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ON THE COVER: One of the many consequences of the COVID-19 pandemic was the laboratory diagnostics industry refocusing its efforts on 
manufacturing point-of-care devices to test for the SARS-CoV-2 virus, and these devices are now ubiquitous. Although most rapid tests for 
the virus were granted waived status by the FDA, and therefore could be used at home, many testing sites were created in cities and commu-
nities to offer COVID-19 screening. In addition, many physician offices, assisted living facilities, pharmacies, and schools offered the service. 
Under CLIA, each of these sites was required to have a Certificate of Waiver (CoW) to perform the test. In this issue of Laboratory Medicine, 
Xia and Anderson, of the Centers for Disease Control and Prevention, report that first-time CoW applications more than doubled in 2020-2021 
compared to 2018-2019 and suggest strategies for clinical testing in future public health emergencies.
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OVERVIEW

Urinary Exosomes: A Promising Biomarker for Disease 
Diagnosis
Yizhao Wang, MD,1 and Man Zhang, MD1,2,3,*   

 
1Clinical Laboratory Medicine, Beijing Shijitan Hospital, Capital Medical Univer-
sity, Beijing Key Laboratory of Urinary Cellular Molecular Diagnostics, Beijing, 
China, 2Clinical Laboratory Medicine, Peking University Ninth School of Clinical 
Medicine, Beijing, China, 3Beijing Key Laboratory of Urinary Cellular Molecular 
Diagnostics, Beijing, China. *To whom correspondence should be addressed: 
zhangman@bjsjth.cn.

Keywords: biomarker, exosome, urinary proteomics, extracellular vesicle, 
multivesicular body, intraluminal vesicles

Abbreviations: ESCRT, endosomal sorting complex required for 
transport; TSG, tumor susceptibility gene; AQP, aquaporin; MMP-1, matrix 
metallopeptidase 1.

Laboratory Medicine 2023;54:115–125; https://doi.org/10.1093/labmed/lmac087

ABSTRACT

Exosomes are nanoscale vesicles derived from endocytosis, formed by 

fusion of multivesicular bodies with membranes and secreted into the ex-

tracellular matrix or body fluids. Many studies have shown that exosomes 

can be present in a variety of biological fluids, such as plasma, urine, 

saliva, amniotic fluid, ascites, and sweat, and most types of cells can 

secrete exosomes. Exosomes play an important role in many aspects 

of human development, including immunity, cardiovascular diseases, 

neurodegenerative diseases, and neoplasia. Urine can be an alternative 

to blood or tissue samples as a potential source of disease biomarkers 

because of its simple, noninvasive, sufficient, and stable characteristics. 

Therefore, urinary exosomes have valuable potential for early screening, 

monitoring disease progression, prognosis, and treatment. The method 

for isolating urinary exosomes has been perfected, and exosome prote-

omics is widely used. Therefore, we review the potential use of urinary 

exosomes for disease diagnosis and summarize the related literature.

Exosomes are nanosized vesicles released after the fusion of multivesicular 
bodies with the cell membrane. The first biochemist to describe exosomes 
was Rose Johnstone in the 1980s. Johnstone reported a lipid-encapsulated 
particle with a diameter of 30 to 100  nm, which was produced due to 
downregulation of a specific membrane receptor during reticulocyte mat-
uration.1 Since then, many exosome studies have been performed on  

bodily fluids, including blood, cerebrospinal fluid, urine, sweat, milk, syn-
ovial fluid, and pleural effusion.2–6 The role of exosomes in cell-to-cell 
communication, immune regulation, and paracrine processes and the sim-
ilarity of their contents to the cells of origin have aroused interest as po-
tential sources of biomarkers.7 Urinary exosomes combine the advantages 
of exosomes and urine to provide a new noninvasive method to obtain 
information about the physiological or pathophysiological state of cells. 
Thus, urinary exosomes have attracted increasing attention in recent years.

Urine is an ideal source of protein markers for the detection of uri-
nary tract–related diseases. It contains proteins secreted from the pros-
tate, bladder, and kidneys and is produced by the lysis of exfoliated cells.8 
Compared to blood, cerebrospinal fluid, ascites, pathological slices, and 
other samples, urine has unique advantages. Acquiring urine does not 
require the invasiveness of other liquid samples, avoids the infection 
risk of tissue biopsies, and allows continuous monitoring of the state 
of the body.9 In addition, the separation of exosomes can be a good way 
to note the enrichment of low-abundance proteins in urine, which has 
pathophysiological significance, and may become a biomarker with high 
sensitivity and specificity. The study of urinary exosomal proteins can 
provide clinicians with a simple, safe, and accurate method for detecting 
disease progression and monitoring treatment.

This review will briefly describe the origin and discovery of exosomes, 
summarize and analyze the isolation methods and potential applications 
of urinary exosomes, comprehensively introduce the latest research on 
urinary exosomes, and, finally, provide ideas and insights for further re-
search on urinary exosomes.

Formation and Characteristics of Urinary Exosomes

Formation of Urinary Exosomes
Exosomes are a special type of cell-derived vesicle that originate from 
endocytosis. Studies have shown that, besides exocytosis, endocytosis 
also plays a role in their secretion. A  key part of multivesicular body 
formation is the endosome.10 The endosomal membrane invades the 
organelle cavity to form intraluminal vesicles.11 Late endosomes, also 
called multivesicular bodies, contain multiple intraluminal vesicles. In 
the classical endosomal pathway, late endosomes fuse with lysosomes, 
resulting in the degradation of their vesicle structures and proteins. 
Late endosomes can also fuse with the plasma membrane to release the 
contents of intraluminal vesicles into the extracellular space.1 These 
released vesicles are called exosomes (FIGURE 1). Therefore, exosomes 
can be defined as intraluminal vesicles secreted by multivesicular  

01_LABMED_lmac087.indd   11501_LABMED_lmac087.indd   115 23-Feb-23   18:06:1623-Feb-23   18:06:16

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/115/6692480 by guest on 23 February 2025



2023;54;115–125  |  https://doi.org/10.1093/labmed/lmac087116

bodies. Two consecutive membrane invaginations lead to the outward 
orientation of the exosome lipid membrane, which is an important 
reason exosomes retain their original cellular characteristics.1 Various 
types of cells can secrete exosomes into the interstitial space through 
endocytosis. Blood is filtered through the glomerulus to form urine, and 
urinary exosomes are vesicles that can pass through the glomerular fil-
tration barrier.12

Intraluminal vesicle formation occurs through the endosomal 
sorting complex required for transport (ESCRT) and/or non-ESCRT-
related mechanisms, such as the four-molecular cross-linked body family 
and membrane lipids.13 The ESCRT system includes ESCRT-0, ESCRT-I, 
ESCRT-II, ESCRT-III, and VPS4-Vtal. Its main role is to promote the deg-
radation of ubiquitinated membrane proteins.14 The monoubiquitinated 
protein binds to the ESCRT-0 complex on the cytoplasmic surface of the 
endosomal membrane and recruits tumor susceptibility gene 101 (TSG-
101) during assembly of the ESCRT-I complex, resulting in the recruit-
ment of the endosomal membrane to deform and form an initial bud.15 
With the recruitment of ESCRT-III, the neck of the formed vesicle is re-
stricted, forming a ring structure and shrinking, causing the initial bud 
to be sheared, releasing intraluminal vesicles. VPS4-Vtal participates in 
the formation of intraluminal vesicles by hydrolyzing adenosine triphos-
phate to provide energy for ESCRT-III depolymerization and the estab-
lishment of its cyclic form.15

Characteristics of Urinary Exosomes
Extracellular vesicles are a group of heterogeneous membrane vesicles. 
According to their biological origin, morphology, and physical and 
chemical characteristics, they can be divided into apoptotic bodies, 
microvesicles, and exosomes.16 Apoptotic bodies are produced in the late 
stage of cell death and contain nuclear content, organelles, and cytoplasm. 

Their diameter varies from 800 to 5000 nm and their density overlaps 
with exosomes (1.16–1.28 g/mL).17,18 Microvesicles originate from the 
plasma membrane, bud directly outward on the plasma membrane, 
and detach from the cell to form microvesicles, with diameters ranging 
from 50 to 1000 nm and densities ranging from 1.16 to 1.19 g/mL.19  
Exosomes are vesicles with a diameter of approximately 30 to 150 nm 
with a lipid bilayer membrane structure. They are cup-shaped, deter-
mined via transmission electron microscopy, and have a sedimentation 
coefficient of 1.10 to 1.21 g/mL in a sucrose gradient.20,21 They also con-
tain characteristic proteins, such as CD9 and CD63, which are essential 
for their secretion.22 Exosomes are rich in cholesterol and sphingolipids, 
intracellular nucleic acid components, and contain complete membrane 
proteins, especially glycoproteins, peripheral membrane proteins, cyto-
plasmic proteins, and nuclear proteins.23–25 The new generation of mass 
spectrometry has identified around 3000 urinary exosomal proteins, 
including membrane transport components, membrane transport, and 
cytoskeleton proteins.26 These proteins originate from different parts of 
the genitourinary system, including glomeruli, renal tubules, prostate 
gland, and bladder.27

History and Discovery of Urinary Exosomes

History of Urinary Exosomes
In 1983, Pan and Johnstone28 published a paper stating that they had 
discovered a vesicle with a diameter of approximately 30 to 150 nm in 
the supernatant of cultured sheep red blood cells, which they believed 
was a nonfunctional cellular component. However, follow-up studies in-
dicated the vesicle body could participate in physiological processes by 
carrying biological substances, such as genes and proteins, between cells 
for “information transmission.” 1,29–31 Researchers then suggested that 
exosomes may be used for cell communication.23,32 In 1987, Johnstone 
et al1 named this vesicle body “exosome.” Valadi et al23 and Lotvall et al33 
showed that exosomes contain messenger RNAs and microRNAs that 
can be captured by other cells. Today, there is a better understanding of 
the composition and function of exosomes. Exosomes have successfully 
attracted the interest of scientific researchers as potential biomarkers 
because they are considered nonfunctional waste disposal bags that play 
a vital role in cell-to-cell communication.

In 2004, Pisitkun et al34 discovered human urinary exosomes for the 
first time and demonstrated the potential to use urinary exosomes as 
biomarkers. The membrane protein aquaporin 2 (AQP2) and other apical 
plasma membrane proteins of the renal tubular segment can be detected 
in urine. It is speculated these apical plasma membrane proteins are 
secreted into urine during exosome formation. The proteomic results 
show that the sorting complexes ESCRT-I, ESCRT-II, ESCRT-III, VPS4-
Vtal, and Alix are necessary for the formation of multivesicular bodies.34 
This evidence suggests that intraluminal vesicles (exosomes) are formed 
by the fusion of multivesicular bodies with the plasma membrane and 
are released into urine.

Discovery of Urinary Exosomes
Existing Research on Urinary Exosomes
Although the specific mechanism of the action of urinary exosomes in 
the body needs to be further explored, they undoubtedly play an im-
portant role in a variety of physiological and pathological processes, 
with unique exocrine advantages. Current research shows that urinary 

FIGURE 1. Exosome formation. Late endosomes derived 
from endosomal membrane invaginations, also known as 
multivesicular bodies (MVBs), contain multiple intraluminal 
vesicles (ILVs). MVBs that fuse with lysosomes undergo 
degradation of their vesicle structures and proteins. MVBs 
that fuse with the plasma membrane release their ILV 
contents into the extracellular space, and these released 
vesicles are called exosomes. ESCRT, endosomal sorting 
complex required for transport.

Lysosome

Early
endosome

Exosomes

MVB

ESCRT ILVs

exosomes are related to immune responses,13,35 viral pathogenicity,36 
pregnancy,37 cardiovascular disease,38 central nervous system–related 
diseases,39 and cancer.40 Some exosome-derived proteins or nucleic acid 
molecules exhibit the potential for candidate biomarkers (TABLE 1). 
Cancer formation is affected by many factors, including genetic, physi-
cal, chemical, and biotic factors.41–43 Urinary exosomes play a key role in 
tumor development, growth, apoptosis, immune response, and chemo-
therapy resistance.44 Cancer cells usually produce more exosomes than 
normal cells, and exosomes extracted from cancer cells have a powerful 
ability to alter local and distant microenvironments. Exosomes can reg-
ulate intercellular communication between tumor cells and the normal 
stroma, tumor-associated fibroblasts, and local immune cells in the tu-
mor microenvironment.

Studies have shown that primary ovarian tumors release exosomes 
outside the cell to prepare a distant tumor microenvironment to accel-
erate metastasis and invasion.45 Research on the relationship between 
urinary exosomes and the pathological state of diseases involves var-
ious contents of urinary exosomes. MicroRNA profiles in the urine of 
patients with urothelial bladder carcinoma have been analyzed and 
identified. Urinary exosomes were first extracted by ultracentrifugation 
and 7 microRNAs (miR-200c, miR-93, miR-940, miRlet7b, miR-191, 
miR-21, and miR-15a) were significantly elevated in the urine of patients 
with bladder cancer, and their expression levels were correlated with 
the developmental stage of the disease.46 Chu et  al47 investigated the 
potential of sex steroid hormones in urinary exosomes as biomarkers 
for predicting prostate cancer. They found 7 sex steroid hormones that 
could distinguish not only those with prostate cancer from healthy 
controls but also those with mild and severe prostate cancer. Renal fi-
brosis is the final stage of most chronic kidney diseases and results in 
a progressive and irreversible decline in kidney function. Lupus nephri-
tis has always been 1 of the main causes of death in patients with sys-
temic lupus erythematosus, and for lupus nephritis, early detection of 
fibrosis is important.48 Urinary exosomal miRNAs analysis can serve as 
a potential multimarker phenotypic tool to identify early fibrosis. The 
researchers found that miR-21, miR-150, and miR-29 were differentially 
expressed in urinary exosomes from patients with lupus nephritis and 
correlated with chronic scores on renal biopsies. High-grade fibrosis is 
characterized by marked upregulation and downregulation of miR-21, 
miR-150, and miR-29c. Also, the miR-29c/miR-150/miR-21 combina-
tion panel can predict end-stage renal disease progression.49 Moreover, 
diabetic nephropathy is the most common cause of end-stage renal dis-
ease, and the current marker albumin has many shortcomings, including 
slow response, unpredictable prognosis, and limited sensitivity. There-
fore, some studies have explored new markers of diabetic nephropathy 
and found that urinary exosomal regucalcin can be used for the early 
diagnosis and progress monitoring of diabetic nephropathy.50

Clinical Application
Urinary Exosomes and Diagnostic Biomarkers.—Urinary exosomes 
contain a variety of proteins, nucleic acids, and lipids, which exist in 
many or even in all body fluids. In addition, urinary exosomes can be 
used for disease diagnosis. Many studies have shown that the molecular 
components of urinary exosomes, especially proteins and microRNAs, 
have great potential as new biomarkers for clinical diagnosis.51,52 For 
example, the highly enriched tetraspanins in exosomes are a family 
of scaffold membrane proteins, and the exosomal marker CD9 is a 
member of this protein family. Previous studies have indicated that CD9 
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exosomes are related to immune responses,13,35 viral pathogenicity,36 
pregnancy,37 cardiovascular disease,38 central nervous system–related 
diseases,39 and cancer.40 Some exosome-derived proteins or nucleic acid 
molecules exhibit the potential for candidate biomarkers (TABLE 1). 
Cancer formation is affected by many factors, including genetic, physi-
cal, chemical, and biotic factors.41–43 Urinary exosomes play a key role in 
tumor development, growth, apoptosis, immune response, and chemo-
therapy resistance.44 Cancer cells usually produce more exosomes than 
normal cells, and exosomes extracted from cancer cells have a powerful 
ability to alter local and distant microenvironments. Exosomes can reg-
ulate intercellular communication between tumor cells and the normal 
stroma, tumor-associated fibroblasts, and local immune cells in the tu-
mor microenvironment.

Studies have shown that primary ovarian tumors release exosomes 
outside the cell to prepare a distant tumor microenvironment to accel-
erate metastasis and invasion.45 Research on the relationship between 
urinary exosomes and the pathological state of diseases involves var-
ious contents of urinary exosomes. MicroRNA profiles in the urine of 
patients with urothelial bladder carcinoma have been analyzed and 
identified. Urinary exosomes were first extracted by ultracentrifugation 
and 7 microRNAs (miR-200c, miR-93, miR-940, miRlet7b, miR-191, 
miR-21, and miR-15a) were significantly elevated in the urine of patients 
with bladder cancer, and their expression levels were correlated with 
the developmental stage of the disease.46 Chu et  al47 investigated the 
potential of sex steroid hormones in urinary exosomes as biomarkers 
for predicting prostate cancer. They found 7 sex steroid hormones that 
could distinguish not only those with prostate cancer from healthy 
controls but also those with mild and severe prostate cancer. Renal fi-
brosis is the final stage of most chronic kidney diseases and results in 
a progressive and irreversible decline in kidney function. Lupus nephri-
tis has always been 1 of the main causes of death in patients with sys-
temic lupus erythematosus, and for lupus nephritis, early detection of 
fibrosis is important.48 Urinary exosomal miRNAs analysis can serve as 
a potential multimarker phenotypic tool to identify early fibrosis. The 
researchers found that miR-21, miR-150, and miR-29 were differentially 
expressed in urinary exosomes from patients with lupus nephritis and 
correlated with chronic scores on renal biopsies. High-grade fibrosis is 
characterized by marked upregulation and downregulation of miR-21, 
miR-150, and miR-29c. Also, the miR-29c/miR-150/miR-21 combina-
tion panel can predict end-stage renal disease progression.49 Moreover, 
diabetic nephropathy is the most common cause of end-stage renal dis-
ease, and the current marker albumin has many shortcomings, including 
slow response, unpredictable prognosis, and limited sensitivity. There-
fore, some studies have explored new markers of diabetic nephropathy 
and found that urinary exosomal regucalcin can be used for the early 
diagnosis and progress monitoring of diabetic nephropathy.50

Clinical Application
Urinary Exosomes and Diagnostic Biomarkers.—Urinary exosomes 
contain a variety of proteins, nucleic acids, and lipids, which exist in 
many or even in all body fluids. In addition, urinary exosomes can be 
used for disease diagnosis. Many studies have shown that the molecular 
components of urinary exosomes, especially proteins and microRNAs, 
have great potential as new biomarkers for clinical diagnosis.51,52 For 
example, the highly enriched tetraspanins in exosomes are a family 
of scaffold membrane proteins, and the exosomal marker CD9 is a 
member of this protein family. Previous studies have indicated that CD9 TA
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in urinary exosomes may be a marker for the differential diagnosis of 
urothelial tract infection and asymptomatic bacteriuria. The levels of 
CD9 in urinary exosomes were higher in patients with urothelial tract 
infection than in patients with asymptomatic bacteriuria. Urothelial 
tract infection is treated differently from asymptomatic bacteriuria, and 
asymptomatic bacteriuria does not require antimicrobial agent treatment. 
However, the difference between the 2 is only distinguished by clinical 
symptoms. Therefore, some patients with asymptomatic bacteriuria are 
misdiagnosed as having  urinary tract infections and are  treated with 
antibiotics. Inappropriate use of antibiotics has resulted in overuse of 
antibiotics and decreased costs.53 Noninvasive urine collection, exosome 
extraction, and analysis of the protein content analysis have potential 
applications in diagnosis, especially for urinary system diseases.

Besides proteins, other substances in exosomes can be used as diag-
nostic markers. In 2007, Valadi et al23 discovered that exosomes contain 
RNA, and research on exosomal RNAs, especially microRNAs, as diag-
nostic biomarkers has gradually become popular. Studies have shown 
that exosomal microRNAs are not degraded in an RNase-dependent 
manner24,52,54; therefore, they can be stably detected in circulating 
plasma and urine, which suggests that they are ideal biomarkers for 
clinical diagnosis. In 2016, Samsonov et al55 reported that miR-574-3p, 
miR-141-5p, and miR-21-5p levels are powerful diagnostic markers for 
prostate cancer. Likewise, Magayr et al56 reported that miR-192-5p, miR-
194-5p, miR-30a-5p, miR-30d-5p, and miR-30e-5p detected in urinary 
exosomes, mouse kidney tissue, and human kidney tissue of polycystic 
kidney disease were significantly downregulated in cystic kidney tissue. 
All 5 miRNAs were significantly associated with baseline estimated glo-
merular filtration rate and ultrasound-determined mean kidney length 
and improved the diagnostic performance of mean kidney length on the 
disease progression rate. The miR-21 in serum and tissue is a valuable bi-
omarker for breast cancer diagnosis, progression, and treatment. Ando 
et al57 detected the expression of MiR-21 and MMP-1/CD63 in urinary 
exosomes by quantitative reverse transcriptase–polymerase chain reac-
tion and Western blot analysis. The sensitivity and specificity of miR-21 
in patients with breast cancer without metastasis were 71% and 78%, re-
spectively, and the sensitivity and specificity of combined MMP-1/CD63 
expression were 95% and 79%, respectively. Thus, miR-21 and MMP-1/
CD63 may be helpful markers for breast cancer screening.

