs 
(72.6%) reported having 0–5 faculty members and have no open 
positions (TABLE 7). Only a minority of university and hospital 
programs have open faculty positions (TABLE 8). To fill open positions, 
university programs generally take a longer time than hospital programs 
(TABLE 9).

University program directors expressed more difficulty in recruiting 
faculty across specialty areas than did hospital program directors. 
The most common difficulties in recruiting faculty for university 
programs were educational requirements (61.7%), salary (45.0%), cer-
tification requirements (41.7%), geographic location (23.3%), and other 
considerations to include teaching load, research expectations, and un-
specified additional reasons. For hospital programs, the most common 
difficulties were salary (13.7%), educational requirements (9.8%), geo-
graphic location (5.9%), and other areas, such as teaching load and per-
sonal/family considerations (33.4%).

Discussion
The minimum educational requirement for university program directors 
is higher than hospital program directors. This is consistent with the 
findings of the 2016 survey. The number of university programs 

requiring a doctoral degree decreased from 19.7% in the 2016 survey 
(n = 76) to 13.3% in 2020. Possible reasons for the decrease include the 
significant administrative demands of the position, resulting in a change 
to a master’s degree and/or a nontenure track position or may be due to 
a lack of doctorally educated MLS candidates and difficulty recruiting 
those candidates into academia. Hospital program director data showed 
a slight decrease in the master’s degree as the minimum requirement, 
from 97% in 2016 to 90.2% in 2020. The National Accrediting Agency for 
Clinical Laboratory Sciences (NAACLS) requires that program directors 
have a master’s degree. However, some individuals may be hired provi-
sionally prior to obtaining the master’s, and thus, the minimum require-
ment for a master’s degree can be variable.3

The minimum educational level requirements for MLS program 
faculty are higher for university programs than for hospital programs, 
which is consistent with the 2016 findings. There was a slight decline in 
the minimum educational levels for hospital programs with an increase 
in the number of programs requiring a minimum of an associate degree, 
from 0% to 9.8% in 2020. One possible explanation is the retirement 
of faculty and difficulty recruiting MLS candidates. Conversely, there is 
a slight increase in the number of university programs requiring a doc-
toral degree from 5.3% in 2016 to 13.3% in 2020.

The number of online courses and programs offered by universities 
has substantially increased since 2016, from 20% to 41.7% of programs. 
Hospital online course offerings increased notably from 1 in 2016 to 
10 in 2020; however, hospital programs still lag behind university 
programs. Survey comments indicated COVID-19 had an impact on the 
increase of online programs. It will be interesting to track this over the 
next few years.

Most programs appear to enroll students with higher overall GPAs 
than are required, indicating applicants are well-qualified. This is partic-
ularly true for hospital programs, none of which reported average overall 
GPAs less than 3.0, compared to 13.4% of university programs.

Hospital programs are generally much smaller than university 
programs, however, relative to class size, hospital programs appear to 
have larger applicant pools. This may contribute to the higher overall 
GPAs for enrolled students in hospital programs.

The length of MLS programs was largely unchanged from 2016 to 
2020. Hospital programs are generally shorter than university programs, 
with a slight decrease from 100% of programs reporting 12 months or 
less in 2016 to 96.1% in 2020. University programs lasting 12 months or 
less increased from 28.4% in 2016 to 31.7% in 2020. This slight increase 
in shorter duration may reflect adjustments made due to COVID-19 and 
may or may not reflect an ongoing trend.

The data demonstrate that the number of clinical sites needed by 
university programs correlates to the number of graduates. Universities 
continue to be challenged to secure clinical rotation sites which is, 
thereby, a major factor limiting the number of graduates. As deter-
mined in the 2016 survey of MLS programs, sites for clinical rotations 
in microbiology, blood bank, and molecular diagnostics rotations con-
tinue to be in greatest demand. These results are consistent with a 
2015 Summary Report from the Minnesota Laboratory Professionals 
Workforce Summit, which detailed microbiology and blood bank as 
areas most limited in clinical capacity. This report also indicated that 
student enrollment had decreased, and graduation times delayed due to 
lack of capacity for clinical rotation sites.4 Interestingly, the number of 
respondents indicating inadequate numbers of clinical sites decreased 
by more than 10% for both blood bank and microbiology in comparison 