Urinary Exosomes and Drug Therapy.—Besides research on 
pathogenic mechanisms, the medicinal value of exosomes is constantly 
being explored. Exosomes comprise cell membranes with a variety 
of adhesion proteins on their surfaces and can be used exclusively 
for communication between cells. This provides a unique method for 
delivering various therapeutic drugs to target cells.39 Because exosomes 
can provide the advantages of drug delivery and nanotechnology, 
based on biomembrane fusion, researchers are focusing on developing 
treatments using exosomes. Through fat-soluble membrane fusion, 
exosomal carriers can shuttle between different cells, easily pass through 
the cell membrane, and transport their cargo in a biologically active 
form. It is noteworthy that exosomes have the inherent ability to cross 
biological barriers and can even penetrate the blood–brain barrier,58 
considered the most difficult to penetrate. In some existing studies, drug 
delivery vehicles for applying exosomes in the delivery of low-molecular-
weight drugs in vivo have been successfully constructed. For example, 
exosomes containing the anti-inflammatory small molecule curcumin 
protect mice from lipopolysaccharide-induced brain inflammation.59,60 

Exosomes or exosome-like vesicles packed with chemotherapeutic drugs, 
such as doxorubicin, enter tumor tissue cells and inhibit tumor growth 
in mice.61,62 Even more gratifying is that they have fewer side effects 
than general chemotherapeutic drugs. In addition, given that exosomes 
contain a variety of nucleic acids,63 Alvarez-Erviti et  al64 pioneered a 
method for nucleic acid transfer to electroporate small interfering RNA 
into dendritic cell-derived exosomes. Following this method, other 
researchers have successfully loaded exosomes carrying microRNAs into 
breast cancer cells expressing epidermal growth factor receptor.65 The 
development of drug therapy with urinary exosomes has limitations. 
However, some studies have found that the injection of exosomes of 
urine-derived stem cells into the tail vein of rats may prevent diabetes-
induced kidney damage by reducing urinary microalbumin excretion 
and preventing the apoptosis of podocyte and tubular epithelial cells in 
diabetic rats.66 Drug-loaded exosomes are a promising next-generation 
drug delivery system because of their nanoscale size, lack of cytotoxicity, 
high drug-loading capacity, and low immunogenicity. Future research 
should focus on the production of many exosomal carriers with high 
load capacity characteristics.

Technology of Exosome Research

Separation
Exosomes can be separated from conditioned cell culture media or 
body fluids via differential centrifugation, centrifugal filtration, 
immunoaffinity, size-exclusion chromatography or polymer precipita-
tion, and microfluidic technology.67 Each separation method has differ-
ent advantages but also limitations. Different methods require different 
sample pretreatment methods and produce exosome-enriched samples 
of different purities and qualities. Herein, we introduce commonly used 
urine exosome separation methods (FIGURE 2).

The urine proteome contains many highly abundant proteins 
filtered from the plasma and proteins produced by renal tubular cells.68 
The presence of these high-abundance proteins complicates the detec-
tion of relatively low-abundance proteins. However, low-abundance 
proteins may have special pathophysiological significance. Excluding 
high-abundance proteins in the urine such as Tamm-Horsfall protein 
and albumin, proteins in urinary exosomes account for only 3% of 
total urine protein content.69 Urinary exosomes (99.96%) originate 
from the kidneys, urothelial cells, and the male reproductive tract.70 
Isolation of exosomes reduces the complexity of urine proteomes. 
Because of their membranous vesicle structure, the stability of the 
contained molecules is high, which can reflect the physiological and 
pathological functions of secretory cells. Exosomes can also reduce 
the interference of high-abundance proteins in whole urine samples, 
and during their formation, various components go through a se-
lective enrichment process, which prevents the dilution effect that 
causes markers with low concentrations to be undetectable. To some 
extent, exosome detection can improve the sensitivity of detecting 
meaningful proteins in urine.71 Therefore, urinary exosomes are ideal 
for studying diseases, especially those of the genitourinary system. 
There is no recognized uniform separation method or gold standard.72 
Many researchers have focused on exosome separation and extrac-
tion as well as methodological comparison and optimization. Here, 
we briefly introduce several main extraction methods in current sci-
entific research.
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Exosomes or exosome-like vesicles packed with chemotherapeutic drugs, 
such as doxorubicin, enter tumor tissue cells and inhibit tumor growth 
in mice.61,62 Even more gratifying is that they have fewer side effects 
than general chemotherapeutic drugs. In addition, given that exosomes 
contain a variety of nucleic acids,63 Alvarez-Erviti et  al64 pioneered a 
method for nucleic acid transfer to electroporate small interfering RNA 
into dendritic cell-derived exosomes. Following this method, other 
researchers have successfully loaded exosomes carrying microRNAs into 
breast cancer cells expressing epidermal growth factor receptor.65 The 
development of drug therapy with urinary exosomes has limitations. 
However, some studies have found that the injection of exosomes of 
urine-derived stem cells into the tail vein of rats may prevent diabetes-
induced kidney damage by reducing urinary microalbumin excretion 
and preventing the apoptosis of podocyte and tubular epithelial cells in 
diabetic rats.66 Drug-loaded exosomes are a promising next-generation 
drug delivery system because of their nanoscale size, lack of cytotoxicity, 
high drug-loading capacity, and low immunogenicity. Future research 
should focus on the production of many exosomal carriers with high 
load capacity characteristics.

Technology of Exosome Research

Separation
Exosomes can be separated from conditioned cell culture media or 
body fluids via differential centrifugation, centrifugal filtration, 
immunoaffinity, size-exclusion chromatography or polymer precipita-
tion, and microfluidic technology.67 Each separation method has differ-
ent advantages but also limitations. Different methods require different 
sample pretreatment methods and produce exosome-enriched samples 
of different purities and qualities. Herein, we introduce commonly used 
urine exosome separation methods (FIGURE 2).

The urine proteome contains many highly abundant proteins 
filtered from the plasma and proteins produced by renal tubular cells.68 
The presence of these high-abundance proteins complicates the detec-
tion of relatively low-abundance proteins. However, low-abundance 
proteins may have special pathophysiological significance. Excluding 
high-abundance proteins in the urine such as Tamm-Horsfall protein 
and albumin, proteins in urinary exosomes account for only 3% of 
total urine protein content.69 Urinary exosomes (99.96%) originate 
from the kidneys, urothelial cells, and the male reproductive tract.70 
Isolation of exosomes reduces the complexity of urine proteomes. 
Because of their membranous vesicle structure, the stability of the 
contained molecules is high, which can reflect the physiological and 
pathological functions of secretory cells. Exosomes can also reduce 
the interference of high-abundance proteins in whole urine samples, 
and during their formation, various components go through a se-
lective enrichment process, which prevents the dilution effect that 
causes markers with low concentrations to be undetectable. To some 
extent, exosome detection can improve the sensitivity of detecting 
meaningful proteins in urine.71 Therefore, urinary exosomes are ideal 
for studying diseases, especially those of the genitourinary system. 
There is no recognized uniform separation method or gold standard.72 
Many researchers have focused on exosome separation and extrac-
tion as well as methodological comparison and optimization. Here, 
we briefly introduce several main extraction methods in current sci-
entific research.

Ultracentrifugation
Ultracentrifugation has always been the most common method for 
separating extracellular vesicles from urine. It uses centrifugal force to 
separate substances with different densities. This method is suitable for 
large volumes of samples. Ultracentrifugation is a simple procedure. 
However, it is time-consuming and prone to contamination, resulting 
in unstable recovery. In addition, it requires expensive equipment and 
is not widely used in the clinic. More importantly, long-term high-speed 
centrifugation can destroy the exosome structure.70 Therefore, this 
method requires further improvement.

This method first requires the centrifugation of the sample at a low 
centrifugal force (approximately 3,000g) for 15–20 min to remove cells 

and debris. Then a centrifugal force of 10,000g was applied and extra-
cellular vesicles in urine finally precipitate at 100,000g or more (eg, 
200,000g).73–75 Although most studies use the term exosomes to refer 
to extracellular vesicles, some studies revealed that the largest vesicles 
after ultracentrifugation at 200,000g are 300 nm in diameter. As much 
as 40% of urinary extracellular vesicles is retained in the supernatant, 
and precipitate obtained via ultracentrifugation contains a variety of 
mixtures.76,77

Sucrose Density Gradient Method
The density of exosomes is 1.16 to 1.28 g/mL. The sucrose density gra-
dient method uses the difference in sedimentation coefficients between 

FIGURE 2. Exosome separation method. 1, The ultracentrifugation uses centrifugal force to separate substances of different 
densities by centrifugation for over 10 hours. 2, The sucrose density gradient method uses the difference in sedimentation 
coefficient between different particles and combines centrifugation to separate extracellular vesicles. PBS, phosphate-buffered 
saline. 3, The ultrafiltration is a polyethersulfone nanomembrane filter designed according to the size of the vesicles, and the 
vesicles are retained in the supernatant by a certain centrifugal force. 4, The precipitation method is based on the hydrophilicity 
of some polymers. Polymers such as polyethylene glycol dehydrate the exosomes and aggregate them. Finally, the aggregates 
can be precipitated to obtain exosomes under low-speed centrifugation. 5, Magnetic beads coated with specific antibodies 
are incubated with exosomes fluid, then exosomes-beads are collected by centrifugation, and the magnetic beads are eluted 
to obtain exosomes. 6, Size-exclusion chromatography: Different components in the suspension pass through the solid-phase 
molecular sieve at different speeds, the flow of macromolecules is fast, and the flow of small molecules is slow (created in 
Biorender, https://biorender.com).
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different particles. Under the action of a specific centrifugal force, the 
particles settle at a certain speed. However, the sucrose gradient lacks 
sufficient resolution to separate extracellular vesicles.78 It is necessary to 
combine ultracentrifugation with the sucrose density gradient method 
to remove nonvesicular substances and then extract exosomes through 
gradient density concentration. This method can compensate for the 
problem of soluble nonspecific proteins remaining after ultracentrifu-
gation. It is suitable for proteomics and microRNA analysis but it has a 
low resolution, takes a long time, and requires expensive equipment.79

Ultrafiltration
Ultrafiltration is another method for separating exosomes according 
to their size. Usually, a polyethersulfone nanomembrane filter with a 
molecular cutoff of 100 kDa is used to remove large and small protein 
molecules. This method is suitable for samples with larger volumes. Ul-
trafiltration does not require special equipment and is simple and fast. 
The efficiency of exosome separation in ultrafiltration is as high as that 
of ultracentrifugation.80–82 However, nanomembranes adsorb extracel-
lular vesicles and proteins containing AQP2 and TSG101. Even if the 
Laemmli buffer containing dithiothreitol is used to recover extracellular 
vesicles from the nanomembrane, this buffer will interfere with down-
stream experiments and is not conducive to mass spectrometry.83,84

Precipitation
Over 40  years ago, it was discovered that polyethylene glycol could 
be used as a precipitation reagent to separate viruses, showing good 
results.85 Because exosomes and viruses have similar sizes, structures, 
and material compositions, Rider et al86 proposed a polyethylene glycol-
based method for exosome separation and purification. Polyethylene 
glycol has once again come to the forefront as a method of separating 
exosomes, and it is the most commonly used precipitation reagent. 
Due to its strong hydrophilicity, polyethylene glycol will “snatch” water 
molecules around the exosomes in solution. The dehydrated exosomes 
aggregate, and finally, the aggregates can be precipitated by low-speed 
centrifugation.

There are commercial kits available for exosome extraction using 
polyethylene glycol solutions. The most common kits are the ExoQuick 
and ExoQuick-TC kits from System Biosciences and Life Technologies, 
respectively. The kits are simple to operate, do not require special equip-
ment, and have a high recovery rate. However, the extract inevitably 
contains a large amount of lipoprotein and RNA complexes, the purity 
is poor, and the polymer is difficult to remove, which affects down-
stream analysis and is expensive. Therefore, this method is not suitable 
for large-scale sample processing. Some researchers believe that using 
polymers to precipitate exosomes is “hijacking” water molecules, which 
reduces the solubility of exosomes, because enriched exosomes are of-
ten accompanied by polymers that are difficult to remove. Therefore, 
electron microscopy of exosomes is more difficult.87,88 However, this 
method is worthy of further research and support, and commercial pol-
ymer precipitation kits must be further optimized and improved.

Immunoaffinity Chromatography
Immunoaffinity chromatography is a separation method that uses the 
highly specific affinity between antigens and antibodies existing in 
organisms and is mainly used for the separation and purification of bi-
ological macromolecules. Exosomes extracted using this method have 
high purity. However, the method is time-consuming and inefficient, 

not suitable for large-scale analysis, and easily affected by pH and salt 
concentration, which is not conducive to downstream experiments.89 
Some studies have reported that the immunoaffinity method can purify 
exosomes, and antibody-coated magnetic beads can specifically adsorb 
proteins enriched on the surface of exosomes. In 2011, Taylor et  al90 
isolated exosomes from ascites of subjects with stage III ovarian serous 
adenocarcinoma. Magnetic beads coated with specific antibodies were 
mixed with ascites and incubated at room temperature. Subsequently, 
Prunotto et al91 and Zhang et al92 successfully used the same method to 
isolate exosomes from the urine of healthy individuals and performed 
mass spectrometry. Notably, exosomes obtained via adsorption must 
be thoroughly cleaned before mass spectrometry analysis. However, the 
removal efficiency of protein extraction reagents rarely reaches 100%, 
which may interfere with subsequent mass spectrometry.

Size-Exclusion Method
Size-exclusion chromatography uses the molecular sieve theory to sepa-
rate proteins based on their molecular size. The main advantage of this 
method is that it does not require centrifugal force, thus ensuring the 
integrity of exosomes.88

Multiple experimental results have shown that the protein abun-
dance of exosomes obtained via the size-exclusion method was higher 
than that obtained via ultra-high-speed centrifugation. Ultracentrifuga-
tion combined with the size-exclusion method can recover 400 times 
more exosomes from cord blood mononuclear cell culture media than 
ultracentrifugation.93 Similarly, studies on urine revealed that urinary 
exosomes extracted using the size-exclusion method have higher pu-
rity and are superior to ultracentrifugation in recovering extracellular 
particles and proteins.94 During ultracentrifugation, some exosomes are 
broken, and precipitation is insufficient.

In recent years, researchers have used size-exclusion kits to extract 
exosomes. Size-exclusion chromatography is superior to traditional ul-
tracentrifugation in terms of time, operation, scalability, and exosome 
yield,95 and isolated exosomes are relatively pure and perfect. Moreover, 
this method is reproducible, scalable, inexpensive, and does not require 
special equipment or user expertise. Therefore, it is an effective method 
for urinary exosome separation.96 At the 2020 National Conference on 
Extracellular Vesicles, the combination of size-exclusion and ultrafiltra-
tion methods was widely recognized and supported.

Emerging Methods
Optimizing exosome extraction methods is challenging, and many 
exosome extraction methods have emerged. Examples include gold-
loaded ferric oxide nanocubes based on immunochromatography,97 
asymmetric flow field-flow separation methods based on parti-
cle size,98,99 and EXODUS.100 Asymmetric flow field-flow separation 
methods have also been developed for different particle sizes, but their 
cumbersome processing procedures limit their throughput.101,102 A re-
cently discovered technology named EXODUS has the advantages of 
convenience, stability, speed, and high quality, and is the optimal extrac-
tion method for exosomes, but its processing ability must be verified 
using more data.100

The extraction methods based on the physical properties and 
composition of exosomes can yield different qualities of exosomes.  
Although ultracentrifugation is effective for the separation of extracellu-
lar vesicles in urine, this technique is time-consuming, labor-intensive, 
and requires expensive equipment. However, these are not conducive 
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to clinical translation. Ultrafiltration and precipitation methods incor-
porate impurities that are not conducive to downstream experiments. 
Although immunoaffinity chromatography is highly pure, it has low ef-
ficiency and is not suitable for the extraction of many exosomes from 
urine samples. Size-exclusion chromatography does not require ultra-
centrifugation, and the simple operation can obtain intact high-purity 
exosomes. Therefore, size-exclusion chromatography is the most suita-
ble method for the extraction of urinary exosomes.

Verification
Exosomes are characterized by their size, protein content, and lipid con-
tent. According to their different characteristics, researchers have devel-
oped various techniques to characterize exosomes. Common detection 
techniques include fluorescence microscopy, Western blotting, and flow 
cytometry to detect protein markers on the membrane surface. As tech-
nology advances, nanoparticle tracking analysis, dynamic light scatter-
ing, mass spectrometry, and a variety of precision microscopy techniques 
are gradually being applied.103 The International Association of Extracel-
lular Vesicles recommends that exosome characterization of exosomes 
be verified by the presence of exosome-related surface markers and the 
absence of proteins not related to exosomes. According to documenta-
tion provided by the International Association of Extracellular Vesicles, 
exosome surface markers include CD9, CD63, CD81 (corresponding to 
the proteins Alix, flotillin 1, and tetraspanin), TSG101, integrin, and 
cell adhesion molecule. Exosomes contain high concentrations of cho-
lesterol and most of the fatty acids they enclose are saturated or mon-
ounsaturated, mainly sphingomyelin and hexosylceramide, whereas 
phosphatidylcholine and phosphatidylethanolamine account for a small 
proportion.104 This difference in the lipid composition ratio may be the 
reason for lateral separation into exosomes during multivesicular body 
formation.

Proteomics
In recent years, an increasing number of studies have demonstrated the 
role of exosomes in the transmission of information between cells.105–107 
Compared to soluble molecules, their lipid bilayer structure makes 
them effective carriers for “long-distance” signal transmission.52 The 
advent of proteomics has greatly affected protein research methodol-
ogy and promoted the ability to obtain protein-related information in 
both basic and clinical research.108 Urine biomarkers have become a re-
search hotspot in recent years due to their comprehensive advantages.  
Various mass spectrometry techniques,75 including 2-dimensional pol-
yacrylamide electrophoresis, surface-enhanced laser desorption/ioniza-
tion time-of-flight mass spectrometry, liquid chromatography tandem 
mass spectrometry, and capillary electrophoresis mass spectrometry, 
have been applied to urine proteomic analysis and are expected to pro-
vide patients with true precision medicine. Through high-throughput 
omics research, urinary exosomes have become a potential source of 
biomarkers. Urine is formed by the kidneys filtering the blood and 
is discharged through the ureter and bladder. In addition, prostate 
secretions are discharged into the urine through the prostate catheter.74 
Thus, exosomes secreted by urothelial cells may contain a variety of mo-
lecular markers of urinary tract diseases.

Hogan et al109 used the sucrose density gradient method combined 
with ultracentrifugation to perform density ultracentrifugation to sepa-
rate urinary exosomes from volunteers. Using 1-dimensional liquid chro-
matography tandem mass spectrometry, 552 proteins were identified. 

In the same year, Pisitkun et al34 were the first to use ultracentrifugation 
to separate urinary exosomes. Through enzyme digestion, gel electro-
phoresis, and liquid chromatography tandem mass spectrometry, 295 
urinary exosomal proteins were identified, 14 of which were related to 
kidney disease and 7 related to hypertension. In 2012, Wang et  al110 
used ultracentrifugation to separate urinary exosomes. A total of 3280 
proteins were identified in 9 urine samples, 31% of which overlapped. 
In 2019, researchers used mass spectrometry to determine the protein 
content of exosomes in the urine of 15 patients with medullary sponge 
kidneys and 15 patients with autosomal dominant polycystic kidney dis-
ease.111 The researchers performed weighted gene coexpression network 
analysis and used enzyme-linked immunosorbent assay to verify the 
proteomic data. The results showed that 2950 proteins were isolated, 
1579 of which were specific exosomal proteins of medullary sponge 
kidneys and 183 were specific exosomal proteins of autosomal dominant 
polycystic kidney disease. There is an increasing amount of research on 
the role of exosomes in disease.

Besides research on healthy individuals, more data are available 
related to disease. In 2011, Moon et al112 used ultracentrifugation to 
separate urinary exosomes from patients with early stage immuno-
globulin A  nephropathy and thin basement membrane nephropathy. 
The results showed that 31 proteins were upregulated in the immuno-
globulin A nephropathy group and 52 in the thin basement membrane 
nephropathy group. The 4 main differential proteins were verified 
via Western blotting, and it was found that ceruloplasmin could  
effectively distinguish immunoglobulin A  nephropathy from thin 
basement membrane nephropathy. Raimondo et al113 used ultracentri-
fugation to isolate urinary exosomes from the urine of patients with 
renal cell carcinoma. After removing the Tamm-Horsfall protein, the 
remaining bands were digested and analyzed via 1-dimensional liquid 
chromatography tandem mass spectrometry. A  total of 261 and 186 
proteins were identified in the urinary exosomes of healthy individuals 
and subjects with kidney cancer, respectively, and most proteins were 
membrane proteins. Until now, there have been no similar studies. Re-
search methods have become more advanced, and the content has be-
come more in-depth.

Besides urinary system diseases, high-throughput detection using 
proteomics has also identified potential markers in the urinary exosomes 
of patients with nonurinary system diseases, including hypertension, 
stomach cancer, lung cancer, pancreatic cancer, mesothelioma, liver 
cancer, cervical cancer, and ovarian cancer, which is important.114–120 
For urinary system tumors, blood and urine samples can be analyzed 
relatively minimally or even noninvasively. Helped by high-throughput 
proteomic analysis, the bioburden and function of exosomes can be bet-
ter understood, which will help provide new insights into the complex 
changes in cancer and reveal potential therapeutic targets, driving the 
development of personalized medicine.

Conclusions
Urinary exosomes are promising noninvasive and easily accessible bi-
ological materials that can be used for biomarker discovery. High-
throughput and high-sensitivity omics methods have emerged in recent 
years. These methods have improved our understanding of diseased 
urinary extracellular vesicles and promoted a large-scale and in-depth 
analysis of urinary exosomal proteins. Proteomics studies based on 
urinary exosomes have revealed potential biomarkers, most of which  
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focus on urogenital diseases, whereas the potential of urinary exosome 
biomarkers for other types of disease needs to be further investigated.

Despite progress, many questions regarding the role of urinary 
exosomes remain unanswered. For example, the methodological 
differences in urinary exosomes in various laboratories are not condu-
cive to horizontal comparison and more in-depth research. Standard op-
erating procedures are required for the selection, collection, preparation, 
storage, and transportation of urine samples. To improve the efficiency of 
scientific research, scientists should reach a consensus and conduct further 
standardization and unification. Second, there are differences in urinary 
proteomics within and between individuals. In different populations, diet, 
mental state, exercise, environmental factors, and genetic background 
vary for each person. Therefore, the variation in the proteome of urinary 
exosome levels requires further investigation. Future studies should use 
more optimized uniform extraction methods to conduct large-scale studies 
in well-defined patient populations. Only by isolating exosomes with clin-
ically applicable and reproducible methods and obtaining more convincing 
and reliable conclusions can they be transformed and applied in the clinic.
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ABSTRACT

The number of testing sites receiving their first Certificate of Waiver 

(CoW) under the Clinical Laboratory Improvement Amendments of 1988 

(CLIA) increased significantly after the start of the COVID-19 pandemic. 

We compared the first-time CoWs in 2020–2021 to those in 2018–2019. 

The total number of first-time CoWs during 2020–2021 was more than 

twice what it was in 2018–2019, corresponding to population testing 

needs during the COVID-19 pandemic, especially in assisted living fa-

cility, pharmacy, physician office, and school/student health service 

settings. This study highlighted the need to strengthen clinical testing 

strategies to be better prepared for future public health emergencies.

Materials and Methods
Data on Clinical Laboratory Improvement Amendments of 1988 (CLIA)-
certified laboratories were obtained from the Quality Improvement and 
Evaluation System (QIES), which is maintained by the Centers for Med-
icare & Medicaid Services. Each laboratory has a unique identification 
number and certificate effective date, which were used to identify the 
first Certificate of Waiver (CoW) issued during the period of investiga-
tion. Pre-COVID-19 CoW data from January 2018 to December 2019 
were compared with January 2020 to December 2021, during COVID-19. 
Facility types in QIES include assisted living facility, pharmacy, school/
student health service, physician office, and others. First-time CoW is-
sued monthly (including CLIA-exempt states New York and Washington) 
were analyzed for each selected facility type. All computational work was 
conducted in SAS (version 9.4, SAS Institute, Cary, NC).

Results
The number of first-time CoWs increased 73% from 2019 to 2020 
(12,796 vs 22,105) and 39% from 2020 to 2021 (22,105 vs 30,599) 
(FIGURE 1A). The total number of first-time CoWs during 2020 
to 2021 was more than twice what it had been in 2018 to 2019 
(52,704 vs 25,872, FIGURE 2). FIGURE 2 demonstrates a dra-
matic rise of first-time CoWs in each facility category for 2020 to 
2021, compared with 2018 to 2019. The increases ranged from 
20% in physician offices (12,215 vs 10,128) to more than a ten-fold 
increase in assisted living facility/home health agency/intermedi-
ate care facility (5352 vs 446). Assisted living facility, pharmacy, 
physician office, and school/student health service categories had 
a pronounced increase during 2020 to 2021 compared with 2018 to 
2019 (FIGURE 3). Pharmacies responded to the pandemic early, 
with first-time CoWs rising significantly from April to June 2020. 
First-time CoWs held by assisted living facilities and school/student 
health services peaked in October 2020 and November 2020, respec-
tively. The total test volume (not limited to COVID testing) reported 
by all first-time CoWs increased from 29 million in 2019 to 94 mil-
lion in 2020 and to 204 million in 2021 (216% and 118% increase, 
respectively, FIGURE 1B).

Discussion
We found that first-time CoWs in nearly all types of testing sites 
increased during the first 2  years of the COVID-19 pandemic 
compared with the 2-year period prior to the pandemic. By contrast, 
the pattern of incremental increase of first-time CoWs by month 
varied among several selected facility types. Pharmacy not only had 
the largest increase in first-time testing sites but also responded the 
soonest at the onset of the pandemic in 2020 and performed the 
majority of COVID-19 testing for local communities.1 After an ele-
vated percentage of COVID-19–associated mortality occurred in 
long-term care facilities during March to May 2020,2 assisted living 
facilities reached the highest number of first-time CoWs by Octo-
ber 2020. School/student health services had increased numbers of 
first-time CoWs from November 2020 to January 2021 and an even 
higher rise in the autumn of 2021, correlating with efforts to sustain 
in-person instruction and extracurricular activities.3 Early COVID-19 
testing was associated with reduced mortality and improved pan-
demic control.4 Our results demonstrated that increased numbers 
of first-time CoWs correlated with population testing needs during 
the COVID-19 pandemic. To improve the current CLIA laboratory  
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ABSTRACT

The number of testing sites receiving their first Certificate of Waiver 

(CoW) under the Clinical Laboratory Improvement Amendments of 1988 

(CLIA) increased significantly after the start of the COVID-19 pandemic. 

We compared the first-time CoWs in 2020–2021 to those in 2018–2019. 

The total number of first-time CoWs during 2020–2021 was more than 

twice what it was in 2018–2019, corresponding to population testing 

needs during the COVID-19 pandemic, especially in assisted living fa-

cility, pharmacy, physician office, and school/student health service 

settings. This study highlighted the need to strengthen clinical testing 

strategies to be better prepared for future public health emergencies.

Materials and Methods
Data on Clinical Laboratory Improvement Amendments of 1988 (CLIA)-
certified laboratories were obtained from the Quality Improvement and 
Evaluation System (QIES), which is maintained by the Centers for Med-
icare & Medicaid Services. Each laboratory has a unique identification 
number and certificate effective date, which were used to identify the 
first Certificate of Waiver (CoW) issued during the period of investiga-
tion. Pre-COVID-19 CoW data from January 2018 to December 2019 
were compared with January 2020 to December 2021, during COVID-19. 
Facility types in QIES include assisted living facility, pharmacy, school/
student health service, physician office, and others. First-time CoW is-
sued monthly (including CLIA-exempt states New York and Washington) 
were analyzed for each selected facility type. All computational work was 
conducted in SAS (version 9.4, SAS Institute, Cary, NC).

infrastructure so that it can better handle the urgent need for increased 
testing, strategies that enable existing laboratories to ramp up test-
ing capacity when needed will be essential. This could potentially  
decrease instances of falsified or inaccurate testing as reportedly 
occurred in some pop-up COVID-19 testing locations.5 This study 
helps shed light on the need to strengthen clinical testing strategies 
to be better prepared for future public health emergencies.
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FIGURE 1.  Number of first-time CoW testing sites (A) and test volume (B) 2014–2021.

FIGURE 2.  Distribution of first-time CoW facilities before 2018–2019 and during 2020–2021 in the COVID-19 pandemic.
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FIGURE 3.  Number of first-time CoW testing sites by selected facility type before 2018–2019 and during 2020–2021 in the 
COVID-19 pandemic. A, Assisted living facilities. B, Pharmacy. C, Physician office. D, School/student health service.
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ABSTRACT

Objective: Non–small cell lung cancer (NSCLC) holds high met-

abolic tumor burden and circulating cell-free DNA (cfDNA) levels, 

and the relationship between metabolic tumor burden and cfDNA in 

NSCLC and the underlying mechanism of their interaction therein 

remain poorly characterized. Our aim was to evaluate the clinical 

value of cfDNA and metabolic tumor burden by positron emission 

tomography-computed tomography (PET/CT) for NSCLC differen-

tial diagnosis from tuberculosis in patients with solitary pulmonary 

nodules.

Methods: Metabolic tumor burden values in humans (subjects 

with NSCLC, subjects with tuberculosis, and healthy control 

subjects) and relevant mouse models were detected by preoper-

ative 18F-fluorodeoxyglucose PET (18F-FDG PET/CT) and [3H]-2-

deoxy-DG uptake, respectively. The cfDNA levels were detected by 

quantifying serum cfDNA fragments from the ALU (115 bp) gene using 

reverse transcription–polymerase chain reaction. RNA sequence was 

performed to determine the underlying target genes and knocked 

down or inhibited the target genes in vivo and in vitro to determine the 

mechanism therein.

Results: Metabolic tumor burden correlated with serum cfDNA 

levels in NSCLC subjects but not in tuberculosis subjects or healthy 

controls. Mouse models showed a similar phenomenon. In addi-

tion, the RNA sequence showed that glucose transporter 1 (GLU1), 

factor-related apoptosis ligand (FasL), caspase 8, and caspase 3 

were significantly increased in NSCLC mouse tumors compared with 

those in tuberculosis mouse masses. Inhibiting the metabolic tumor 

burden by blocking or knocking down GLU1 markedly reduced the 

 expression of FasL, the phosphorylation of caspase 8/caspase 3, 

and serum cfDNA levels/apoptosis percentage in vivo and in vitro. 

Furthermore, the use of a combination of cfDNA and metabolic tu-

mor burden allowed better ability to distinguish NSCLC subjects 

from those with tuberculosis or healthy controls than either method 

used alone.

Conclusion: Metabolic tumor burden promotes the formation of cir-

culating cfDNA through GLU1-mediated apoptosis in NSCLC, and the 

combination of cfDNA and metabolic tumor burden could be valuable 

for distinguishing NSCLC from tuberculosis.

Lung cancer remains the most common cancer worldwide and is a lead-
ing cause of death due to its high morbidity and mortality.1 Persons 
diagnosed with non–small cell lung cancer (NSCLC) account for approx-
imately 85% of all lung cancer diagnoses.1 The majority of NSCLC cases 
are diagnosed at late stages (stage III or IV) and have systemic tumor 
metastasis with 5-year survival rates of <5%, owing to the difficulty of 
early distinction of NSCLC from other lung masses such as occur in tu-
berculosis.2,3 Tuberculosis, a common infectious respiratory disease 
caused by mycobacteria, infects one-third of the world’s population 
and often radiologically manifests similar to NSCLC.2,4 In tuberculosis 
epidemic regions, it is observed that the presence of tuberculosis has 
resulted in 58% to 92% of false-positive diagnoses of early NSCLC, and 
it is also listed as one of the major false-positive diagnoses of malignant 
lymph nodes.5,6 Therefore, there is increased demand for new noninva-
sive diagnostic options.

Circulating cell-free DNA (cfDNA) refers to extracellular DNA pres-
ent in peripheral blood, which is mainly derived from tumor DNA 
fragments by necrotic or apoptotic tumor cells with tumor-epigenetic 
changes.7,8 The activation of the caspase 8/caspase 3 pathway, causing 
apoptosis through promoting poly (ADP-ribose) polymerase-induced 
cleavage of DNA, is recognized as the best biochemical hallmark of ap-
optosis.9,10 Moreover, the size of the cfDNA released from dead lung 
cancer cells varies between small fragments of 70 to 200 base pairs and 
large fragments of about 21 kb and is longer than that of nonneoplastic 
DNA.11 The cfDNA quantification is a new diagnostic option for cancer 
because it allows simple, noninvasive access to genetic material detect-
able in plasma and serum by sensitive molecular biology techniques.12 
Our previous research demonstrated that the levels of cfDNA in patients 
with early NSCLC are obviously higher than that in patients with tuber-
culosis.13 Moreover, cfDNA could be used as an indicator for differenti-
ation of early NSCLC from tuberculosis.13 Unfortunately, the sensitivity 
and specificity of cfDNA to differentiate early NSCLC from tuberculosis 
has not been satisfactory.13

The use of PET/CT scans with 18F-FDG (a glucose analogue) is 
recommended for multiple types of tumor diagnosis due to high sen-
sitivity.14,15 The metabolic tumor burden is described as the maximum 
standardized uptake value (SUV-Maxa) of the primary tumor depending 
on the rate of 18F-FDG uptake by the tumor.16,17 Currently, PET/CT is 
a good procedure for the diagnosis of NSCLC patients because it has 
the capability of identifying lesions that would pass unnoticed in CT, 
preventing or reducing unnecessary operations.18,19 However, PET/CT 
shows low specificity for differential diagnosis of early NSCLC from 
tuberculosis because the tuberculosis site also presents an elevated 
level of glucose consumption.20,21 Of note, a larger prospective, inter-
ventional study demonstrated that the combination of cancer blood 
testing with PET/CT was feasible to screen for multicancer and guide 
intervention.22

The aim of this study is to evaluate the potential clinical value of the 
combination of cfDNA and metabolic tumor burden by PET/CT as an 
auxiliary tool for early NSCLC differential diagnosis from tuberculosis in 
patients with solitary pulmonary nodules. Also, NSCLC and tuberculosis 
mouse models were used to verify the correlation of cfDNA and meta-
bolic tumor burden. Finally, gene silencing and inhibitor in vivo and in 
vitro are performed to elucidate the specific mechanism.

Materials and Methods

Subjects
All subjects were recruited from the First and the Second Affiliated Hos-
pital of Wannan Medical College. This study was conducted in accordance 
with the Declaration of Helsinki and the ethical rules of good clinical 
practice, and the protocol was approved (201805432GH) by the Ethics 
Committee of the First Affiliated Hospital of Wannan Medical College. 
All subjects provided written informed consent. All participants with 
early stage NSCLC and those with tuberculosis were diagnosed by pa-
thology through PET/CT-guided biopsy or CT-guided biopsy with World 
Health Organization criteria.23,24 All NSCLC cases were   divided into 2 
subtypes: adenocarcinoma and squamous carcinoma (TABLE  1). All 
subjects were first diagnosed without any previous antituberculosis or 
antitumor treatment. Meanwhile, cfDNA detection and PET/CT imag-
ing were performed during the same period. Participants were assigned 
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and the relationship between metabolic tumor burden and cfDNA in 

NSCLC and the underlying mechanism of their interaction therein 

remain poorly characterized. Our aim was to evaluate the clinical 

value of cfDNA and metabolic tumor burden by positron emission 

tomography-computed tomography (PET/CT) for NSCLC differen-
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Methods: Metabolic tumor burden values in humans (subjects 
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subjects) and relevant mouse models were detected by preoper-
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deoxy-DG uptake, respectively. The cfDNA levels were detected by 

quantifying serum cfDNA fragments from the ALU (115 bp) gene using 

reverse transcription–polymerase chain reaction. RNA sequence was 

performed to determine the underlying target genes and knocked 

down or inhibited the target genes in vivo and in vitro to determine the 

mechanism therein.

Results: Metabolic tumor burden correlated with serum cfDNA 

levels in NSCLC subjects but not in tuberculosis subjects or healthy 

controls. Mouse models showed a similar phenomenon. In addi-

tion, the RNA sequence showed that glucose transporter 1 (GLU1), 

factor-related apoptosis ligand (FasL), caspase 8, and caspase 3 

were significantly increased in NSCLC mouse tumors compared with 

those in tuberculosis mouse masses. Inhibiting the metabolic tumor 

burden by blocking or knocking down GLU1 markedly reduced the 

 expression of FasL, the phosphorylation of caspase 8/caspase 3, 

and serum cfDNA levels/apoptosis percentage in vivo and in vitro. 

Furthermore, the use of a combination of cfDNA and metabolic tu-

mor burden allowed better ability to distinguish NSCLC subjects 

from those with tuberculosis or healthy controls than either method 

used alone.

Conclusion: Metabolic tumor burden promotes the formation of cir-

culating cfDNA through GLU1-mediated apoptosis in NSCLC, and the 

combination of cfDNA and metabolic tumor burden could be valuable 

for distinguishing NSCLC from tuberculosis.

Lung cancer remains the most common cancer worldwide and is a lead-
ing cause of death due to its high morbidity and mortality.1 Persons 
diagnosed with non–small cell lung cancer (NSCLC) account for approx-
imately 85% of all lung cancer diagnoses.1 The majority of NSCLC cases 
are diagnosed at late stages (stage III or IV) and have systemic tumor 
metastasis with 5-year survival rates of <5%, owing to the difficulty of 
early distinction of NSCLC from other lung masses such as occur in tu-
berculosis.2,3 Tuberculosis, a common infectious respiratory disease 
caused by mycobacteria, infects one-third of the world’s population 
and often radiologically manifests similar to NSCLC.2,4 In tuberculosis 
epidemic regions, it is observed that the presence of tuberculosis has 
resulted in 58% to 92% of false-positive diagnoses of early NSCLC, and 
it is also listed as one of the major false-positive diagnoses of malignant 
lymph nodes.5,6 Therefore, there is increased demand for new noninva-
sive diagnostic options.

Circulating cell-free DNA (cfDNA) refers to extracellular DNA pres-
ent in peripheral blood, which is mainly derived from tumor DNA 
fragments by necrotic or apoptotic tumor cells with tumor-epigenetic 
changes.7,8 The activation of the caspase 8/caspase 3 pathway, causing 
apoptosis through promoting poly (ADP-ribose) polymerase-induced 
cleavage of DNA, is recognized as the best biochemical hallmark of ap-
optosis.9,10 Moreover, the size of the cfDNA released from dead lung 
cancer cells varies between small fragments of 70 to 200 base pairs and 
large fragments of about 21 kb and is longer than that of nonneoplastic 
DNA.11 The cfDNA quantification is a new diagnostic option for cancer 
because it allows simple, noninvasive access to genetic material detect-
able in plasma and serum by sensitive molecular biology techniques.12 
Our previous research demonstrated that the levels of cfDNA in patients 
with early NSCLC are obviously higher than that in patients with tuber-
culosis.13 Moreover, cfDNA could be used as an indicator for differenti-
ation of early NSCLC from tuberculosis.13 Unfortunately, the sensitivity 
and specificity of cfDNA to differentiate early NSCLC from tuberculosis 
has not been satisfactory.13

The use of PET/CT scans with 18F-FDG (a glucose analogue) is 
recommended for multiple types of tumor diagnosis due to high sen-
sitivity.14,15 The metabolic tumor burden is described as the maximum 
standardized uptake value (SUV-Maxa) of the primary tumor depending 
on the rate of 18F-FDG uptake by the tumor.16,17 Currently, PET/CT is 
a good procedure for the diagnosis of NSCLC patients because it has 
the capability of identifying lesions that would pass unnoticed in CT, 
preventing or reducing unnecessary operations.18,19 However, PET/CT 
shows low specificity for differential diagnosis of early NSCLC from 
tuberculosis because the tuberculosis site also presents an elevated 
level of glucose consumption.20,21 Of note, a larger prospective, inter-
ventional study demonstrated that the combination of cancer blood 
testing with PET/CT was feasible to screen for multicancer and guide 
intervention.22

The aim of this study is to evaluate the potential clinical value of the 
combination of cfDNA and metabolic tumor burden by PET/CT as an 
auxiliary tool for early NSCLC differential diagnosis from tuberculosis in 
patients with solitary pulmonary nodules. Also, NSCLC and tuberculosis 
mouse models were used to verify the correlation of cfDNA and meta-
bolic tumor burden. Finally, gene silencing and inhibitor in vivo and in 
vitro are performed to elucidate the specific mechanism.