FIGURE 1. Correlation between number of graduates and 
number of clinical sites for university programs.
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TABLE 4.  Length of All Clinical Rotations

Combined length   
of all rotations (weeks) 

University   
(n = 59) 

Hospital (n = 51) 

1–9 5.1% 0

10–19 55.9% 17.6%

20–29 20.3% 13.7%

30–39 13.6% 15.7%

40–49 3.4% 33.3%

50–59 1.7% 19.6%
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to 2016. Whether this is due to greater innovation in ways to overcome 
the challenges in obtaining clinical sites or greater participation on the 
part of clinical laboratories is not clear. Limitations in the number of 
laboratories available as a result of consolidation of laboratory services 
is likely the root cause of discipline-specific clinical site shortages.5 This 
trend leads to greater competition between training programs for sites 

and fewer available hospital laboratories in some geographic locations. 
However, as in 2016, greater demands on time, staffing shortages, and 
an increased workload in hospitals were also identified as key factors 
impacting training of MLS students.

The length of time students spend in clinical rotations was highly 
variable for hospital programs, ranging from 10 to 59 weeks. This may 
reflect the diversity in hospital program structures. For some programs, 
students are in the clinical setting throughout the entire length of the 
program; and for others, didactic and clinical portions are separated. 
NAACLS does not specify program structure.3 For about 75% of univer-
sity programs, the clinical rotation lasts 10–29 weeks, reflecting a struc-
ture wherein students spend specific time at the university followed by 
rotations in hospitals or other clinical laboratory settings.

University programs generally have greater capacity for expansion 
than hospital programs, both face-to-face and online. Few hospital 
programs have the ability to take online students, probably reflecting a 
lack of infrastructure (online teaching platform), staff time, experience, 
skill in online teaching, and the ability to manage hands-on experience 
remotely.

More programs are accepting categorical students, perhaps reflect-
ing both staffing shortages and qualified postbaccalaureate applicants 
with non-MLS science degrees. The most notable changes in disciplines 
are the increase in chemistry and hematology categoricals at hospital 
programs, the decrease in blood bank categoricals, and the increase in 
molecular categoricals at university programs.

The size of programs by total number of faculty remained largely un-
changed between the 2016 and 2020 surveys. Also largely unchanged, is 
the number of open faculty positions in university programs. Hospital 
programs with open faculty positions decreased from 2016, from 24.1% 
to 19.6%. Consistent with the 2016 survey, university programs have 
slightly higher ongoing demand for faculty than hospital programs.

Similar to the 2016 findings, it takes university programs much 
longer than hospital programs to fill open faculty positions, with more 
than 60% of university programs taking 6 months or more while more 
than 70% of hospital programs report taking less than 6 months.

Hospital program directors indicated fewer reasons for difficulty 
in recruiting faculty, consistent with the shorter times to fill vacant 
positions in hospital programs as noted above. However, the most com-
mon reasons for difficulty in recruiting faculty included educational 

TABLE 6.  Disciplines in Which Categorical Students Are Accepted

 2016 2020

University (n = 75) Hospital (n = 62) University (n = 60) Hospital (n = 51) 

Microbiology 27.6 21.0 28.8 26.5

Chemistry 23.7 17.7 23.7 26.5

Blood Bank 23.7 16.0 16.9 17.6

Hematology 26.3 16.0 23.7 20.6

Molecular 2.6 8.1 6.8 8.8

TABLE 7.  Size of Programs by Faculty Number

University (n = 60) Hospital (n = 51)

Total no. of positions Percentage Total no. of positions Percentage 

0–5 70.0% 0 9.8

6–10 23.3% 1 27.5%

11–15 6.7% 2–3 35.3%

16–20 0.0% 4–6 13.7%

21+ 0.0% 7–9 5.9%

  10+ 7.8%

TABLE 8.  Program Faculty Member Open Positions

No. of open positions University (n = 60) Hospital (n = 51) 

0 73.3% 80.4%

1 18.3% 7.8%

2 6.7% 3.9%

3 0.0% 2.0%

4 1.7% 3.9%

5 0.0% 0.0%

6 0.0% 2.0%

TABLE 9.  Time to Fill Open Faculty Positions

No. of open positions University (n = 55) Hospital (n = 29) 

< 3 mo 7.3% 55.2%

>3 to <6 mo 25.5% 20.7%

>6 to <12 mo 36.4% 17.2%

>12 mo 30.9% 6.9%

TABLE 5.  Percent of Programs Accepting Categorical Students in Any Discipline, 2016 Survey vs 2020 Survey

 2016 2020

 University (n = 75) Hospital (n = 62) University (n = 60) Hospital (n = 51) 

Yes 29.0 27.4 59.6 45.9

No 70.0 72.6 40.4 54.1
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requirements, salary, and geographic location for both program types. 
The increased difficulty in recruiting university faculty in specific spe-
cialty areas may reflect the different expectations for university faculty 
compared to hospital faculty, as well as a lack of qualified candidates. 
These difficulties, as well as existing university structures, likely influ-
ence the greater use of adjunct faculty at university programs.
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The ASCP Board of Certification (BOC) Research and Development (R&D) 
Committee launched 2 surveys of Medical Laboratory Science (MLS) education 
programs. These questionnaires were in follow-up to a survey of MLS education 
programs that was conducted in 2016. Two publications in 2019 reported results 
of the 2016 study.1,2 The recent surveys were divided into 2 questionnaires. One 
survey was designed for participation by program directors of university/col-
lege and hospital MLS programs. (Note that for purposes of this paper, “uni-
versity/college” will be referred to as just “university.”) Another survey targeted 
faculty in MLS programs to include university and hospital. The purpose of the 
surveys was to gather information to support MLS program directors and fac-
ulty in educating students, especially to clarify current issues and reveal trends 
that may impact future program resources and the quality of MLS education. 
Specifically, the surveys were designed to provide data to support strategic plan-
ning, funding requests, evidence for grant applications, workforce issues, and 
policy assessment. Topics in the surveys included demographics, educational 
level and rank, certification patterns, experience, responsibilities, salaries, re-
tirement, and program-specific areas such as minimum grade point averages to 
be accepted, vacancies, capacity, and clinical sites.

Methods
The BOC staff and R&D Committee members drafted, reviewed, and edited 
the survey questions. The surveys were distributed as electronic invitations 
via Key Survey (an online survey tool) on May 14, 2020, and surveys were 

closed on August 14, 2020. A total of 60 directors from universities and 51 
from hospital programs responded. Responses were received from 84 uni-
versity faculty and 76 hospital faculty. In total, 37 states, 1 territory, and 
the District of Columbia were represented in the survey.

The education level, certification type and agency, clinical and teach-
ing experience, and teaching-related and other responsibilities were 
compared by university and hospital faculty and by university and hos-
pital program directors. This paper is the second of 2 papers reporting 
the results of the survey.

Results

Demographic Information
Of the university respondents, 75% identified as female and 25% 
identified as male. The ethnicity distributions for university programs 
were 81.1% White/Caucasian, 8.1% Asian, 5.4% Hispanic/Latino, 4.1% 
Black or African American, and 1.4% Mixed Race.

Of the hospital respondents, 83% identified as female and 17% 
identified as male. The ethnicity distributions for hospital programs 
were 8% White/Caucasian, 5.6% Asian, 4% Black or African American, 
43.% Hispanic/Latino, and 1.4% Mixed Race.

Education Level and Rank
Although all university faculty, regardless of gender, were more likely 
to have a doctoral degree than hospital faculty, male respondents were 
more likely to have postdoctorate experiences regardless of whether they 
were employed in a university or hospital program. When the doctor-
ate and postdoctorate categories are combined, the percentage of males 
with doctoral degrees outnumbered the percentage of females with doc-
toral degrees at university programs by 9.5% (FIGURE 1) and at hospi-
tal programs by 5.1% (FIGURE 2). When university program directors 
and faculty were asked to select their academic rank, the percentage of 
males at an advanced academic rank (ie, professor or associate profes-
sor) was higher than for females. The results should be interpreted with 
caution as the total sample for males (n = 57) is significantly smaller 
than for females (n = 210).

Certification
All program directors are required by the National Accrediting 
Agency  for  Clinical Laboratory Science (NAACLS)3 to have ASCP-BOC 
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generalist  certification or ASCPi-BOC certification as a Medical  Laboratory 
 Scientist/Medical Technologist. The majority of university and hospital 
program directors and faculty have only an MT/MLS  certification, and an-
other small fraction also hold a specialist certification (eg, SBB, SC, SH, 
SM, DLM, etc.). University personnel are more likely than their  hospital 
counterparts to hold an additional specialist certification (TABLE 1).