Materials and Methods

Subjects
All subjects were recruited from the First and the Second Affiliated Hos-
pital of Wannan Medical College. This study was conducted in accordance 
with the Declaration of Helsinki and the ethical rules of good clinical 
practice, and the protocol was approved (201805432GH) by the Ethics 
Committee of the First Affiliated Hospital of Wannan Medical College. 
All subjects provided written informed consent. All participants with 
early stage NSCLC and those with tuberculosis were diagnosed by pa-
thology through PET/CT-guided biopsy or CT-guided biopsy with World 
Health Organization criteria.23,24 All NSCLC cases were   divided into 2 
subtypes: adenocarcinoma and squamous carcinoma (TABLE  1). All 
subjects were first diagnosed without any previous antituberculosis or 
antitumor treatment. Meanwhile, cfDNA detection and PET/CT imag-
ing were performed during the same period. Participants were assigned 

to 1 of 3 groups: healthy controls (n = 150), tuberculosis (n = 151), and 
NSCLC (n = 143) groups.

Inclusion criteria of disease group included (1) lung cancer and tu-
berculosis that meet the relevant diagnostic criteria and were confirmed 
by histopathology and comorbidities of lung cancer and tuberculosis 
such as hypertension, diabetes, asthma, and chronic obstructive pulmo-
nary disease could be included; and (2) the participant had detailed med-
ical record information. The inclusion criteria for volunteers for control 
were healthy as confirmed by a health checkup with no history of related 
diseases. Exclusion criteria for disease and volunteer groups were (1) 
the existence of other metabolic diseases, blood diseases, other cancer, 
other lung disease, severe cardiovascular, cerebrovascular, or urinary 
system diseases, liver and kidney dysfunction; (2) HIV and other infec-
tious diseases; (3) no definite diagnosis; and (4) pregnancy or lactation. 
All subjects met the inclusion criteria and were aged between 18 and 
80 years. All blood samples were taken under fasting conditions and the 
obtained serum was immediately stored at −80°C.

Animals
Male BALB/c nude mice (age 5–6 weeks) were purchased from Slac Labo-
ratory Animal. All animal experiments were in accordance with the Lab-
oratory Animal Guidelines for Ethical Review of Animal Welfare (GB/T 
35892–2018, China) and approved by the Laboratory Animal Ethics 
Committee of Wannan Medical College. Mice were randomly placed into 
1 of 7 groups: control group (n = 8), tuberculosis group (n = 8), NSCLC 
group (n = 8); NSCLC + 0.9% saline (NS) group (n = 8), NSCLC + WZB117 
group (n = 8), NSCLC + anti–FasL group (n = 8), or the NSCLC + Z-IETD-
FMK group (n = 8). The mouse model of NSCLC was achieved by the in-
jection of human non–small cell lung cancer cell line A549 cells (1 × 106, 
50 μL) or NCI–H460 (1 × 106, 50 μL) via the tail vein. After 30 days, the 
mice were anesthetized and serum and lung tissues were collected.25 A tu-
berculosis model was created by the injection of mycobacterium tubercu-
losis (1 × 106 cfu, 50 μL) via the tail vein. The serum and lung tissues were 
obtained for detection after 7 days.26 Mice in NSCLC + WZB117 group, 
NSCLC + anti–FasL group, and NSCLC + Z-IETD-FMK group received an 
injection of WZB117 (1 mg/kg), anti–FasL antibody (1 μg/mice), Z-IETD-
FMK (3 mg/kg), or an equivalent volume of NS, respectively, via the cau-
dal vein 1 time 3 days before tissue collection.

Cells
A549 and NCI–H460 cells were cultured in Dulbecco’s modified eagle 
medium containing 10% fetal bovine serum with 5% CO

2
. Cells were 

allocated into 1 of 4 groups: an NS-siRNA group (n = 6), GLU1-siRNA 
group (n = 6), FasL-siRNA group (n = 6), or a Z-IETD-FMK group (n = 6). 
The small interfering RNA (siRNA) were used to silence the GLU1 or FasL 
gene in A549 and NCI–H460 cells as reported.27,28 The rate of cell apop-
tosis was detected by using Annexin V and PI staining.

Materials
Mycobacterium tuberculosis (ATCC:27294, 1 × 106 cfu/mg) was purchased 
from ATCC. Glu 1 inhibitor (WZB117) and caspase 3 and caspase 8 com-
mon inhibitor (Z-IETD-FMK) were obtained from MedChemExpress. 
Anti-Glu 1, anti-caspase 3 antibody, anti-caspase 8 antibody, and anti–
FasL antibody were obtained from Abcam. The [3H]-2-deoxy-D-glucose 
was obtained from Perkin Elmer Life Sciences, and the rate of [3H]-2-
deoxy-D-glucose uptake was measured according to the manufacturer’s 
instructions.
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Blood Collection and DNA Isolation
Blood collection and DNA isolation were described in our previous re-
port.13 Serum samples of 2 mL were collected into EDTA-2K containing 
tubes. The cell-free serum was stored at −80°C. Total DNA was extracted 
from 400 μL serum by using a QIAamp DNA Blood Mini Kit (Qiagen). 
Only the absorbance of the extracted DNA, which was measured by the 
NanoDrop ND-1000 nucleic acid quantifier (A 260/280 nm) at a ratio of 
1.6:1.8 samples, was usable.

Measurement of Serum cfDNA Levels
The quantization of human and mouse serum DNA fragments 
was detected by quantitative real-time PCR, as in our previous 
 report,13,29 by amplifying and quantifying shorter (115 bp) fragments 
from abundant genomic ALU115 repeats. Sequences of ALU115 
primers were forward CCTGAGGTCAGGAGTTCGAG and reverse 
CCCGAGTAGCTGGGATTACA. Both calibrators and samples were 
analyzed in triplicate.13

Western Blotting
For Western blots, lung tumor tissue and tuberculosis tissue were col-
lected and lysed in chilled radio immunoprecipitation assay buffer diluted 
in phosphate-buffered saline and phosphatase inhibitor for 30 minutes 
on ice. Ten μg of protein were loaded for sodium dodecyl sulfate polya-
crylamide gel electrophoresis and standard Western blotting procedures. 
The following primary antibodies and dilutions were used: GLU1 (1:1000); 
FasL (1:2000); and caspase 3 (1:1000), caspase 8 (1:1000).

PET/CT Scan
The PET/CT scans were acquired using an integrated PET/CT system 
(Siemens). Images were acquired 1  hour after the administration of 
18F-FDG. The PET scan was reconstructed by filtered back-projection 
and ordered-subset expectation-maximization, with data from the CT 
scan used for attenuation correction. The SUV-Maxa of a tumor was cal-
culated according to standard formulas. Results were assessed by a nu-
clear medicine specialist.20

RNA Isolation, Microarray Analysis, and Data Analysis
The RNA from lung tumor tissue and tuberculosis tissue were iso-
lated with the RNeasy Mini Kit (Qiagen) in accordance with the 
manufacturer’s instructions for microarray analysis. Triplicate RNA 
samples were obtained for each test, and cDNA microarray analysis was 
performed twice for each RNA sample. Based on KEGG Mapper (https://
www.kegg.jp/kegg/tool/map_pathway2.html), the fold changes were 
analyzed by filtering the data set with P ≤ .05 and signal-to-noise ra-
tio ≥2.0 for screening out differently expressed genes.

Statistical Analysis
Continuous variables were normally distributed by Kolmogorov-
Smirnov test and provided as mean ± SD. Overall comparisons were 
performed with 1-way analysis of variance, and multiple comparisons 
between the 2 groups were derived from the least significant dif-
ference t-test. Categorical variables were expressed as percentages. 
Differences in percentages of variables were determined by χ 2 

TABLE 1.  Correlation between Clinical Characteristics and Plasma cfDNA or SUV-Maxa

 n cfDNA K-Wχ2/Z P SUV
-
Maxa K-Wχ2/Z P 

Healthy control        

 Age (y)        

  ≤65 119 9.58 (5.06, 12.54) 0.991 .319 1.88 (1.14, 2.55) 0.501 .479

  >65 31 10.01 (7.15, 17.75)   1.94 (0.89, 2.71)   

 Sex (n)        

  Male 116 9.82 (6.48, 12.53) −0.608 .543 1.90 (1.09, 2.41) 0.514 .607

  Female 34 7.14 (3.52, 17.62)   2.14 (.79, 3.41)   

Tuberculosis        

 Age (y)   −0.102 .918  −1.448 .148

  ≤65 117 14.59 (11.34, 17.91)   2.53 (1.69, 3.12)   

  >65 34 14.62 (6.30, 26.99)   2.10 (1.42, 3.25)   

 Sex (n)   −0.311 .755  −0.270 .787

  Male 114 14.50 (9.14, 18.78)   2.43 (1.52, 2.99)   

  Female 37 14.66 (9.73, 18.94)   2.23 (1.46, 5.15)   

Early NSCLC        

 Age (y)   −1.636 .102  −2.182 .029

  ≤65 113 18.64 (14.45, 23.64)   3.53 (2.86, 4.72)   

  >65 36 27.90 (6.68, 41.91)   7.19 (2.04, 8.94)   

 Sex (n)   − .267  −1.157 .247

  Male 114 19.05 (11.17, 26.12)   3.81 (2.28, 5.33)   

  Female 35 20.29 (14.29, 35.03)   4.05 (3.00, 8.30)   

Pathological type   −3.682 <.001  −4.080 <.001

Adenocarcinoma 76 20.93 (16.89, 36.23)   4.36 (3.47, 8.05)   

Squamous carcinoma 73 17.37 (8.82, 22.81)   3.01 (1.57, 4.22)   

cfDNA, cell-free DNA; NSCLC, non–small cell lung cancer; SUV-Maxa, the maximum standardized uptake value.

test. Categorical variables were abnormally distributed and shown 
as median (quartile) [M (P25, P75)]. Differences in serum cfDNA 
concentrations and the integrity and SUV-Maxa among participants 
with NSCLC, tuberculosis, and healthy controls were analyzed by 
using the Kruskal-Wallis test. Multiple comparisons between 2 
groups were derived from the Mann-Whitney U test. Relationships 
between cfDNA and SUV-Maxa were examined using Pearson linear 
regression analysis. The receiver operating characteristic (ROC) anal-
ysis was carried out to determine the area under the curve (AUC), 
sensitivity and specificity. Statistical analysis was performed by 
using the SPSS statistical package version 16.0. Statistically signif-
icance was established at P < .05.

Results

General Conditions
There were 143 participants with early NSCLC, 151 participants with 
tuberculosis, and 150 healthy controls in this study. Characteristics 
of patient groups are shown in TABLE 2 and TABLE 3. There were 
no statistical differences in gender, age, and comorbidities among 
the 3 groups (P = .929 and P = .573, respectively, TABLE 2). Nev-
ertheless, early NSCLC patients showed higher smoking rate (cur-
rent: 43.62%, former: 36.91%, never: 19.46%) and tobacco exposure 
(42.65 ± 16.94  years) than healthy controls (current: 30%, former: 
26.67%, never: 43.33%, P < .001; 30.23 ± 9.12 years, P < .001) and tu-
berculosis patients (current: 31.13%, former: 39.07%, never: 29.8%, 
P = .039; 36.78 ± 12.97 years, P < .001, TABLE 2)

The cfDNA and SUV-Maxa Were Increased in Early NSCLC 
Patients
Serum levels of cfDNA [19.78(11.52, 28.36) ng/μL] and SUV-Maxa 
[3.99 (2.33, 5.71)] were significantly higher in patients with early 
NSCLC than those in healthy controls (9.75 [5.27, 13.65] ng/μL, 
P < .001, FIGURE 1B; 1.93 [1.05, 2.59], P < .001, FIGURE 1C, re-
spectively) and those in patients with tuberculosis 914.58 [9.149, 
18.74] ng/μL, P < .001, FIGURE 1B; 2.41 [1.50, 3.12], P < .001, FIG-
URE 1C, respectively).
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PET/CT Scan
The PET/CT scans were acquired using an integrated PET/CT system 
(Siemens). Images were acquired 1  hour after the administration of 
18F-FDG. The PET scan was reconstructed by filtered back-projection 
and ordered-subset expectation-maximization, with data from the CT 
scan used for attenuation correction. The SUV-Maxa of a tumor was cal-
culated according to standard formulas. Results were assessed by a nu-
clear medicine specialist.20

RNA Isolation, Microarray Analysis, and Data Analysis
The RNA from lung tumor tissue and tuberculosis tissue were iso-
lated with the RNeasy Mini Kit (Qiagen) in accordance with the 
manufacturer’s instructions for microarray analysis. Triplicate RNA 
samples were obtained for each test, and cDNA microarray analysis was 
performed twice for each RNA sample. Based on KEGG Mapper (https://
www.kegg.jp/kegg/tool/map_pathway2.html), the fold changes were 
analyzed by filtering the data set with P ≤ .05 and signal-to-noise ra-
tio ≥2.0 for screening out differently expressed genes.

Statistical Analysis
Continuous variables were normally distributed by Kolmogorov-
Smirnov test and provided as mean ± SD. Overall comparisons were 
performed with 1-way analysis of variance, and multiple comparisons 
between the 2 groups were derived from the least significant dif-
ference t-test. Categorical variables were expressed as percentages. 
Differences in percentages of variables were determined by χ 2 

TABLE 1.  Correlation between Clinical Characteristics and Plasma cfDNA or SUV-Maxa

 n cfDNA K-Wχ2/Z P SUV
-
Maxa K-Wχ2/Z P 

Healthy control        

 Age (y)        

  ≤65 119 9.58 (5.06, 12.54) 0.991 .319 1.88 (1.14, 2.55) 0.501 .479

  >65 31 10.01 (7.15, 17.75)   1.94 (0.89, 2.71)   

 Sex (n)        

  Male 116 9.82 (6.48, 12.53) −0.608 .543 1.90 (1.09, 2.41) 0.514 .607

  Female 34 7.14 (3.52, 17.62)   2.14 (.79, 3.41)   

Tuberculosis        

 Age (y)   −0.102 .918  −1.448 .148

  ≤65 117 14.59 (11.34, 17.91)   2.53 (1.69, 3.12)   

  >65 34 14.62 (6.30, 26.99)   2.10 (1.42, 3.25)   

 Sex (n)   −0.311 .755  −0.270 .787

  Male 114 14.50 (9.14, 18.78)   2.43 (1.52, 2.99)   

  Female 37 14.66 (9.73, 18.94)   2.23 (1.46, 5.15)   

Early NSCLC        

 Age (y)   −1.636 .102  −2.182 .029

  ≤65 113 18.64 (14.45, 23.64)   3.53 (2.86, 4.72)   

  >65 36 27.90 (6.68, 41.91)   7.19 (2.04, 8.94)   

 Sex (n)   − .267  −1.157 .247

  Male 114 19.05 (11.17, 26.12)   3.81 (2.28, 5.33)   

  Female 35 20.29 (14.29, 35.03)   4.05 (3.00, 8.30)   

Pathological type   −3.682 <.001  −4.080 <.001

Adenocarcinoma 76 20.93 (16.89, 36.23)   4.36 (3.47, 8.05)   

Squamous carcinoma 73 17.37 (8.82, 22.81)   3.01 (1.57, 4.22)   

cfDNA, cell-free DNA; NSCLC, non–small cell lung cancer; SUV-Maxa, the maximum standardized uptake value.

test. Categorical variables were abnormally distributed and shown 
as median (quartile) [M (P25, P75)]. Differences in serum cfDNA 
concentrations and the integrity and SUV-Maxa among participants 
with NSCLC, tuberculosis, and healthy controls were analyzed by 
using the Kruskal-Wallis test. Multiple comparisons between 2 
groups were derived from the Mann-Whitney U test. Relationships 
between cfDNA and SUV-Maxa were examined using Pearson linear 
regression analysis. The receiver operating characteristic (ROC) anal-
ysis was carried out to determine the area under the curve (AUC), 
sensitivity and specificity. Statistical analysis was performed by 
using the SPSS statistical package version 16.0. Statistically signif-
icance was established at P < .05.

Results

General Conditions
There were 143 participants with early NSCLC, 151 participants with 
tuberculosis, and 150 healthy controls in this study. Characteristics 
of patient groups are shown in TABLE 2 and TABLE 3. There were 
no statistical differences in gender, age, and comorbidities among 
the 3 groups (P = .929 and P = .573, respectively, TABLE 2). Nev-
ertheless, early NSCLC patients showed higher smoking rate (cur-
rent: 43.62%, former: 36.91%, never: 19.46%) and tobacco exposure 
(42.65 ± 16.94  years) than healthy controls (current: 30%, former: 
26.67%, never: 43.33%, P < .001; 30.23 ± 9.12 years, P < .001) and tu-
berculosis patients (current: 31.13%, former: 39.07%, never: 29.8%, 
P = .039; 36.78 ± 12.97 years, P < .001, TABLE 2)

The cfDNA and SUV-Maxa Were Increased in Early NSCLC 
Patients
Serum levels of cfDNA [19.78(11.52, 28.36) ng/μL] and SUV-Maxa 
[3.99 (2.33, 5.71)] were significantly higher in patients with early 
NSCLC than those in healthy controls (9.75 [5.27, 13.65] ng/μL, 
P < .001, FIGURE 1B; 1.93 [1.05, 2.59], P < .001, FIGURE 1C, re-
spectively) and those in patients with tuberculosis 914.58 [9.149, 
18.74] ng/μL, P < .001, FIGURE 1B; 2.41 [1.50, 3.12], P < .001, FIG-
URE 1C, respectively).

cfDNA Levels Were Associated with SUV-Maxa in Early 
NSCLC Patients
In healthy controls and subjects with tuberculosis, no statistical asso-
ciation was found between SUV-Maxa and age (P = .319 and P = .102, 
respectively); in contrast, statistical association was found in early 
NSCLC patients (P = .029, TABLE 1). In addition, adenocarcinoma of 
early NSCLC subjects showed higher cfDNA and SUV-Maxa than those 
with squamous carcinoma 920.93 [16.89, 36.23] ng/μL vs 17.37 [8.82, 
22.81] ng/μL, P < .001; 4.36 [3.47, 8.05] vs 3.01 [1.57, 4.22], P < .001, 
respectively). Similarly, cfDNA and SUV-Maxa had a significant negative 
correlation in healthy controls (r = 0.163, P = .045, FIGURE 1D). These 
2 values had a significant positive correlation in patients with tubercu-
losis (r = 0.226, P = .005, FIGURE 1E). However, patients with early 
NSCLC exhibited a strongly significant positive correlation (r = 0.841, 
P < .001, FIGURE 1F).