Education and Clinical Laboratory Experience
In general, program directors (PDs) have more teaching and clinical 
laboratory experience than faculty. Faculty in university and hospital 
programs showed similar years of teaching and clinical laboratory expe-
rience (TABLE 2). These data were similar to the 2016 data for program 
directors, but for university faculty, the years of clinical laboratory expe-
rience in 2020 was slightly less (17 in 2020 vs 23 in 2016).

Academic Year Schedule and Average Number of Credit 
Hours Taught Each Term
The academic year is the semester for 88% of the 84 respondents, 9.5% 
use the trimester, and 2.4% utilize the quarter in the university setting.

Of the 84 university faculty, 34.5% reported teaching 4–6 credit 
hours; 25% taught 10–12 hours; 19% taught 13 + hours; 14.3% taught 
7–9 hours; and 7.1% taught 1–3 hours.

Teaching Preparation Time
In the recent survey, 78.6% of the hospital faculty indicated they are 
allocated teaching preparation time. The majority of hospital faculty 
indicted they felt the time was adequate (72.0%). Up to 88.7% of hos-
pital program directors specified they were allocated time for teaching 
preparation.

In terms of teaching preparation time, it appears that program 
directors and faculty in hospital and university programs experienced 
a contrasting trend. Program directors reported an increase, while uni-
versity faculty spent less time preparing for teaching per week. Hospital 
program directors reported less time preparing for teaching per week 
over the past years, while hospital faculty spent more time preparing for 
teaching (TABLE 3).

Nonteaching Responsibilities
Of the university program directors, 46.6% spent more than half of their 
time on job responsibilities other than teaching in 2016. The percentage 

FIGURE 1. Comparison of university educational levels by 
gender.

FIGURE 2. Comparison of hospital educational levels by 
gender.

TABLE 1.  Certifications of program directors and faculty.

 
University Hospital

Program director (n = 60) Faculty (n = 84) Program director (n = 51) Faculty (n = 76) 

MT/MLS only 56.7% 58.3% 80.4% 71.1%

MT/MLS + Specialist (eg, SC, DLM, etc.) 28.3% 22.6% 13.7% 13.2%

MT/MLS + Technologist (eg, BB, C, H, etc.) 3.3% 8.3% 5.9% 0.0%

MT/MLS + Technician (eg, MLT, HT, etc.) 5.0% 2.4% 0.0% 2.6%

Specialist and/or categorical 5.0% 2.4% 0.0% 3.9%

other (ie, non-ASCP certifications) 0.0% 0.0% 0.0% 1.3%

None 1.7% 6.0% 0.0% 7.9%

MT/MLS, medical technologist/medical laboratory scientist; SC, Specialist in Chemistry; DLM, Diplomate in Laboratory Management; BB, Technologist in 
Blood Banking; C, Technologist in Chemistry; H, Histotechnician; MLT, Medical Laboratory Technician; and HT, Histotechnologist

TABLE 2.  Years of Experience

Institution  Teaching Clinical laboratory

University N Mean (SD) Range Mean (SD) Range 

Program director 60 19 (10) 4–10 22 (14) 3–50

Faculty 84 13 (10) 1–40 17 (13) 1–40

Hospital      

Program director 51 20 (11) 1–40 28 (10) 4–40

Faculty 76 11 (10 1–40 20 (12) 2–40

SD, standard deviation.
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rose to 71.7% in 2020. Additional duties for program directors included 
primarily program administration.

Of hospital program directors, 66.1% utilized more than half of 
their time on job responsibilities other than teaching. The percentage 
increased to 80.4% in 2020. The majority of hospital faculty indicated 
up to 39% of their job responsibilities are related to teaching. In addition 
to teaching, the remaining job responsibilities include primarily clinical 
bench work but also laboratory administration, continuing education, 
quality assurance, and safety.

Retirement Plans
Information on retirement/career changes was compared to the 2016 
data. In 2020, 35% of university program directors indicated they plan 
to retire or change careers within the next 5 years compared to 32.9% 
in 2016. Of those who plan to retire, 57.1% currently have a plan for 
their replacement. For hospital program directors in 2020, 31.4% indi-
cated that they plan to retire or change careers within the next 5 years, 
as compared to 30.6% in 2016, and 50% indicated they currently have a 
plan for their replacement.

Salaries
TABLES 3–9 show salary data for 2020, which are compared to 2016 
data in the text.

Based on the data collected, salaries for both program directors and 
faculty increased in the 4 years between surveys with a greater increase 

in the program directors’ salaries. University program director salaries 
increased by 17.3% compared to hospital program directors, which 
increased 14.7%. University faculty salaries increased by 11% compared 
to the hospital faculty salary increase of 8.3% (TABLE 4).

As reported in 2016, individuals, in general, who had advanced 
degrees reported higher salaries in 2020. For university program 
directors and faculty, those who have a master’s or doctoral degree re-
ported a higher median salary. There was no substantial difference in 
median salary for hospital program directors based on level of educa-
tion, but the median salary difference for hospital faculty mirrored the 
university faculty salary increases (TABLE 5). With only 1 PhD hospital 
program director salary reported, there is not enough data to provide 
meaningful information.

Salaries of program directors and faculty at both university and hos-
pital programs from 2016 to 2020 were compared based on certification 
status. Both university program directors and faculty who hold an addi-
tional specialist certification have a higher median salary. Although this 
same trend was not seen with hospital program directors, hospital fac-
ulty who hold a specialist certification had a higher median salary than 
those without the certification. (TABLE 6)

Both university program director and faculty salaries based on ten-
ure and academic rank have risen 15% over the last 4 years. As reported 
in 2016, individuals with tenure or who are on a tenure track have higher 
median salaries than those who are not tenured or are not on a tenure 
track (TABLE 7).

TABLE 3.  Hours Spent on Teaching Preparation Per Week

 University Hospital

 Program director (n = 60) Faculty (n = 84) Program director (n = 51) Faculty (n = 76)  

2020 12.62 7.98 8.60 13.51

2016 10.25 13.75 21.8 8.80

TABLE 4.  Base Salary in Dollars ($) of University vs Hospital Program Directors and Faculty

Institution 
Program directors Faculty members

N Median Mean (SD) Range N Median Mean (SD) Range 

University 56 87,500 91,741 (39815) 48,000–295,000 71 78,000 79,000 (16926) 51,000–150,000

Hospital 51 86,860 87,629 (15218) 63,500–135,000 43 68,000 69,943 (15862) 48,000–130,000

TABLE 5.  Salary in Dollars ($) of University vs Hospital Program Directors and Faculty by Education

Institution 
Program directors Faculty members

N Median Mean (SD) Range N Median Mean (SD) Range 

University         

Bachelor’s 2 76,500 76,500 (4950) 73,000–80,000 5 65,000 62,343 (10557) 51,000–72,259

Master’s 32 85,000 83,641 (16923) 48,000–115,000 37 75,000 76,609 (15521) 55,000–120,000

Doctorate/postdoc 25 95,000 105,790 (46251) 58,000–295,000 26 84,500 87,034 (17343) 64,000–150,000

Hospital

High School or GED NA NA NA NA 1 84,000 84,000 (0) 84,000

Bachelor’s 4 85,000 85,000 (5773) 80,000–90,000 45 68,000 69,167 (16349) 35,000–130,000

Master’s 46 86,930 87,980 (15926) 63,500–135,000 22 75,500 77000 (11710) 48,000–94,000

Doctorate/postdoc 1 82,000 82,000 (0) 82,000 3 180,000 218,000 (71077) 174,000–300,000

SD, standard deviation; GED, general equivalency diploma; NA, not applicable
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As shown in FIGURE 3, an individual’s salary increases as they 
progress in rank. However, the greatest variability in salary for both 
program directors and faculty was at the professor rank, where 
salaries ranged from $82,000 to $295,000 and $72,000 to $150,000, 
respectively (TABLE 8). These data should be viewed with caution, as 
the numbers reported in this category are small.

Gender
Gender comparisons of salary information for program directors and 
faculty were performed (TABLE 9). Male program directors had ap-
proximately $5,000 higher salaries than female program directors. 
The data showed small differences in the salaries based on faculty 
genders.