Combining cfDNA and SUV-Maxa to Distinguish Early 
NSCLC from Healthy Controls
The ROC curve analysis showed that the combination of cfDNA and SUV-
Maxa (AUC = 0.982, P < .001, cut-off values = 0.22, sensitivity = 94.5%, 
specificity = 92.7%) displayed higher efficacy to distinguish early NSCLC 

TABLE 3.  Stage and Grade of Early NSCLC

 
Early NSCLC   

n (%) 

Stage 149 (100)

 0 3 (2)

 IA 43 (28.8)

 IB 32 (21.4)

 II A 41 (27.5)

 II B 30 (20.1)

Grade 149 (100)

 Well differentiated 13 (2)

 Moderately differentiated 55 (36.9)

 Poorly differentiated 63 (42.3)

 Undifferentiated 20 (13.4)

TABLE 2.  Comparison of Clinical Characteristics among Early NSCLC, Tuberculosis, and Healthy Controls

 Healthy Control (n = 150) 
Tuberculosis   

(n = 151) 
NSCLC   

(n = 149) 
P 

Age (y) 59.92 ± 8.33 59.27 ± 9.70 60.08 ± 9.94 .734

Gender    .932

 Male 116 (77.33%) 114 (75.5%) 114 (76.51%)  

 Female 34 (22.67%) 37 (24.5%) 35 (23.49%)  

Smoking status    <.001

 Current 45 (30%) 47 (31.13%) 65 (43.62%)  

 Former 40 (26.67%) 59 (39.07%) 55 (36.91%)  

 Never 65 (43.33%) 45 (29.8%) 29 (19.46%)  

Tobacco exposure (y) 30.23 ± 9.12 36.78 ± 12.97 42.65 ± 16.94 <.001

Comorbidities     

 Hypertension 55 (36.67%) 54 (35.76%) 60 (40.27%) .696

 Diabetes 15 (10%) 12 (7.95%) 18 (12.08%) .491

 Asthma 7 9 (5.96%) 12 (4.03%) .473

NSCLC, non-small cell lung cancer
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FIGURE 1. The combination of circulating cell-free DNA (cfDNA) and metabolic tumor burden displayed better ability to 
distinguish early non–small cell lung cancer (NSCLC) patients from tuberculosis. A, The metabolic tumor burden was described 
with the SUV-Maxa of the primary tumor, measured by positron emission tomography-computed tomography (PET/CT). Early 
NSCLC and tuberculosis (arrows) were diagnosed by pathology through PET/CT-guided biopsy or CT-guided biopsy. B, Serum 
cfDNA levels in healthy controls, subjects with tuberculosis, and subjects with early NSCLC. C, The metabolic tumor burden 
(maximum standardized uptake value [SUV-Maxa]) in healthy controls, subjects with tuberculosis, and early NSCLC subjects. 
D, The correlation of cfDNA and SUV-Maxa in healthy controls (r = 0.163; P = .045). E, The correlation of cfDNA and SUV-Maxa 
in tuberculosis subjects (r = 0.226; P = .005). F, The correlation of cfDNA and SUV-Maxa in subjects with early NSCLC (r = 0.841; 
P = .001). G, Receiver operating characteristic (ROC) curve analysis to distinguish early NSCLC from healthy controls by serum 
cfDNA levels, SUV-Maxa, or the combination of cfDNA and SUV-Maxa. H, ROC curve analysis to distinguish early NSCLC from 
tuberculosis by serum cfDNA levels, SUV-Maxa, or the combination of cfDNA and SUV-Maxa. Values represent means (quartile)
(M [P25, P75]). AUC, area under the curve. 
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from healthy controls than each measure alone (AUC = 0. 907, P < .001, 
cut-off values = 20.25, sensitivity = 98.0%, specificity = 67.3% and 
AUC = 0.901, P < .001, cut-off values = 7.67, sensitivity = 80.6%, spec-
ificity = 94.3%, respectively, FIGURE 1G, TABLE 4).

Combining cfDNA and SUV-Maxa to Distinguish Early 
NSCLC from Tuberculosis
The ROC curve analysis showed that the combination of cfDNA and SUV-
Maxa (AUC = 0.935, P < .001, cut-off values = 0.46, sensitivity = 91.9%, 
specificity = 90.1%) also displayed better ability to distinguish early 
NSCLC from tuberculosis than each measure alone (AUC = 0.804, 
P < .001, cut-off values = 16.83, sensitivity = 96%, specificity = 65.3% 
and AUC = 0.851, P < .001, cut-off values = 3.51, sensitivity = 67.1%, 
specificity = 93.7%; respectively, FIGURE 1H, TABLE 5).

The cfDNA Was Associated with [3H]-2-Deoxy-DG Uptake 
in NSCLC Mouse Model
To investigate the specific mechanism of the relationship between cfDNA 
and SUV-Maxa, 2 NSCLC mouse models (A549 and NCI-H460) and the 
tuberculosis mouse model were used. Metabolic tumor burden was meas-
ured by the value of SUV-Maxa in PET/CT, which depended on the rate of 
contrast agent (18F-FDG) uptake by the tumor.16,17 Therefore, the rate 
of [3H]-2-deoxy-DG uptake was measured to show the metabolic tumor 
burden in lung tumors in the NSCLC mouse model. We found that the 
A549 NSCLC group and NCI–H460 NSCLC group both had a higher rate 
of [3H]-2-deoxy-DG uptake than those in the control group and in the 
tuberculosis group (FIGURE 2B), similar to humans. Moreover, the 
NSCLC group also showed higher cfDNA levels than those in the con-
trol group and tuberculosis group (FIGURE 2A). Similarly, there is also 
no correlation of cfDNA and the rate of [3H]-2-deoxy-DG uptake in the 
control group (FIGURE 2C) and the tuberculosis group (FIGURE 2D). 
However, the NSCLC group showed obvious association of cfDNA level 
and [3H]-2-deoxy-DG uptake (FIGURE 2E, FIGURE 2F).

GLU1/FasL/Caspase 8/Caspase 3 Were Upregulated in 
Lung Tumor Tissue of NSCLC Mouse Model
To further study the specific mechanism of glucose uptake of lung tu-
mor interacting with serum cfDNA, RNA microarray analysis was 
performed. GLU1, FasL, caspase 8, and  caspase 3 genes were signifi-
cantly upregulated in lung tumors of the A549/NCI–H460 NSCLC group 
compared with those in the tuberculosis group (FIGURE 2G). Also, 

Western blotting also showed that GLU1, FasL, cleaved-caspase 8, and 
cleaved-caspase 3 were significantly increased, whereas pro-caspase 8 
and pro-caspase 3 were decreased in the A549/NCI–H460 NSCLC group 
compared with those in the tuberculosis group (FIGURE 2H-2I).

GLU1 Promoted the [3H]-2-Deoxy-DG Uptake in NSCLC 
Mouse Model
To investigate whether [3H]-2-deoxy-DG uptake relies on GLU1, the 
GLU 1 inhibitor (WZB117) was used. The increased [3H]-2-deoxy-DG 
uptake was reversed by WZB117, indicating that the upregulated GLU1 
promoted the [3H]-2-deoxy-DG uptake in A549/NCI–H460 NSCLC 
(FIGURE 3C, FIGURE 3G).

GLU1 Increased cfDNA Levels by FasL/Caspase 8/
Caspase 3 Pathway In Vivo
To explore whether the apoptosis-induced cfDNA was mediated through 
GLU1/FasL/caspase 8/caspase 3 pathways, GLU 1 inhibitor (WZB117), 
anti–FasL antibody, and caspase 8 and caspase 3 inhibitor (Z-IETD-
FMK) were used in vivo. We found that GLU1 increased the expression 
of cleaved-caspase 3 through increasing FasL and cleaved-caspase 8 
expression in lung tumors of A549/NCI–H460 NSCLC mice (FIGURE 
3A, 3D, 3E, 3H), indicating that the GLU1/FasL/caspase 8/caspase 3 
pathway was activated in NSCLC to promote apoptosis. Moreover, the 
increased serum cfDNA was reversed by WZB117, anti–FasL antibody, 
and Z-IETD-FMK (FIGURE 3B, 3F), indicating that GLU1 increased 
cfDNA levels by FasL/caspase 8/caspase 3 pathways in vivo.

GLU1 Promoted Apoptosis by FasL/Caspase 8/Caspase 3 
Pathway In Vitro
In vitro experiments also demonstrated similar results in A549 and 
NCI–H460 cell lines. Knocking down GLU1 and FasL genes by siRNA and 
inhibited caspase 8/caspase 3 activities could significantly reduce apop-
tosis, indicating that GLU1 promotes apoptosis by the FasL/caspase 8/
caspase 3 pathway in vitro (FIGURE 4A-4F).

Discussion
This study found that the serum levels of cfDNA and metabolic tumor 
burden (SUV-Maxa and [3H]-2-deoxy-DG uptake) in human subjects 
and a mouse model of NSCLC were significantly higher than those 
in healthy controls and subjects with  tuberculosis. In addition, the 

TABLE 4.  Combining cfDNA and SUV
-
Maxa to Distinguish Early NSCLC from Healthy Controls

 AUC ROC Cut-off Value Sensitivity (%) Specificity (%) 95% CI P 

cfDNA 0.907 20.25 98.0 67.3 0.875–0.939 <.001

SUV
-
Maxa 0.901 7.67 80.6 94.3 0.860–0.941 <.001

Combination of cfDNA and AUC-Maxa 0.982 0.22 94.5 92.7 0.971–0.992 <.001

AUC, area under the curve; cfDNA, cell-free DNA; NSCLC, non–small cell lung cancer; SUV
-
Maxa, maximum standardized uptake value.

TABLE 5.  Combining cfDNA and SUV
-
Maxa to Distinguish Early NSCLC from Tuberculosis

 AUC ROC Cut-off Value Sensitivity (%) Specificity (%) 95% CI P 

cfDNA 0.804 16.83 96 65.3 0.751-0.857 <.001

SUV-Maxa 0.851 3.51 67.1 93.7 0.807-0.896 <.001

Combination of cfDNA and AUC-Maxa 0.935 0.46 91.9 90.1 0.910-0.960 <.001

AUC, area under the curve; cfDNA,cell-free DNA; NSCLC, non-small cell lung cancer; SUV-Maxa, the maximum standardized uptake value.
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FIGURE 2. Serum circulating cell-free DNA (cfDNA) level was correlated with [3H]-2-deoxy-DG uptake and GLU1/FasL/
caspase 8/caspase 3 were upregulated in non–small cell lung cancer (NSCLC) mouse model. A, Serum cfDNA levels in control 
mouse model, tuberculosis mouse model, and NSCLC mouse model. B, The metabolic tumor burden ([3H]-2-deoxy-DG uptake). 
C, The correlation of cfDNA and [3H]-2-deoxy-DG uptake in controls (r = 0.055; P = .893). D, The correlation of cfDNA and [3H]-
2-deoxy-DG uptake in tuberculosis mouse model (r = 0.459; P = .251). E, The correlation of cfDNA and [3H]-2-deoxy-DG uptake 
in A549 NSCLC mouse model (r = 0.896; P = .003). F, The correlation of cfDNA and [3H]-2-deoxy-DG uptake in NCI–H460 NSCLC 
mouse model (r = 0.774; P = .023). G, RNA microarray analysis was performed to investigate the differential gene between the 
NSCLC mouse model and the tuberculosis mouse model. H and J, GLUT1, FasL, pro-caspase 8, cleaved caspase 8, pro-
caspase 3, and cleaved caspase 3 expression was evaluated using Western blotting in the tuberculosis mouse model and 
A549 NSCLC mouse model. I and K, GLUT1, FasL, pro-caspase 8, cleaved caspase 8, pro-caspase 3, and cleaved caspase 3 
expression were evaluated using Western blotting in a tuberculosis mouse model and NCI–H460 NSCLC mouse model. Values 
represent mean ± SD, n = 8 per group. 
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FIGURE 2. Serum circulating cell-free DNA (cfDNA) level was correlated with [3H]-2-deoxy-DG uptake and GLU1/FasL/
caspase 8/caspase 3 were upregulated in non–small cell lung cancer (NSCLC) mouse model. A, Serum cfDNA levels in control 
mouse model, tuberculosis mouse model, and NSCLC mouse model. B, The metabolic tumor burden ([3H]-2-deoxy-DG uptake). 
C, The correlation of cfDNA and [3H]-2-deoxy-DG uptake in controls (r = 0.055; P = .893). D, The correlation of cfDNA and [3H]-
2-deoxy-DG uptake in tuberculosis mouse model (r = 0.459; P = .251). E, The correlation of cfDNA and [3H]-2-deoxy-DG uptake 
in A549 NSCLC mouse model (r = 0.896; P = .003). F, The correlation of cfDNA and [3H]-2-deoxy-DG uptake in NCI–H460 NSCLC 
mouse model (r = 0.774; P = .023). G, RNA microarray analysis was performed to investigate the differential gene between the 
NSCLC mouse model and the tuberculosis mouse model. H and J, GLUT1, FasL, pro-caspase 8, cleaved caspase 8, pro-
caspase 3, and cleaved caspase 3 expression was evaluated using Western blotting in the tuberculosis mouse model and 
A549 NSCLC mouse model. I and K, GLUT1, FasL, pro-caspase 8, cleaved caspase 8, pro-caspase 3, and cleaved caspase 3 
expression were evaluated using Western blotting in a tuberculosis mouse model and NCI–H460 NSCLC mouse model. Values 
represent mean ± SD, n = 8 per group. 
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cfDNA levels were positively associated with metabolic tumor bur-
den in NSCLC patients and the mouse model. Moreover, the combi-
nation of cfDNA and metabolic tumor burden displayed better ability 
to distinguish early NSCLC patients from tuberculosis patients than 
use of one alone. Mechanistically, upregulated GLU1 in tumor tissue 
promoted apoptosis-induced cfDNA elevation through FasL/caspase 
8/caspase 3 pathways. Meanwhile, upregulated GLU1 also promoted 
the uptake of glucose of tumors to increase metabolic tumor burden 
in NSCLC.

Several reports have demonstrated higher levels of cfDNA in the serum 
of subjects with lung cancer compared with healthy controls, indicating it 
as a potential diagnostic biomarker.13,30,31 In this study, both early NSCLC 
patients and the mouse model displayed higher levels of cfDNA than 
those in healthy controls, indicating that cfDNA could be used as a poten-
tial diagnostic biomarker for early NSCLC detection. In addition, our pres-
ent research also demonstrated that the cfDNA levels increased in early 
NSCLC patients and the mouse model compared with those in subjects 
with tuberculosis and the mouse model, suggesting that cfDNA is a poten-
tial diagnostic biomarker to distinguish early NSCLC from tuberculosis, as 
shown in our previous report.13 Unfortunately, the sensitivity and speci-
ficity of cfDNA to distinguish early NSCLC from tuberculosis were not sat-
isfactory; therefore, it was necessary to seek a new approach to improve 
the efficiency of the differential diagnosis.

The 18F-FDG PET/CT was a valuable new imaging modality for 
diagnosis and differential diagnosis of NSCLC.32,33 The PET/CT 
parameters (ie, SUV-Maxa) could provide useful data on tumor me-

tabolism. For instance, in the SUV-Maxa, the value of a single voxel 
with the highest radiotracer (18F-FDG) concentrations within the 
tumor was an indicator of the metabolic tumor burden.16,17 This 
study found a significant correlation between the cfDNA and the 
metabolic tumor burden in subjects with tuberculosis vs an insignif-
icant correlation in the tuberculosis mouse model. The possible ra-
tionale for this difference may result from the differences in severity 
and/or stage of tuberculosis in the subjects and/or the dosage of My-
cobacterium tuberculosis used for making a tuberculosis model. This 
research also found that SUV-Maxa was increased in early NSCLC 
patients compared with that in healthy controls and subjects with 
tuberculosis and could be used for the diagnosis and the differential 
diagnosis of early NSCLC, as shown in a previous report.6 Of note, 
although SUV-Maxa was useful and might be a surrogate marker of 
the metabolic tumor burden, it was affected by many factors and was 
highly sensitive to noise.34,35 A previous study has demonstrated that 
SUV-Maxa had low sensitivity for distinguishing early NSCLC from 
tuberculosis.20 Our study also revealed this result, indicating that a 
combined approach to improve the differential diagnosis rate of early 
NSCLC from tuberculosis was required. 

This study has several limitations. This study only used 2 A549 
NSCLC and NCI–H460 NSCLC mouse models, whereas other available 
NSCLC mouse models may exhibit a different rate of [3H]-2-deoxy-DG 
uptake in comparison to the tuberculosis mouse model and control 
mouse model. Also, the sample size is small and would benefit by be-
ing larger.
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FIGURE 3. GLU1 increased circulating cell-free DNA (cfDNA) levels by FasL/caspase 8/caspase 3 pathway and promoted the [3H]-
2-deoxy-DG uptake in vivo. Glu 1 Inhibitor (WZB117), anti–FasL antibody, caspase 3 and caspase 8 common inhibitor (Z-IETD-FMK) 
were injected into A549 non–small cell lung cancer (NSCLC) mouse model (A and D) or NCI–H460 NSCLC mouse model (E and H) via 
the caudal vein 1 time 3 days before tissue collection to elucidate the specific signal pathway. GLUT1, FasL, pro-caspase 8, cleaved 
caspase 8, pro-caspase 3, and cleaved caspase 3 expression was evaluated using Western blotting. Increased serum cfDNA levels 
were reversed by anti–FasL antibody and Z-IETD-FMK in A549 NSCLC mouse model (B) or NCI–H460 NSCLC mouse model (F). 
The increased [3H]-2-deoxy-DG uptake was reversed by WZB117 in A549 NSCLC mouse model (C) or NCI–H460 NSCLC mouse 
model (G). Values represent mean ± SD, n = 8 per group. 
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FIGURE 4. GLU1 promoted apoptosis by FasL/caspase 8/caspase 3 pathway in vitro. The GLU1 or FasL genes were knocked 
down by siRNA and the activation of caspase 3 and caspase 8 was blocked by Z-IETD-FMK. GLUT1, FasL, pro-caspase 8, 
cleaved caspase 8, pro-caspase 3, and cleaved caspase 3 expression was evaluated by Western blotting in A549 cells (A 
and C) and NCI–H460 cells (D and F). Apoptosis percent of A549 cell (B) and NCI–H460 cell (E) at the 24th hour. Values represent 
mean ± SD, n = 6 per group. 
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Recently, a larger prospective, interventional study demonstrated that 
the combination of blood testing with PET/CT could be used to screen for 
lung cancer.22 Therefore, the combination of cfDNA and metabolic tumor 
burden was performed to distinguish early NSCLC from tuberculosis. In-
triguingly, ROC curve analysis showed that the combination of cfDNA and 
SUV-Maxa displayed better ability to distinguish early NSCLC from tuber-
culosis than use of either alone. Furthermore, patients with early NSCLC, 
rather than healthy controls or patients with tuberculosis, showed an obvi-
ous positive correlation of cfDNA and SUV-Maxa. This association also was 
shown in the NSCLC mouse model, rather than the control or the tubercu-
losis mouse models, indicating that there may be a connection, to a certain 
degree, between the metabolism of cfDNA and tumor burden.

Tumor cells adapt to hypoxic conditions by controlling the expres-
sion of many endogenous glycolysis-related transporters and enzymes, 
such as GLU1, which play a pivotal role in the mechanisms of cellular 
metabolism.36,37 Although several studies have reported a correlation 
between GLU1 expression and SUV-Maxa in NSCLC subjects,17,38 none 
have verified this relationship in an animal model. This research found 
that the expression of GLU1 mRNA and protein was also increased 
markedly in 2 NSCLC mouse models, similar to NSCLC patients; moreo-
ver, the increased glucose uptake in tumor cells was reversed by a GLU1-
specific inhibitor, indicating that upregulated GLU1 increased metabolic 
tumor burden (SUV-Maxa) by promoting glucose uptake in NSCLC.

Deregulation in apoptotic cell death machinery is a hallmark of cancer, 
and apoptosis alteration was responsible for the tumor burden, develop-
ment, and progression.9,10 Circulating cfDNAs were mainly derived from 
tumor DNA fragments by apoptotic tumor cells, whereas apoptosis was 
stimulated by the activation of caspases 8 and caspases 3.7,8 Our study 
found that upregulated GLU1 increased the expression of cleaved-caspase 
8 and cleaved-caspase 3 through upregulating FasL to promote apoptosis 
in vivo and in vitro. Moreover, increased serum cfDNA levels were reversed 
by GLU1-specific inhibitor, anti–FasL antibody, and caspase 8 and caspase 
3 common inhibitor, indicating that the increased serum cfDNA depended 
on the GLU1/ FasL/caspase 8/caspase 3 pathway in NSCLC.

In conclusion, this study demonstrated that serum levels of cfDNA 
and metabolic tumor burden in human subjects and mouse models of 
NSCLC were significantly increased above those in healthy controls and 
subjects with tuberculosis. Moreover, serum cfDNA levels were correlated 
with metabolic tumor burden in early NSCLC. In addition, the combina-
tion of cfDNA and metabolic tumor burden displayed better ability to dis-
tinguish early NSCLC in subjects from those with tuberculosis than either 
alone. Mechanistically, upregulated GLU1 increased the serum levels of 
cfDNA by FasL/caspase 8/caspase 3 pathways and promoted the uptake of 
glucose to increase the metabolic tumor burden in NSCLC.
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ABSTRACT

Objective: Bladder cancer is one of the most common malignant 

tumors in urology in China. The analysis of gene mutation in bladder 

cancer and its relationship with clinical characteristics and prognosis 

will provide a basis for accurate treatment of bladder cancer. The aim of 

this study was to analyze the mutations and functional regions of blad-

der cancer–related genes based on high-throughput sequencing, and 

to explore the relationship between mutations and clinicopathological 

features, as well as its prognosis and clinical implication.