TABLE 7.  Salary in Dollars ($) of University Program Directors and Faculty by Tenure Track

Institution 
University program directors University faculty

N Median Mean (SD) Range N Median Mean (SD) Range 

Tenured or tenure track 29 94,000 103,647 (42909) 69,000–295,000 30 85,000 82786 (19747) 56,000–150,000

Clinical track/nontenure/other 30 82,000 82,284 (18000) 48,000–119,000 41 75,000 75,806 (13555) 51,000–120,000

FIGURE 3. Comparison of 2016 to 2020 university salaries in dollars ($) by rank.

TABLE 8.  Salary in Dollars ($) of University Program Directors and Faculty by Academic Rank

Institution 
University program directors University faculty

N Median Mean (SD) Range N Median Mean (SD) Range 

Other (adjunct, lecturer, etc.) 14 80,000 80,237 (17736) 48,000–110,000 13 70,000 67,808 (9314) 51,000–80,000

Assistant professor 13 79,206 79,784 (15790) 49,500–101,000 34 78,000 76,342 (12211) 55,000–109,887

Associate professor 25 92,000 93,560 (18633) 58,000–135,000 18 94,500 90,000 (16620) 55,000–120,000

Professor 7 106,000 139,250 (73863) 82,000–295,000 3 90,000 104,000 (40841) 72,000–150,000

SD, standard deviation.

TABLE 6.  Salary in Dollars ($) of University vs Hospital Program Directors and Faculty by Certification

Institution 
Program directors Faculty members

N Median Mean (SD) Range N Median Mean (SD) Range 

University         

MT/MLS 33 85,000 86,233 (17479) 48,000–130,000 42 78,000 77,999 (14,822) 51,000–110,000

MT/MLS + Specialist 17 92,000 96,151 (24045) 70,000–92,000 15 85,000 84,250 (15354) 62,000–120,000

Hospital         

MT/MLS 41 86,200 87,591 (16561) 63,500–135,000 53 68,000 69,456 (15640) 35,000–130,000

MT/MLS + Specialist 7 82,000 87,286 (9962) 79,000–105,000 10 80,000 79,035 (13120) 48,000–94,000

SD, standard deviation; MT/MLS, medical technologist/medical laboratory scientist.
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TABLE 9.  Comparison of Salary in Dollars ($) by Gender

Institution 
Program Directors Faculty Members

N Median Mean (SD) Range N Median Mean (SD) Range 

University

Female 44 86,500 88,760 (21838) 48,000–156,751 48 78,000 79,839 (17208) 51,458–150,000

Male 14 91,000 105,987 (58150) 65,000–295,000 18 81,500 80,133 (18165) 51,000–109,887

Hospital

Female 45 86,860 87,524 (14817) 63,711–135,000 51 73,000 78,671 (37541) 50,000–300,000

Male 6 91,000 88,417 (19566) 63,500–110,000 14 74,000 81236 (31968) 48,000–180,000

SD, standard deviation.

Discussion
The respondents of the survey matched the demographics of the lab-
oratory workforce with 75% being female and 80% White/Caucasian. 
Responses from the 2020 survey were compared to the 2016 survey 
data. Both PDs and faculty at universities and hospitals have similar 
years of teaching experience. As in 2016, hospital PDs and faculty tend to 
have more experience in the clinical laboratory than university PDs and 
faculty. The salaries for both university and hospital program directors 
and faculty have increased at a greater rate than inflation over the last 
4 years (cumulative inflation rate from 2016 to 2020 was 7.84%4). In 
general, individuals who have an advanced degree, are at a higher aca-
demic rank, tenured or on the tenure track, or hold a specialist certifica-
tion in addition to MT/MLS certification, receive a higher salary.

Survey data showed that male faculty were more likely to have completed a 
postdoctorate degree and outnumbered the number of females at the doctor-
ate level (when combined with the postdoctorate) and held a higher academic 
rank than female faculty. In both university and hospital programs, male pro-
gram directors had a slightly higher median salary than females, but this may 
be skewed because of the small number of males who responded to the survey 
and the large range reported in university salaries. When comparing faculty 
salaries, males and female salaries were similar.

Interesting to note, when compared to 2016 data, there is a decrease 
in the percentage of faculty, for both genders, at the higher academic 

ranks. This may indicate more junior faculty have joined the faculty 
ranks. With approximately one-third of university and hospital program 
directors indicating that they plan to retire in the next 5 years, and with 
only around 50% having replacement plans, there is a need to grow fac-
ulty members to take on the program director role. With younger, less 
experienced faculty members, this may present a challenge to programs 
in the next few years.