Methods: From April 2020 to October 2020, a total of 47 patients 

with bladder cancer in the Department of Urology, Affiliated Hospi-

tal of Chengde Medical College were studied. Gene sequencing 

was performed using Nextseq CN500 System, a high-throughput 

sequencing platform. The results of gene detection were described, 

and the relationship and clinical value of high frequency mutated 

genes with clinicopathological features and prognosis were system-

atically analyzed.

Results: A total of 29 mutation genes, 61 exons, and 95 mutation 

sites were identified in this study. The frequencies of TP53, FGFR3, 

PIK3CA, ERBB2, MUC4, and KRAS mutation are relatively high,  

accounting for 59.92 % of the total mutation frequency. The TP53 was 

significantly associated with muscle invasive bladder cancer, T2 stage, 

and progression-free survival, while FGFR3 was significantly associ-

ated with non-muscle invasive bladder cancer and T1 stage.

Conclusion: High-throughput sequencing technology provides a suc-

cessful approach for detecting bladder cancer gene mutations. The 

TP53, FGFR3, PIK3CA, ERBB2, MUC4, and KRAS genes have high 

mutation frequencies in bladder cancer patients. The TP53, FGFR3 

and PIK3CA genes may play a predictive role in the prognosis of blad-

der cancer, which may hold certain guiding significance for in-depth 

study of the pathogenesis of bladder cancer and the development of 

targeted therapies.

Bladder cancer is one of the most common malignancies in urology in 
China.1 According to Global Cancer Statistics data,2–5 the incidence of 
bladder cancer worldwide was 7.2/100,000 in 2018 (11.0/100,000 men, 
2.4/100,000 women)  and 7.4/100,000 in 2020 (11.2/100,000 men, 
1.7/100,000 women). In China, the incidence of bladder cancer in men 
was 8.8/100,000 in 2018 and 8.9/100,000 in 2020, with an increasing 
trend year by year. The incidence of bladder cancer in women is outside 
the top 10, and the incidence of bladder cancer in men is about 3 to 4 
times higher than in women. With the improvement of clinical exam-
ination technology, early detection and treatment of bladder cancer 
can be achieved in the clinic. Along with improved surgical technol-
ogy, surgical methods, and postoperative bladder perfusion chemo-
therapy, urine screening evaluation has an important role clinically in 
monitoring the recurrence of bladder cancer.6 The 5-year overall survival 
(OS) rate of persons with non-muscle invasive bladder cancer (NMIBC) 
is about 90%.7–9 Approximately 15% to 20% of NMIBC progressed to 
MIBC and carcinoma in situ and high-grade papillary tumors were more 
likely to progress to MIBC than low-grade papillary tumors.10,11 The 
5-year OS rate of MIBC patients is about 60% to 70%.8,12 Despite radical  
cystectomy and pelvic lymph node dissection, about 50% of patients 
eventually developed renal, liver, intra-abdominal and retroperito-
neal metastasis due to diffuse micrometastasis.13,14 Moreover, post-
operative intravesical treatment was ineffective for 30% to 50% of 
patients, or relapse occurred within 5 years after treatment.15 Genetic  
heterogeneity may lead to differential responsiveness of individuals with 
bladder cancer to conventional treatment. Thus, it is of great clinical  

significance to find effective biomarkers to develop molecularly targeted 
therapies for bladder cancer. High-throughput sequencing technology 
is one of the technologies to guide targeted therapy of bladder cancer. 
High-throughput sequencing technology can be used for synthesis and 
sequencing and detects multigene, multisite mutation, fusion genes, 
gene copy number variation, and other changes. In this study, we used 
high-throughput sequencing technology to detect gene mutations in 47 
bladder cancer specimens, and further analyzed their relationship with 
clinical characteristics to provide new insights into therapeutic targeting 
in future bladder cancer treatment.

Materials and Methods

Recruitment of Research Participants
From April 2020 to October 2020, surgical pathology specimens of 32 males 
and 15 females with bladder cancer were collected in the Department of Urol-
ogy, Affiliated Hospital of Chengde Medical College. The minimum age was 
25 years and the maximum was 89 years, with an average age of 63 ± 11.85. 
Inclusion criteria included (1) age >18  years old with no gender require-
ment, (2) no other types of tumor, (3) postoperative pathological diagnosis 
of bladder cancer, and (4) voluntarily accepted gene sequencing and signed 
informed consent, which was finally approved by the ethics committee. 
Those who do not meet the above standards and individuals with cardio-
pulmonary insufficiency who could not tolerate surgery were excluded. This 
study met the requirements of the World Medical Association’s Declaration 
of Helsinki. The approval number is CYFYLL2021097.

Bladder cancer includes urothelial carcinoma (transitional cell carci-
noma), squamous cell carcinoma, and adenocarcinoma, followed by the 
less common small  cell carcinoma, mixed carcinoma, carcinosarcoma, 
and metastatic carcinoma. Bladder urothelial carcinoma is the most 
common, accounting for more than 90% of bladder cancers. All 47 cases 
of bladder cancer in this study were diagnosed as urothelial carcinoma. 
In this article, “bladder cancer” refers specifically to urothelial carcinoma 
of the bladder. Through detailed medical history, 47 bladder cancer 
patients in this study denied a history of workplace exposure (aromatic 
amines, rubber, leather, textiles, paints, etc), exposure to toxic or radio-
active substances, chronic bladder irritation and infection, personal his-
tory, genetic and family history of bladder or other urothelial cancers, 
etc. Specific clinical data are shown in TABLE 1.

Research Methods
After paraffin embedding, the pathological tissues of participants 
with bladder cancer were subjected to gene detection using the high-
throughput sequencing platform Illumina Nextseq CN500 System. Path-
ological classification of bladder cancer was determined by a pathologist. 
The excess paraffin was removed using the dewaxing solution, and the ge-
nomic DNA was released using RNAase free water, uracil N-glycosylase 
buffer, and proteinase K. Genomic DNA was reversibly adsorbed by the 
silica gel membrane column. After removing protein, lipid, and poly-
saccharide impurities by protease digestion and washing with rinse so-
lution, genomic DNA was obtained by elution of the purified liquid. The 
customized bladder cancer–related genes were captured and enriched 
by the probe capture method. The genomic DNA was fragmented by the 
Covaris ultrasonic interrupter and purified using a AMPure XP beads kit. 
The fragmentation effect was confirmed by an Agilent 2100 bioanalyzer, 
and the main peak was 150–200 base pairs. After terminal repair, connec-
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ABSTRACT

Objective: Bladder cancer is one of the most common malignant 

tumors in urology in China. The analysis of gene mutation in bladder 

cancer and its relationship with clinical characteristics and prognosis 

will provide a basis for accurate treatment of bladder cancer. The aim of 

this study was to analyze the mutations and functional regions of blad-

der cancer–related genes based on high-throughput sequencing, and 

to explore the relationship between mutations and clinicopathological 

features, as well as its prognosis and clinical implication.

Methods: From April 2020 to October 2020, a total of 47 patients 

with bladder cancer in the Department of Urology, Affiliated Hospi-

tal of Chengde Medical College were studied. Gene sequencing 

was performed using Nextseq CN500 System, a high-throughput 

sequencing platform. The results of gene detection were described, 

and the relationship and clinical value of high frequency mutated 

genes with clinicopathological features and prognosis were system-

atically analyzed.

Results: A total of 29 mutation genes, 61 exons, and 95 mutation 

sites were identified in this study. The frequencies of TP53, FGFR3, 

PIK3CA, ERBB2, MUC4, and KRAS mutation are relatively high,  

accounting for 59.92 % of the total mutation frequency. The TP53 was 

significantly associated with muscle invasive bladder cancer, T2 stage, 

and progression-free survival, while FGFR3 was significantly associ-

ated with non-muscle invasive bladder cancer and T1 stage.

Conclusion: High-throughput sequencing technology provides a suc-

cessful approach for detecting bladder cancer gene mutations. The 

TP53, FGFR3, PIK3CA, ERBB2, MUC4, and KRAS genes have high 

mutation frequencies in bladder cancer patients. The TP53, FGFR3 

and PIK3CA genes may play a predictive role in the prognosis of blad-

der cancer, which may hold certain guiding significance for in-depth 

study of the pathogenesis of bladder cancer and the development of 

targeted therapies.

Bladder cancer is one of the most common malignancies in urology in 
China.1 According to Global Cancer Statistics data,2–5 the incidence of 
bladder cancer worldwide was 7.2/100,000 in 2018 (11.0/100,000 men, 
2.4/100,000 women)  and 7.4/100,000 in 2020 (11.2/100,000 men, 
1.7/100,000 women). In China, the incidence of bladder cancer in men 
was 8.8/100,000 in 2018 and 8.9/100,000 in 2020, with an increasing 
trend year by year. The incidence of bladder cancer in women is outside 
the top 10, and the incidence of bladder cancer in men is about 3 to 4 
times higher than in women. With the improvement of clinical exam-
ination technology, early detection and treatment of bladder cancer 
can be achieved in the clinic. Along with improved surgical technol-
ogy, surgical methods, and postoperative bladder perfusion chemo-
therapy, urine screening evaluation has an important role clinically in 
monitoring the recurrence of bladder cancer.6 The 5-year overall survival 
(OS) rate of persons with non-muscle invasive bladder cancer (NMIBC) 
is about 90%.7–9 Approximately 15% to 20% of NMIBC progressed to 
MIBC and carcinoma in situ and high-grade papillary tumors were more 
likely to progress to MIBC than low-grade papillary tumors.10,11 The 
5-year OS rate of MIBC patients is about 60% to 70%.8,12 Despite radical  
cystectomy and pelvic lymph node dissection, about 50% of patients 
eventually developed renal, liver, intra-abdominal and retroperito-
neal metastasis due to diffuse micrometastasis.13,14 Moreover, post-
operative intravesical treatment was ineffective for 30% to 50% of 
patients, or relapse occurred within 5 years after treatment.15 Genetic  
heterogeneity may lead to differential responsiveness of individuals with 
bladder cancer to conventional treatment. Thus, it is of great clinical  

significance to find effective biomarkers to develop molecularly targeted 
therapies for bladder cancer. High-throughput sequencing technology 
is one of the technologies to guide targeted therapy of bladder cancer. 
High-throughput sequencing technology can be used for synthesis and 
sequencing and detects multigene, multisite mutation, fusion genes, 
gene copy number variation, and other changes. In this study, we used 
high-throughput sequencing technology to detect gene mutations in 47 
bladder cancer specimens, and further analyzed their relationship with 
clinical characteristics to provide new insights into therapeutic targeting 
in future bladder cancer treatment.

Materials and Methods

Recruitment of Research Participants
From April 2020 to October 2020, surgical pathology specimens of 32 males 
and 15 females with bladder cancer were collected in the Department of Urol-
ogy, Affiliated Hospital of Chengde Medical College. The minimum age was 
25 years and the maximum was 89 years, with an average age of 63 ± 11.85. 
Inclusion criteria included (1) age >18  years old with no gender require-
ment, (2) no other types of tumor, (3) postoperative pathological diagnosis 
of bladder cancer, and (4) voluntarily accepted gene sequencing and signed 
informed consent, which was finally approved by the ethics committee. 
Those who do not meet the above standards and individuals with cardio-
pulmonary insufficiency who could not tolerate surgery were excluded. This 
study met the requirements of the World Medical Association’s Declaration 
of Helsinki. The approval number is CYFYLL2021097.

Bladder cancer includes urothelial carcinoma (transitional cell carci-
noma), squamous cell carcinoma, and adenocarcinoma, followed by the 
less common small  cell carcinoma, mixed carcinoma, carcinosarcoma, 
and metastatic carcinoma. Bladder urothelial carcinoma is the most 
common, accounting for more than 90% of bladder cancers. All 47 cases 
of bladder cancer in this study were diagnosed as urothelial carcinoma. 
In this article, “bladder cancer” refers specifically to urothelial carcinoma 
of the bladder. Through detailed medical history, 47 bladder cancer 
patients in this study denied a history of workplace exposure (aromatic 
amines, rubber, leather, textiles, paints, etc), exposure to toxic or radio-
active substances, chronic bladder irritation and infection, personal his-
tory, genetic and family history of bladder or other urothelial cancers, 
etc. Specific clinical data are shown in TABLE 1.

Research Methods
After paraffin embedding, the pathological tissues of participants 
with bladder cancer were subjected to gene detection using the high-
throughput sequencing platform Illumina Nextseq CN500 System. Path-
ological classification of bladder cancer was determined by a pathologist. 
The excess paraffin was removed using the dewaxing solution, and the ge-
nomic DNA was released using RNAase free water, uracil N-glycosylase 
buffer, and proteinase K. Genomic DNA was reversibly adsorbed by the 
silica gel membrane column. After removing protein, lipid, and poly-
saccharide impurities by protease digestion and washing with rinse so-
lution, genomic DNA was obtained by elution of the purified liquid. The 
customized bladder cancer–related genes were captured and enriched 
by the probe capture method. The genomic DNA was fragmented by the 
Covaris ultrasonic interrupter and purified using a AMPure XP beads kit. 
The fragmentation effect was confirmed by an Agilent 2100 bioanalyzer, 
and the main peak was 150–200 base pairs. After terminal repair, connec-

tion, and purification, the library was prepared by polymerase chain reac-
tion and hybridized with the “xGen Lockdown probe.” DNA sequencing 
was performed using a NextseqTM CN500 System. Target region capture 
high-throughput sequencing was applied to all exons of 94 genes, and 4 
mutation types of tumor genes, including point mutation (single nucleo-
tide variant [SNV]), insertion deletion (InDel), fusion, and copy number 
variation (CNV), were detected.

Follow-up Survey
Time of surgery was considered as point zero of follow-up for all subjects. 
All patients received conventional chemotherapy after surgery. The com-
bination of regular outpatient follow-up and telephone follow-up was 
adopted. Patients with bladder cancer were followed up once every 1 to 
3 months within 1 year after operation, and once every 3 to 6 months 
from the second year. The follow-up content included B ultrasound, 
computed tomography, and cystoscopy. The end point of follow-up of 
all patients was February 28, 2022. Recurrence refers to when clinical, 
imaging, and cystoscopy indicated recurrence of bladder tumors, and 
distant metastasis refers to when clinical and imaging examination 
showed evidence of disease at a distant site. Histopathological diagnosis 
was the gold standard for subjects with suspected recurrence or metas-
tasis. Progression-free survival (PFS) refers to the time from the first 
day after surgery to the first recurrence or metastasis, and OS refers to 

TABLE 1.  Clinical Data of 47 Subjects with Bladder Cancer

Clinicopathological Features No. (%) 

Sex

 M 32 (68.09)

 F 15 (31.91)

Age, y

 >60 32 (68.09)

 ≤60 15 (31.91)

Smoker

 Y 28 (59.57)

 N 19 (40.43)

Classification

 NMIBC 23 (48.94)

 MIBC 24 (51.06)

T stage

 Ta 5 (10.64)

 T1 18 (38.30)

 T2a 2 (4.26)

 T2b 20 (42.54)

 T4 2 (4.26)

N stage

 NX 1 (2.13)

 N0 45 (95.74)

 N3 1 (2.13)

M stage

 M0 46 (97.87)

 M1 1 (2.13)

MIBC, muscle invasive bladder cancer; NMIBC, non-muscle invasive blad-
der cancer.
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the time from the first day after surgery to death or the last follow-up. 
The criteria for excluding subjects from follow-up included death from 
other diseases and missing interviews and other events. The time unit 
is in months.

Statistical Methods
SPSS 23.0 statistical software was used to analyze the relationship be-
tween mutant genes and clinical characteristics by χ 2 test or Fisher’s 
precise probability method, and the count data were expressed as com-
position ratio and incidence rate. The OS and PFS were analyzed by 
Kaplan-Meier curve and log-rank test. Multivariate Cox proportional 
risk regression model was used to analyze univariate and multivariate 
factors affecting the prognosis of bladder cancer. P < .05 indicates that 
the difference was statistically significant.

Results

High-Throughput Sequencing Results of Gene Mutations 
in Study Subjects
In this study, all exons and more than 2000 gene loci of 94 genes in 
postoperative pathological specimens of 47 patients with bladder can-
cer were subjected to high-throughput sequencing. A total of 29 mu-
tation genes, 61 exons, and 95 gene mutation sites were identified. In 
the 47 bladder cancer specimens, 31 had ≥2 gene mutations, 15 had a 
single gene mutation, and 1 had no gene mutation. Detected genetic 
alterations included 116 SNV cases, 7 InDel cases, 4 fusion cases, 
2 CNV cases, and 4 complex cases. Among them, the mutation fre-
quency of TP53 gene was 23.31% (31/133), the mutation frequency of 
FGFR3 gene was 17.29% (23/133), the mutation frequency of PIK3CA 
gene was 14.29% (19/133), the mutation frequencies of ERBB2 and 
MUC4 genes each was 5.26% (7/133), and the mutation frequency 
of KRAS gene was 4.51% (6/133). The mutation frequency of TP53 
gene in MIBC was 33.33% (27/81), FGFR3 gene mutation frequency 
was 6.17% (5/81), and PIK3CA gene mutation frequency was 9.88% 
(8/81). The specific gene mutation analysis is shown in FIGURE 1 
and TABLE 2.

Mutations in TP53, FGFR3, PIK3CA, ERBB2, MUC4 and 
KRAS Genes Detected by High-Throughput Sequencing
In TP53, a total of 7 exons were detected with gene mutations, of 
which 1 gene site of exon 2 had point mutation, with a mutation fre-
quency of 1.16%. Four gene sites of exon 4 had point mutations, with 
a maximum mutation frequency of 56.47%. Six gene sites of exon 5 
had point mutations, with a maximum mutation frequency of 85.65%. 
Five gene sites of exon 6 had point mutations, with a maximum mu-
tation frequency of 64.09%. Four gene sites of exon 7 and exon 8 had 
point mutations, with a maximum mutation frequency of 16.36% and 
35.03%, respectively. One gene site of exon 9 had a point mutation, 
with a mutation frequency of 46.13%. The variation sites are located 
at positions P72, Y163, N239, G245, E285, R280, and Q331 in the p53 
protein.

A total of 3 exons of point mutations and insertion deletions, as well 
as the FGFR3-TACC3 translocations, were detected in FGFR3. Two gene 
sites in exon 7 had point mutations, and the maximum mutation fre-
quency was 84.05%. Three gene loci in exon 9 had point mutations and 
insertion deletions, and the maximum mutation frequency was 89.11%. 

One gene locus in exon 14 had point mutations, and the mutation fre-
quency was 2.94%. A total of 4 fusion mutations of FGFR3-TACC3 were 
detected, and the maximum mutation frequency was 47.22%. The var-
iation sites are located at positions R248, S249, G370, Y373, and K403 
in the FGFR3 protein.

A total of 9 exon mutations were detected by PIK3CA, all of which 
were point mutations. One gene mutation was detected in exons 2, 4, 8, 
11, 15 and 21, and the mutation frequencies were 5.88%, 1.79%, 1.21%, 
1.29%, 42.31% and 31.97%, respectively. The mutations are found at 
position N345, E542, E545, and H1047 in the PIK3CA protein. Four 
gene mutations were detected at exon 10, with the maximum muta-
tion frequency of 53.40%. The mutations are found at position E542K, 
E545K, D549N, and Q546R. Two gene mutations were detected in exon 
5 and exon 14, and the maximum mutation frequencies were 30.00% 
and 20.19%, respectively. The mutations are found at position N345K, 
N345Y, E707K, and E726K.

A total of 4 exon point mutations and 2 ERBB2 gene CNVs were 
detected in ERBB2. Among them, exon 8,  19, and 20 were point 
mutations at 1 gene locus, and the mutation frequencies were 47.11%, 
65.84%, and 43.91%, respectively. Two gene loci in exon 17 were point 
mutations, and the maximum mutation frequency was 69.24%. Four 
gene loci in exon 2 of MUC4 gene were mutated, and the maximum mu-
tation frequency was 8.86%.

A total of 2 exons were detected in KRAS. Point mutation and in-
sertion deletion occurred in 3 gene loci of exon 2, with the maximum 
mutation frequency of 50.91%. Point mutation occurred in 1 gene locus 
of exon 4, with the mutation frequency of 38.52%. The mutation results 
are shown in TABLE 3.

Relationship between Clinical Features of Subjects 
and Mutation Frequency of TP53, FGFR3, PIK3CA, 
ERBB2, MUC4, and KRAS Detected by High-Throughput 
Sequencing
The mutation frequency of the TP53 gene in MIBC was high, and the 
difference was statistically significant (χ 2 = 16.045, P = .000). The muta-
tion frequency of FGFR3 in NMIBC was high, and the difference was sta-
tistically significant (χ 2 = 11.284, P = .001). The TP53 and FGFR3 genes 
were associated with the clinical T stage: TP53 mutation frequency in 
bladder cancer T2b stage was higher and the difference was statistically 
significant (χ 2 = 21.433, P = .000). The FGFR3 gene had a high mutation 
frequency in the T1 stage of bladder cancer and the difference was sta-
tistically significant (χ 2 = 12.566, P = .014). The TP53, FGFR3, PIK3CA, 
ERBB2, MUC4 and KRAS genes had no statistical difference in age, sex, 
and smoking history (P > .05), as shown in TABLE 4.

Recurrence and Metastasis
Recurrence and metastasis were found in 16 of the 47 study subjects, 
and 2 of the 16 died of recurrence and metastasis. Of these 16, 11 had 
muscle invasive bladder cancer and 5 had noninvasive bladder can-
cer. According to TNM staging, there were 1 TaN0M0, 4 T1N0M0, 2 
T2aN0M0, 7 T2bN0M0, 1 T4N0M0, and 1 T4N3M1. There were 10 
subjects with TP53(+) that showed mutations in exons 4, 5, 6, 7, 8, and 
9. In 6 subjects with FGFR3(+), mutations appeared in exons 7 and 9. In 
3 subjects with PIK3CA(+), mutations appeared in exons 2 and 10. In 
3 subjects with ERBB2(+), mutations appeared in exons 8, 17 and 19. 
In 2 patients with MUC4(+), mutations appeared in exon 2; there were 
no subjects with KRAS(+). There was a significant correlation between 
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One gene locus in exon 14 had point mutations, and the mutation fre-
quency was 2.94%. A total of 4 fusion mutations of FGFR3-TACC3 were 
detected, and the maximum mutation frequency was 47.22%. The var-
iation sites are located at positions R248, S249, G370, Y373, and K403 
in the FGFR3 protein.

A total of 9 exon mutations were detected by PIK3CA, all of which 
were point mutations. One gene mutation was detected in exons 2, 4, 8, 
11, 15 and 21, and the mutation frequencies were 5.88%, 1.79%, 1.21%, 
1.29%, 42.31% and 31.97%, respectively. The mutations are found at 
position N345, E542, E545, and H1047 in the PIK3CA protein. Four 
gene mutations were detected at exon 10, with the maximum muta-
tion frequency of 53.40%. The mutations are found at position E542K, 
E545K, D549N, and Q546R. Two gene mutations were detected in exon 
5 and exon 14, and the maximum mutation frequencies were 30.00% 
and 20.19%, respectively. The mutations are found at position N345K, 
N345Y, E707K, and E726K.

A total of 4 exon point mutations and 2 ERBB2 gene CNVs were 
detected in ERBB2. Among them, exon 8,  19, and 20 were point 
mutations at 1 gene locus, and the mutation frequencies were 47.11%, 
65.84%, and 43.91%, respectively. Two gene loci in exon 17 were point 
mutations, and the maximum mutation frequency was 69.24%. Four 
gene loci in exon 2 of MUC4 gene were mutated, and the maximum mu-
tation frequency was 8.86%.

A total of 2 exons were detected in KRAS. Point mutation and in-
sertion deletion occurred in 3 gene loci of exon 2, with the maximum 
mutation frequency of 50.91%. Point mutation occurred in 1 gene locus 
of exon 4, with the mutation frequency of 38.52%. The mutation results 
are shown in TABLE 3.

Relationship between Clinical Features of Subjects 
and Mutation Frequency of TP53, FGFR3, PIK3CA, 
ERBB2, MUC4, and KRAS Detected by High-Throughput 
Sequencing
The mutation frequency of the TP53 gene in MIBC was high, and the 
difference was statistically significant (χ 2 = 16.045, P = .000). The muta-
tion frequency of FGFR3 in NMIBC was high, and the difference was sta-
tistically significant (χ 2 = 11.284, P = .001). The TP53 and FGFR3 genes 
were associated with the clinical T stage: TP53 mutation frequency in 
bladder cancer T2b stage was higher and the difference was statistically 
significant (χ 2 = 21.433, P = .000). The FGFR3 gene had a high mutation 
frequency in the T1 stage of bladder cancer and the difference was sta-
tistically significant (χ 2 = 12.566, P = .014). The TP53, FGFR3, PIK3CA, 
ERBB2, MUC4 and KRAS genes had no statistical difference in age, sex, 
and smoking history (P > .05), as shown in TABLE 4.

Recurrence and Metastasis
Recurrence and metastasis were found in 16 of the 47 study subjects, 
and 2 of the 16 died of recurrence and metastasis. Of these 16, 11 had 
muscle invasive bladder cancer and 5 had noninvasive bladder can-
cer. According to TNM staging, there were 1 TaN0M0, 4 T1N0M0, 2 
T2aN0M0, 7 T2bN0M0, 1 T4N0M0, and 1 T4N3M1. There were 10 
subjects with TP53(+) that showed mutations in exons 4, 5, 6, 7, 8, and 
9. In 6 subjects with FGFR3(+), mutations appeared in exons 7 and 9. In 
3 subjects with PIK3CA(+), mutations appeared in exons 2 and 10. In 
3 subjects with ERBB2(+), mutations appeared in exons 8, 17 and 19. 
In 2 patients with MUC4(+), mutations appeared in exon 2; there were 
no subjects with KRAS(+). There was a significant correlation between 

the TP53 gene mutation and recurrence and metastasis of bladder can-
cer (χ 2 = 3.948, P = .047). However, other gene mutations were not sig-
nificantly correlated with recurrence and metastasis of bladder cancer 
(P > .05).

Survival Analysis
A total of 47 subjects diagnosed with bladder cancer were followed up af-
ter surgery, of whom 16 had recurrence and metastasis; 2 of the 16 died 
due to recurrence and metastasis. By February 28, 2022, the shortest 

FIGURE 1. Tissue gene mutation map of 47 subjects with bladder cancer. Each line represents a patient, each column 
represents the type of gene mutation.
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follow-up time was 6 months, the longest was 23 months, and the me-
dian follow-up time was 21 months. The shortest and longest PFS were 
3 months and 23+ months, and the median PFS was 19+ months. The 
shortest and longest OS were 6 months and 23+ months, and the me-
dian OS was 21+ months.

The median PFS of TP53(+) group was 18.5  months, which was 
shorter than that of the TP53(−) group (19 months); the median PFS 
of the FGFR3(+) group was 19.43 months, which was longer than that 
of the FGFR3(−) group (18.5  months), and the median PFS of the 
PIK3CA(+) group was 19.25 months, which was longer than that of the 
PIK3CA(−) group (18.88  months). The median PFS of the ERBB2(+) 
group was 18  months, which was shorter than the 19.27  months for 
ERBB2(−). The median PFS of the KRAS(+) group was 20.5  months, 
which was longer than the 18.67 months for KRAS(−). However, no sig-
nificant difference was found in OS between these genes, and no signif-
icant difference was found in PFS and OS between the MUC4 positive 
group and the negative group.

Kaplan-Meier analysis showed that the PFS of the TP53(−) group 
was significantly better than that of the TP53(+) group, and the log-
rank test confirmed the correlation between TP53 and PFS (P < .05). 
There was a significant correlation between T stage and PFS (P < .05), 
and PFS decreased with the progression of the tumor stage. The asso-
ciation of other genes and factors with PFS was not proved, but the 
Kaplan-Meier survival curve showed that the PFS of the FGFR3(+) 
group was better than that of the FGFR3(−) group, and the PFS of those 
with NMIBC was better than those with MIBC, as shown in FIGURE 
2. Since 2 out of 47 bladder cancer patients died of bladder cancer, no 
significant correlation between genes or elements and OS was found in 
the study of OS.

Cox Regression Analysis of PFS and OS
Cox proportional risk model univariate analysis of factors affecting post-
operative PFS in study subjects showed that positive TP53 gene and T 
stage of bladder cancer were correlated with PFS (P < .05), as shown in 

TABLE 2.  High-Throughput Sequencing of Pathological Specimens from Study Subjects

Gene No. (%) 

Pathology Type

NMIBC  

No. (%) 

MIBC  

No. (%) 

TP53 31 (23.31) 4 (7.69) 27 (33.33)

FGFR3 23 (17.29) 18 (34.62) 5 (6.17)

PIK3CA 19 (14.29) 11 (21.15) 8 (9.88)

ERBB2 7 (5.26) 2 (3.85) 5 (6.17)

MUC4 7 (5.26) 0 (0.00) 7 (8.64)

KRAS 6 (4.51) 4 (7.69) 2 (2.47)

NOTCH2 5 (3.76) 3 (5.77) 2 (2.47)

PDGFRA 3 (2.26) 1 (1.92) 2 (2.47)

EGFR 3 (2.26) 1 (1.92) 2 (2.47)

KIT 3 (2.26) 0 (0.00) 3 (3.70)

ALK 3 (2.26) 1 (1.92) 2 (2.47)

PTEN 2 (1.50) 0 (0.00) 2 (2.47)

CTNNB1 2 (1.50) 1 (1.92) 1 (1.23)

TERT 2 (1.50) 1 (1.92) 1 (1.23)

FBXW7 2 (1.50) 1 (1.92) 1 (1.23)

DPYD 2 (1.50) 1 (1.92) 1 (1.23)

NTRK1 1 (0.75) 1 (1.92) 0 (0.00)

NTRK3 1 (0.75) 0 (0.00) 1 (1.23)

FGFR2 1 (0.75) 0 (0.00) 1 (1.23)

CBR3 1 (0.75) 0 (0.00) 1 (1.23)

ERCC2 1 (0.75) 0 (0.00) 1 (1.23)

GNAS 1 (0.75) 0 (0.00) 1 (1.23)

CD3EAP 1 (0.75) 0 (0.00) 1 (1.23)

MET 1 (0.75) 1 (1.92) 0 (0.00)

MAP2K1 1 (0.75) 1 (1.92) 0 (0.00)

RB1 1 (0.75) 0 (0.00) 1 (1.23)

RET 1 (0.75) 0 (0.00) 1 (1.23)

AKT1 1 (0.75) 0 (0.00) 1 (1.23)

KDM6A 1 (0.75) 0 (0.00) 1 (1.23)

MIBC, muscle invasive bladder cancer; NMIBC, non-muscle invasive bladder cancer.
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TABLE 5. In the multivariate analysis of Cox proportional risk model, 
no other factors were found to be associated with PFS except T stage of 
bladder cancer. The Cox proportional risk model was used to analyze uni-
variate and multivariate factors affecting postoperative OS in bladder 
cancer patients, but no relevant genes and factors were found.

Discussion
At present, the diagnosis and treatment of bladder cancer mainly rely 
on the comprehensive results of imaging, cystoscopy, and pathol-
ogy. Surgery combined with postoperative intravesical chemotherapy 
has become the standard for the treatment of bladder cancer. How-

ever, for patients with the same clinical stage and pathological type 
of bladder cancer, the effect and prognosis after the same treatment 
are quite different.16 There may be patients with local recurrence or 
recurrence and distant lymph node metastasis after surgery or che-
motherapy, indicating that the diagnosis and conventional treatment 
of bladder cancer is still difficult to treat effectively. Further under-
standing of molecular biology and the genetics of bladder cancer has 
improved the diagnosis and treatment of local and advanced diseases. 
Although intravesical bacillus Calmette–Guérin (BCG) injection re-
mains the main treatment for high-risk NMIBC, treatment options 
for muscle-invasive and advanced diseases have been extended to in-
clude immune checkpoint inhibition, targeted therapy, and antibody 

TABLE 3.  Mutations in TP53, FGFR3, PIK3CA, ERBB2, MUC4, and KRAS Genes Detected by High-Throughput Sequencing in 
Study Subjects

Mutant Functional Area Mutation Frequency (%) Gene Locus Mutations Type of Mutation No. (%) 

TP53     

 exon 2 1.16 1 SNV 1 (3.23)

 exon 4 56.47 4 SNV 5 (16.13)

 exon 5 85.65 6 SNV 7 (22.58)

 exon 6 64.09 5 SNV 5 (16.13)

 exon 7 16.36 4 SNV; Complex 6 (19.35)

 exon 8 35.03 4 SNV 5 (16.13)

 exon 9 46.13 1 SNV 2 (6.45)

FGFR3     

 exon 7 84.05 2 SNV 8 (34.78)

 exon 9 89.11 3 SNV; InDel 10 (43.48)

 exon 14 2.94 1 SNV 1 (4.35)

 FGFR3-TACC3 47.22  Fusion 4 (17.39)

PIK3CA     

 exon 2 5.88 1 SNV 1 (5.26)

 exon 4 1.79 1 SNV 1 (5.26)

 exon 5 30.00 2 SNV 2 (10.53)

 exon 8 1.21 1 SNV 1 (5.26)

 exon 10 53.40 4 SNV 8 (42.11)

 exon 11 1.29 1 SNV 1 (5.26)

 exon 14 20.19 2 SNV 2 (10.53)

 exon 15 42.31 1 SNV 1 (5.26)

 exon 21 31.97 1 SNV 2 (10.53)

ERBB2     

 exon 8 47.11 1 SNV 1 (14.29)

 exon 17 69.24 2 SNV 2 (28.57)

 exon 19 65.84 1 SNV 1 (14.29)

 exon 20 43.91 1 SNV 1 (14.29)

 ERBB2   CNV 2 (28.57)

MUC4     

 exon 2 8.86 4 SNV; Complex 7 (100.00)

KRAS     

 exon 2 50.91 3 SNV; InDel 5 (83.33)

 exon 4 38.52 1 SNV 1 (16.67)

CNV, copy number variation; InDel, insertion deletion; SNV, single nucleotide variant.
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drug conjugates.17,18 In recent years, erdafitinib has been approved for 
platinum-resistant and advanced bladder cancer treatment,19 and it is 
the first oral effective FGFR antagonist approved by the Food and Drug 
Administration (2019) for the treatment of urothelial carcinoma.20 In 
the  future, on the basis of these latest achievements, efforts will be 
made to provide new treatments earlier in the disease progression by 
optimizing the sequencing and combination of approved treatments, 
improved patient selection, and determination of new therapeutic 
targets.19–21 So far, a variety of targeted drugs for bladder cancer treat-

ment are still in the clinical research stage. In this study, the latest 
high-throughput sequencing technology was used to conduct in-depth 
analysis of bladder cancer genes and their exon mutation sites, pro-
viding a reliable experimental basis for the molecular mechanism 
and targeted therapy of clinical bladder cancer. Compared with tradi-
tional sequencing technology, high-throughput sequencing technol-
ogy adopts the principle of simultaneous synthesis and sequencing, 
and parallel sequencing reactions are carried out for hundreds of 
thousands to millions of DNA molecules. Then, the original image data 

TABLE 4.  Relationship Between Different Clinical Features of Study Subjects and the Mutation Frequency of TP53, FGFR3, 
PIK3CA, ERBB2, MUC4 and KRAS Detected by High-Throughput Sequencing

Factors No.
TP53 FGFR3 PIK3CA

Positive Negative χ2 P Positive Negative χ2 P Positive Negative χ2 P 

Age (y)    2.275 .132   0.667 .414   0.231 .631

 >60 32 16 16   13 19   7 25   

 ≤60 15 4 11   8 7   5 10   

Sex    1.047 .306   0.195 .659   0 1

 Male 32 12 20   15 17   8 24   

 Female 15 8 7   6 9   4 11   

Smoker    1.325 .250   0.793 .373   0.057 .811

 Yes 28 10 18   14 14   8 20   

 No 19 10 9   7 12   4 15   

Pathological type    16.045 .000   11.284 .001   2.027 .154

 Muscle invasive bladder cancer 24 17 7   5 19   4 20   

 Non-muscle invasive bladder cancer 23 3 20   16 7   8 15   

T stage    21.433 .000   12.566 .014   3.463 .484

 Ta 5 0 5   3 2   1 4   

 T1 18 3 15   13 5   7 11   

 T2a 2 0 2   1 1   0 2   

 T2b 20 15 5   4 16   4 16   

 T4 2 2 0   0 2   0 2   

Factors
No.

ERBB2 MUC4 KRAS

Positive Negative χ 2 P Positive Negative χ 2 P Positive Negative χ 2 P

Age (y)    0.151 .697   0 1   0 1

 >60 32 5 27   3 29   4 28   

 ≤60 15 1 14   1 14   2 13   

Sex    0.151 .697   0.758 .384   2.209 .137

 Male 32 5 27   4 28   2 30   

 Female 15 1 14   0 15   4 11   

Smoker    0 1   0.016 .901   0.916 .339

 Yes 28 4 24   3 25   2 26   

 No 19 2 17   1 18   4 15   

Pathological type    0.145 .703   2.323 .127   0.243 .622

 Muscle invasive bladder cancer 24 4 20   4 20   2 22   

 Non-muscle invasive bladder cancer 23 2 21   0 23   4 19   

T stage    2.301 .681   5.902 .207   1.204 .877

 Ta 5 0 5   0 5   1 4   

 T1 18 2 16   0 18   3 15   

 T2a 2 0 2   0 2   0 2   

 T2b 20 4 16   4 16   2 18   

 T4 2 0 2   0 2   0 2   
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or electrochemical signals obtained by bioinformatics analysis are used 
to obtain the nucleic acid sequence of bladder cancer patients and the 
changes of multigene, multisite mutation, fusion genes, and gene CNV, 
which have unique advantages for studying the pathogenesis of blad-
der cancer and targeted drug therapy.

High-throughput sequencing of more than 2000 gene loci and all 
exons of 94 genes was performed on the pathological specimens of 

47 bladder cancer patients included in this study. A total of 29 muta-
tion genes, 61 exons, and 95 gene mutation loci were detected. Among 
them, TP53, FGFR3, PIK3CA, ERBB2, MUC4, and KRAS gene muta-
tion frequency is higher, accounting for 59.92% of the total mutation  
frequency. This result is highly consistent with the research results 
of Wang et  al22 on potential targets for bladder cancer sequencing. 
In this study, the exons and gene loci of 6 genes with high mutation  

FIGURE 2. Kaplan-Meier survival curve of genes and factors affecting postoperative progression-free survival (PFS) in study 
subjects.
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frequency were analyzed. The sequencing results showed that the muta-
tion frequency of TP53 gene was the highest, and the exons and muta-
tion sites were the most detected. Mutations in the TP53 gene affect half 
of human cancers, resulting in impaired regulation of multiple cellular 
functions, including cell cycle progression and cell death in response to 
gene toxic stress. Through over 40 years of high-quality research, both 
loss- and gain-of-function activities of mutant p53 proteins have been 
shown to play an important role in promoting tumorigenesis in various 
tissues. A  total of 3 exons of point mutations and insertion deletions 
and fusion mutations of FGFR3-TACC3 were detected in the FGFR3 
gene. The FGFR3 protein is one of the members of the fibroblast growth 
factor receptor (FGFR) family. At present, four types of FGFRs have been 
identified, namely FGFR1, FGFR2, FGFR3, and FGFR4. The FGFR3 binds 
to acidic and basic fibroblast growth factor and plays an important role 
in bone development and maintenance. A  total of 9 exon mutations 
were detected by PIK3CA, all of which are point mutations widely found 
in human cancers. Studies have shown that PIK3CA gene mutation of-
ten increases the catalytic activity of its protein product, resulting in 
enhanced downstream signals and carcinogenic changes in cells. A to-
tal of 4 exon point mutations and 2 gene copy number variations were 
detected in ERBB2. The HER2 is a membrane receptor encoded by proto-
oncogene erbB-2, which belongs to the human epidermal growth factor 
receptor (EGFR/ERBB) family. The ERBB2 mutation can cause abnormal 
activation of HER2, through gene amplification, mutation (such as point 
mutation, small insertion, duplication, and deletion mutation), and fu-
sion. Moreover, ERBB2’s extracellular domains and somatic mutations 
in the kinase domain can aberrantly induce HER2 dimerization with its 
receptors, initiating tumor-forming signaling pathways. The 4 gene loci 
in exon 2 of MUC4 gene were mutated, and the maximum mutation fre-
quency was 8.86%. MUC4 is a type of dry molecular weight glycosylated 
protein secreted by epithelial cells, which is mainly expressed on the 
surface of epithelial cells of human lumen organs. The MUC4 is asso-
ciated with the occurrence and development of various human tumors 
and has been used as a diagnostic basis for lung cancer and esophageal 
squamous cell carcinoma. Our work showed that MUC4 gene mutations 
are present in bladder cancer patients, raising the possibility that mu-
tant MUC4 protein may be involved in the biology of bladder cancer. 