In the conclusion, the ASCP Research and Development Committee 
plans to continue this survey on a regular basis and to expand it to other 
programs.
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The UN General Assembly in September 2021 will bring countries to-
gether at a critical time for marshalling collective action to tackle the 
global environmental crisis. They will meet again at the biodiversity sum-
mit in Kunming, China, and the climate conference (COP26) in Glasgow, 
UK. Ahead of these pivotal meetings, we—the editors of health journals 
worldwide—call for urgent action to keep average global temperature 
increases below 1.5°C, halt the destruction of nature, and protect health.

Health is already being harmed by global temperature increases 
and the destruction of the natural world, a state of affairs health 
professionals have been bringing attention to for decades.1 The science 
is unequivocal; a global increase of 1.5°C above the pre-industrial av-
erage and the continued loss of biodiversity risk catastrophic harm to 
health that will be impossible to reverse.2,3 Despite the world’s necessary 
preoccupation with COVID-19, we cannot wait for the pandemic to pass 
to rapidly reduce emissions.

Reflecting the severity of the moment, this editorial appears in 
health journals across the world. We are united in recognizing that only 
fundamental and equitable changes to societies will reverse our current 
trajectory.

The risks to health of increases above 1.5°C are now well established.2 
Indeed, no temperature rise is “safe.” In the past 20 years, heat-related 
mortality among people aged over 65 has increased by more than 50%.4 
Higher temperatures have brought increased dehydration and renal 
function loss, dermatological malignancies, tropical infections, adverse 
mental health outcomes, pregnancy complications, allergies, and cardi-
ovascular and pulmonary morbidity and mortality.5,6 Harms dispropor-
tionately affect the most vulnerable, including among children, older 
populations, ethnic minorities, poorer communities, and those with un-
derlying health problems.2,4

Global heating is also contributing to the decline in global yield po-
tential for major crops, falling by 1.8–5.6% since 1981; this, together 
with the effects of extreme weather and soil depletion, is hampering 
efforts to reduce undernutrition.4 Thriving ecosystems are essential 
to human health, and the widespread destruction of nature, including 
habitats and species, is eroding water and food security and increasing 
the chance of pandemics.3,7,8

The consequences of the environmental crisis fall disproportion-
ately on those countries and communities that have contributed least 
to the problem and are least able to mitigate the harms. Yet no country, 
no matter how wealthy, can shield itself from these impacts. Allowing 
the consequences to fall disproportionately on the most vulnerable will 
breed more conflict, food insecurity, forced displacement, and zoonotic 
disease—with severe implications for all countries and communities. 
As with the COVID-19 pandemic, we are globally as strong as our 
weakest member.

Rises above 1.5°C increase the chance of reaching tipping points in 
natural systems that could lock the world into an acutely unstable state. 
This would critically impair our ability to mitigate harms and to prevent 
catastrophic, runaway environmental change.9,10

Global Targets Are Not Enough
Encouragingly, many governments, financial institutions, and 
businesses are setting targets to reach net-zero emissions, including 
targets for 2030. The cost of renewable energy is dropping rapidly. Many 
countries are aiming to protect at least 30% of the world’s land and 
oceans by 2030.11
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These promises are not enough. Targets are easy to set and hard 
to achieve. They are yet to be matched with credible short and longer 
term plans to accelerate cleaner technologies and transform societies. 
Emissions reduction plans do not adequately incorporate health 
considerations.12 Concern is growing that temperature rises above 1.5°C 
are beginning to be seen as inevitable, or even acceptable, to powerful 
members of the global community.13 Relatedly, current strategies for re-
ducing emissions to net zero by the middle of the century implausibly 
assume that the world will acquire great capabilities to remove green-
house gases from the atmosphere.14,15

This insufficient action means that temperature increases are likely 
to be well in excess of 2°C,16 a catastrophic outcome for health and en-
vironmental stability. Critically, the destruction of nature does not have 
parity of esteem with the climate element of the crisis, and every single 
global target to restore biodiversity loss by 2020 was missed.17 This is an 
overall environmental crisis.18

Health professionals are united with environmental scientists, 
businesses, and many others in rejecting that this outcome is inevitable. 
More can and must be done now—in Glasgow and Kunming—and in 
the immediate years that follow. We join health professionals worldwide 
who have already supported calls for rapid action.1,19

Equity must be at the centre of the global response. Contributing a fair 
share to the global effort means that reduction commitments must ac-
count for the cumulative, historical contribution each country has made to 
emissions, as well as its current emissions and capacity to respond. Wealth-
ier countries will have to cut emissions more quickly, making reductions 
by 2030 beyond those currently proposed20,21 and reaching net-zero emis-
sions before 2050. Similar targets and emergency action are needed for bi-
odiversity loss and the wider destruction of the natural world.

To achieve these targets, governments must make fundamental 
changes to how our societies and economies are organized and how 
we live. The current strategy of encouraging markets to swap dirty for 
cleaner technologies is not enough. Governments must intervene to 
support the redesign of transport systems, cities, production and distri-
bution of food, markets for financial investments, health systems, and 
much more. Global coordination is needed to ensure that the rush for 
cleaner technologies does not come at the cost of more environmental 
destruction and human exploitation.

Many governments met the threat of the COVID-19 pandemic with 
unprecedented funding. The environmental crisis demands a similar 
emergency response. Huge investment will be needed, beyond what is be-
ing considered or delivered anywhere in the world. But, such investments 
will produce huge positive health and economic outcomes. These include 
high-quality jobs, reduced air pollution, increased physical activity, and 
improved housing and diet. Better air quality alone would realize health 
benefits that easily offset the global costs of emissions reductions.22

These measures will also improve the social and economic 
determinants of health, the poor state of which may have made 
populations more vulnerable to the COVID-19 pandemic.23 But, the 
changes cannot be achieved through a return to damaging austerity 
policies or the continuation of the large inequalities of wealth and power 
within and between countries.

Cooperation Hinges on Wealthy Nations Doing More
In particular, countries that have disproportionately created the en-
vironmental crisis must do more to support low- and middle-income 

countries to build cleaner, healthier, and more resilient societies. High-
income countries must meet and go beyond their outstanding commit-
ment to provide $100bn a year, making up for any shortfall in 2020 and 
increasing contributions to and beyond 2025. Funding must be equally 
split between mitigation and adaptation, including improving the resil-
ience of health systems.

Financing should be through grants rather than loans, building lo-
cal capabilities and truly empowering communities, and should come 
alongside forgiving large debts, which constrain the agency of so many 
low-income countries. Additional funding must be marshalled to com-
pensate for inevitable loss and damage caused by the consequences of 
the environmental crisis.

As health professionals, we must do all we can to aid the transition 
to a sustainable, fairer, resilient, and healthier world. Alongside acting 
to reduce the harm from the environmental crisis, we should proactively 
contribute to global prevention of further damage and action on the 
root causes of the crisis. We must hold global leaders to account and 
continue to educate others about the health risks of the crisis. We must 
join in the work to achieve environmentally sustainable health systems 
before 2040, recognizing that this will mean changing clinical practice. 
Health institutions have already divested more than $42bn of assets 
from fossil fuels; others should join them.4

The greatest threat to global public health is the continued failure 
of world leaders to keep the global temperature rise below 1.5°C and to 
restore nature. Urgent, society-wide changes must be made and will lead 
to a fairer and healthier world. We, as editors of health journals, call for 
governments and other leaders to act, marking 2021 as the year that the 
world finally changes course.
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On labmedicine.com

Several articles featuring practical information are now available 

on labmedicine.com.

This month, the website features a paper by Ye et al regarding the 

CRP-to-lymphocyte ratio in patients with cirrhosis. In “Acquired 

Thrombotic Thrombocytopenic Purpura After BNT162b2 COVID-

19 Vaccine: Case Report and Literature Review,” Hammami et 

al present a case study of a patient with TTP occurring after 

a second dose of the BNT162b2 (Pfizer-BioNTech) COVID-19 

vaccine. And finally, two surveys of MLS programs and faculty 

performed by ASCP give readers a picture of today’s educational 

landscape. 

Check out these articles and more on labmedicine.com.

Lablogatory

Recent contributions to the blog for medical laboratory 

professionals includes information on monkeypox, tick 

identification, and laboratory safety. To see why over half a 

million readers visited Lablogatory in 2021, visit  

labmedicineblog.com. D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/53/6/543/6794839 by guest on 28 February 2025