A total of 2 exons were detected by KRAS. KRAS activates the activity of 
phosphokinase by binding to GTP, and further activates the downstream 
proteins. The activated downstream signaling pathways include the 
MAPK and PI3K/AKT pathways. The KRAS gene belongs to the RAS fam-
ily of oncogenes, which are commonly mutated in human cancers, lead-
ing to aberrant activation of cell growth. In 1 patient’s gene sequencing 
data, distinct gene mutations could either occur in different exons of the 
same gene or in the same exon of the gene. We identified TP53, FGFR3, 
PIK3CA, ERBB2, MUC4, and KRAS gene mutations that show significant 
alterations in their functional regions. Notably, 31 of the 47 subjects 
in our study carried 2 or more mutation genes, and most of them are 
concentrated in TP53, FGFR3, PIK3CA, ERBB2, MUC4, and KRAS, indi-
rectly suggesting that the mutation of these genes might be biologically 
related to the occurrence of bladder cancer. Four fusion mutations of 
the FGFR3-TACC3 gene were detected in the 47 subjects and the muta-
tion frequency was 8.51%, accounting for 17.39% of the total number of 
FGFR3 gene mutations. Consistent with this, other studies have also re-
ported that the prevalence of FGFR3-TACC3 mutations in bladder cancer 
is 2% to 3%,23–25 indicating that the resulting fusion protein may play 
an important role in the occurrence and development of bladder cancer. 
In this study, TNM staging analysis was performed on 47 patients with 
bladder cancer, according to the 2017 UICC standard.26 Tis, Ta, and T1 
stages of bladder cancer are collectively referred to as NMIBC, whereas 
bladder cancer above T2 stage is collectively referred to as MIBC. Since 
only 2 patients had lymphatic metastasis and 1 had distant metasta-
sis (which invades the whole bladder and can be seen in the peritoneal 
cavity, retroperitoneal multiple enlarged lymph nodes), N staging and 
M staging were not included in this analysis. The age, sex, smoking his-
tory, pathological type, T stage, and gene mutation of 47 subjects with 
bladder cancer were compared and analyzed. The results showed that 
TP53 gene mutations mostly frequently occur in MIBC specimens, 
while the mutation frequency of FGFR3 appears to be higher in NMIBC. 
The clinical T stage data further showed that the mutation frequency 
of the TP53 gene was higher at the T2b stage, and the mutation fre-
quency of the FGFR3 gene was higher in the T1 stage. This is consistent 
with the findings of Wu et al27 and van Rhijn et al,28 emphasizing the 
potential significance of TP53 and FGFR3 mutations in bladder cancer  

TABLE 5.  Single Factor Analysis of Cox Proportional Hazard Regression (HR) Model Affecting Postoperative Progression-Free 
Survival of Study Subjects

Factors HR  (95% CI) P Value 

Sex (male/female) 1.217 (0.392–3.777) .734

Age (≤60 y vs >60 y) 2.189 (0.623–7.686) .221

Smoker (yes/no) 1.644 (0.571–4.735) .357

Pathological type (muscle invasive/ non-muscle invasive) 2.429 (0.843–6.997) .100

T stage   .003

 Ta 0.017 (0.001–0.260) .003

 T1 0.018 (0.018–0.153) .000

 T2 0.036 (0.005–0.267) .001

TP53 (positive/negative) 2.863 (1.037–7.900) .042

FGFR3 (positive/negative) 0.661 (0.240–1.821) .424

PIK3CA (positive/negative) 0.643 (0.183–2.256) .490

ERBB2 (positive/negative) 1.559 (0.444–5.480) .488

MUC4 (positive/negative) 1.433 (0.325–6.308) .634

KRAS (positive/negative) 0.038 (0.000–14.476) .282
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A total of 2 exons were detected by KRAS. KRAS activates the activity of 
phosphokinase by binding to GTP, and further activates the downstream 
proteins. The activated downstream signaling pathways include the 
MAPK and PI3K/AKT pathways. The KRAS gene belongs to the RAS fam-
ily of oncogenes, which are commonly mutated in human cancers, lead-
ing to aberrant activation of cell growth. In 1 patient’s gene sequencing 
data, distinct gene mutations could either occur in different exons of the 
same gene or in the same exon of the gene. We identified TP53, FGFR3, 
PIK3CA, ERBB2, MUC4, and KRAS gene mutations that show significant 
alterations in their functional regions. Notably, 31 of the 47 subjects 
in our study carried 2 or more mutation genes, and most of them are 
concentrated in TP53, FGFR3, PIK3CA, ERBB2, MUC4, and KRAS, indi-
rectly suggesting that the mutation of these genes might be biologically 
related to the occurrence of bladder cancer. Four fusion mutations of 
the FGFR3-TACC3 gene were detected in the 47 subjects and the muta-
tion frequency was 8.51%, accounting for 17.39% of the total number of 
FGFR3 gene mutations. Consistent with this, other studies have also re-
ported that the prevalence of FGFR3-TACC3 mutations in bladder cancer 
is 2% to 3%,23–25 indicating that the resulting fusion protein may play 
an important role in the occurrence and development of bladder cancer. 
In this study, TNM staging analysis was performed on 47 patients with 
bladder cancer, according to the 2017 UICC standard.26 Tis, Ta, and T1 
stages of bladder cancer are collectively referred to as NMIBC, whereas 
bladder cancer above T2 stage is collectively referred to as MIBC. Since 
only 2 patients had lymphatic metastasis and 1 had distant metasta-
sis (which invades the whole bladder and can be seen in the peritoneal 
cavity, retroperitoneal multiple enlarged lymph nodes), N staging and 
M staging were not included in this analysis. The age, sex, smoking his-
tory, pathological type, T stage, and gene mutation of 47 subjects with 
bladder cancer were compared and analyzed. The results showed that 
TP53 gene mutations mostly frequently occur in MIBC specimens, 
while the mutation frequency of FGFR3 appears to be higher in NMIBC. 
The clinical T stage data further showed that the mutation frequency 
of the TP53 gene was higher at the T2b stage, and the mutation fre-
quency of the FGFR3 gene was higher in the T1 stage. This is consistent 
with the findings of Wu et al27 and van Rhijn et al,28 emphasizing the 
potential significance of TP53 and FGFR3 mutations in bladder cancer  

progression and drug selection. In addition, the studies of Wang et al,29 
Tan et al,30 and Kaur et al31 have confirmed that the differential expres-
sion of PIK3CA, ERBB2, MUC4, and KRAS genes plays an important role 
in the process of bladder cancer development. As potential therapeutic 
targets, they may have important guiding significance for the targeted 
treatment of bladder cancer. Finally, we found no statistical difference in 
TP53, FGFR3, PIK3CA, ERBB2, MUC4 and KRAS mutation frequencies 
in age, sex, and smoking history. Smoking is the strongest risk factor 
for bladder cancer, accounting for 59.57% of all cases; it has been re-
ported that smoking could increase the recurrence risk of bladder cancer 
and damage the therapeutic effect of BCG.32,33 Therefore, the exact im-
pact of smoking on gene mutations still remains to be investigated by 
large sample studies. With the exception of mutations in NTRK1, MET, 
and MAP2K1 genes which were only found in NMIBC, other mutation 
genes detected in this study appear in MIBC; the relationship between 
these genes and bladder cancer needs a larger sample of clinical data and 
experiments to verify.

Analysis of gene mutations in 16 subjects with recurrent and met-
astatic bladder cancer showed that exon 2 of TP53, exon 14 of FGFR3, 
exons 4, 5, 8, 11, 14, 15, and 21 of PIK3CA, exon 20 of ERBB2, and exons 
2 and 4 of the KRAS gene did not appear in the recurrence and metas-
tasis cases. Whether these exons are not involved in the recurrence and 
metastasis of bladder cancer needs to be verified by clinical statistics and 
basic studies with larger samples. The significant correlation between 
TP53 gene and the recurrence and metastasis of bladder cancer further 
indicates that TP53 gene plays an important role in the occurrence and 
development of bladder cancer.

There are many factors affecting postoperative survival of bladder 
cancer patients, but the use of gene mutation as a predictor of post-
operative survival of bladder cancer patients remains controversial. 
In this study, 47 patients with bladder cancer were followed up for 
23 months. The log-rank test confirmed the correlation between the 
TP53 gene and PFS. The Kaplan-Meier survival curve showed that PFS 
in the positive TP53 gene group was worse than that in the negative 
TP53 gene group. Cox proportional risk model univariate analysis also 
confirmed that positive TP53 gene was a risk factor affecting the prog-
nosis of bladder cancer patients. The TP53 gene mutation increases the 
risk function of bladder cancer. Although there is no significant cor-
relation between muscle invasion and postoperative PFS for subjects 
with bladder cancer by log-rank test, Kaplan-Meier survival curves of 
the 2 factors show the curve trends are very similar. Moreover, the 
χ 2 test also confirmed the significant correlation between the TP53 
gene mutation and MIBC. The study of Nassar et al34 also confirmed 
that the overall survival of patients with mutated TP53 in MIBC was 
shorter than that of wild-type TP53. Braicu et al35 also confirmed that 
wild-type TP53 had a higher survival rate compared with mutant TP53. 
Log-rank test confirmed that the T stage was a factor affecting post-
operative PFS of bladder cancer subjects, and patients with bladder 
cancer above the T2 stage also had worse PFS than those in the Ta 
and T1 stages, which was also significantly correlated with TP53 gene 
mutation. These findings suggest that the high expression of TP53 
gene is related to the aggressive characteristics and poor prognosis of 
tumors, which is indicated in the findings of Chen et al.36 The log-rank 
test showed no significant correlation between FGFR3 and PIK3CA 
genes and PFS in subjects with bladder cancer. Cox proportional risk 
model univariate analysis also confirmed that FGFR3 and PIK3CA 
gene mutations are not risk factors affecting the prognosis of bladder  

cancer. However, the Kaplan-Meier survival curve showed that the PFS 
of the FGFR3 and PIK3CA gene positive group was better than that of 
the negative group, and the trend of the survival curve was similar 
to that of NMBIC. The χ 2 test also confirmed the correlation between 
FGFR3 and NMIBC at the Ta and T1 stages. This suggest that FGFR3 
and PIK3CA gene mutations are more common in low-grade and low-
stage bladder cancer, and that FGFR3 gene positivity may predict a bet-
ter prognosis for bladder cancer, which is roughly consistent with the 
results of the study of Kim et al.37 However, Geelvink et al38 argued 
that FGFR3 mutations did not predict the risk of tumor recurrence and 
progression. Although PIK3CA gene mutations show different progno-
sis in different tumors, in bladder cancer combined survival analysis 
with FGFR3 is required. Analysis of TP53 and FGFR3 shows that they 
are mutually exclusive mutations, which is consistent with the study 
by Apollo et al.39 Other genes may not show sufficient mutation num-
bers due to the influence of sample size. No significant correlation was 
found in the log-rank test, they could not be regarded as independent 
risk factors in univariate analysis of the Cox proportional risk model, 
and no difference in survival status was observed in Kaplan-Meier sur-
vival curve for these other genes.

In summary, high-throughput sequencing technology can be used 
to detect multiple gene mutations in bladder cancer. The TP53, FGFR3, 
PIK3CA, ERBB2, MUC4, and KRAS genes have high mutation rates in 
bladder cancer. Of these, TP53, FGFR3, and PIK3CA may predict the 
prognosis of bladder cancer, which has potential guiding significance for 
the pathogenesis of bladder cancer.
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ABSTRACT

Objective: Total analytical error (TAE) and measurement uncertainty 

(MU) are important approaches to evaluating and improving the quality 

of measurement procedures. This study evaluates glucose analytical 

performance (AP) according to TAE and MU and calculates gray zones 

of glucose critical value limits.

Methods: Using TAE and MU values, AP was evaluated according to 

5 different analytical performance specifications (APS) and the gray 

zones of critical value limits were calculated. The number of patients 

in these zones was compared.

Results: TAE was higher than MU at all 3 levels. The AP for the low 

glucose level was poor. The number of patients in the gray zones 

was statistically higher in the TAE groups than in the MU groups 

(P < .05).

Conclusion: TAE and MU values can be used to evaluate the AP of 

glucose measurement as well as to evaluate the compliance of patient 

results with decision limits by creating gray zones.

As a scientific assumption, every measurement result includes some 
errors. In 1974, Westgard et al1 used the total analytical error (TAE) 
to define the error in clinical laboratory results. Almost 20 years af-
ter the TAE approach, the famous guide GUM (Guide to the Expression 
of Uncertainty in Measurement) was published by ISO (International 
Organization for Standardization) and 6 collaborating organiza-
tions to define and estimate measurement uncertainty (MU).2  
According to the GUM: “Error is an idealized concept and errors can-
not be exactly known.” Contrary to the MU approach, TAE assumes 
that the true value of a measurement result can be known, and the 
error of the result can be calculated by a simple equation that sums 
the absolute value of systematic error and a multiple of random er-
ror.1

Due to its simplicity and more understandable calculation, the TAE 
approach has a huge impact on clinical chemistry, especially in the United 
States. The US Food and Drug Administration refers to the Clinical and 
Laboratory Standards Institute guideline based on the TAE approach for 
clinical laboratory tests.3 On the other hand, MU-based calculations are 
applied especially as a requirement of ISO 15189.4 The standard does 
not clarify how to determine MU in practice but uses the terms and def-
initions of ISO/IEC Guide 99, International Vocabulary of Metrology,5 and 
gives the GUM2 in the bibliography list. Ultimately, an ISO standard 
ISO/TS 20914 was published as a practical guide for estimating MU in 
clinical laboratories.6 Unlike the complex mathematical models of the 
GUM based on the “bottom-up” approach, this technical standard offers 
more practical solutions to estimate MU, which is known as the “top-
down” approach.

Although TAE and MU values are used for analytical performance 
(AP) evaluation in many laboratories, they have not been applied 
to the evaluation of the compliance of patient results with decision 
limits. The ISO/TS 20914 gives examples of applying MU to patient 
result interpretation.6 Using 1 of these examples, this study proposes 
to call this uncertain region around the critical value limit the “gray 
zone”.

This study clarifies the difference between TAE and MU approaches 
to glucose measurement and evaluates their suitability against some AP 
specifications (APS). To assess the significance of the difference between 
the 2 approaches, the gray zones of the glucose critical value limits are 
calculated using the TAE and MU values, and the number of patients in 
these zones is compared. In addition, this study is important as it is the 
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first study in the literature to compare the MU value calculated accord-
ing to ISO/TS 20914 with TAE.

Materials and Methods
The Public Health Laboratory (PHL, Kayseri, Turkey) has been accred-
ited to ISO 17025 since 2016, including more than 40 parameters of 
chemical and microbiological analysis of water. Since it is necessary to 
estimate the MU values of clinical measurements within the scope of 
ISO 15189 accreditation studies, after the ISO/TS 20914 was published, 
MU estimations were revised according to this guide.6 On the other 
hand, TAE calculation is requested from clinical laboratories in Turkey 
within the scope of the circular of the Ministry of Health.7

Glucose measurements spanning 1 year at approximately 500 sam-
ples per day were performed on 2 identical Architect c16000 (Abbott La-
boratories) biochemistry auto analyzers using calibrators and reagents 
from the same manufacturer. Third-party commutable quality control 
materials (Tecnopath Multichem S Plus, ref 08P88: level 1, level 2, level 
3) with a total of 3 different concentrations, 2 of which correspond to 
glucose critical value limits were assayed at least 2 levels on each day. Ex-
ternal quality control was performed monthly by human-based samples 
(RIQAS, Randox Laboratories).

Measurement Uncertainty of Glucose According to ISO/
TS 20914
According to ISO/TS 20914(6), in the case where a measurement proce-
dure does not exhibit medically significant bias, does not require an in-
house calibrator correction factor, and is monitored according to external 
quality assessment (EQA) peer group reports, ISO/TS 20914 proposes a 
top-down approach that uses internal quality control (IQC) data of the 
measurement procedure and uncertainty information of the calibrator re-
garding higher-order elements of the calibration hierarchy. The uncertainty 
of the bias correction factor does not apply in these cases.

The uncertainty of any bias corrections, u
bias

, should be included:
u (y) =

√ (
u2RW + u2cal + ubias2

)
. In this situation, ISO/TS 20914  

states that certified reference material (CRM) should be used to estimate 
u

bias
, which is calculated by the uncertainty of CRM from certificate, u

ref
, 

and standard deviation of replicate measurements of CRM.6

In this study, the performance of glucose measurement was within 
specification according to the last 10 EQA peer group reports. Standard 
MU of glucose, u

glucose
, was calculated by Equation 1  (TABLE 1). The 

uncertainty of the end-user calibrator, u
cal

, was provided by the manu-
facturer (Abbott Laboratories) and calibrator was defined as traceable to 
NIST-SRM 965.

The long term imprecision of glucose measurement, u
RW

, was deter-
mined retrospectively by using the results of a 1-year period for each 
level of the third-party, commutable IQC materials with a total of 3 dif-
ferent concentrations, 2 of which correspond to glucose critical value 
limits (Tecnopath Multichem S Plus, ref 08P88: level 1, level 2, level 3). 
Two different lots of IQC materials were used during this period. Accord-
ing to ISO/TS 20914(6), the u

RW
 of these 2 different lots can be com-

bined with Equation 2 (TABLE 1).
Since 2 identical Architect c16000 biochemistry auto analyzers 

(Abbott Laboratories) were used, u
lot1

 and u
lot2

 were named u
pooled 1

 and 
u

pooled2
, which means that the results of instrument A and instrument B 

were combined with Equation 3 (TABLE 1) according to the worked ex-
ample A.4 from ISO/TS 20914(6). In this equation, u2

 (A, B)
 is the variance of 

the 2 mean values among the 2 auto analyzers, and u2
RW (A, B)

 is the pooled 
average imprecision variance of the 2 instruments for each level.

TAE According to the Westgard Method
TAE was calculated with the “% TAE = (k*%CV) + % Bias” formula, which 
is detailed in Equation 4 (TABLE 2). The %CV is equal to %u

RW
 for each 

level of IQC from TABLE 1.
%Bias was calculated by using 10 EQA peer group reports with Equa-

tion 5.
Equation 5 is

1
n

n∑
i=1

ï
laboratory result− mean of peer group ∗ 100

mean of peer group

ò

AP Evaluation
AP of glucose for TAE and MU (TABLE 3) was evaluated according to accept-
able total error limit of the Turkish Ministry of Health (ATE-TMH)7 Clinical 
Laboratory Improvement Amendments (CLIA),8 European Biological Vari-
ation Study (EuBIVAS) (specifications based on biological variation),9 and 
Guideline of the German Medical Association on Quality Assurance in Med-
ical Laboratory Examinations (Rili-BAEK).10 Standard MU of glucose was 
evaluated according to MU targets of the European Federation of Clinical 
Chemistry and Laboratory Medicine (EFLM).11

Critical Value Limits
Critical value limits were determined according to the circular of the 
Ministry of Health12 that defines a low critical value limit as ≤50 mg/
dL (2.78  mmol/L) and a high critical value limit of ≥400  mg/dL 
(22.2 mmol/L) for patients >4 weeks.

Gray Zones of Glucose Critical Value Limits
In ISO/TS 20914(6), an example is given in Annex B explaining how 
to apply MU to determine whether a measured value exceeds a clini-
cal  decision limit with a 95% confidence level. Similar to this example, 
Equation 6 (TABLE 4) is used to calculate the confidence limit with a 
coverage factor of 1.65 for a one-sided 95% level of confidence. A confi-
dence limit is added to the clinical decision limit to decide whether the 
result is higher than the clinical decision limit with a 95% confidence 
level, and vice versa for the lower decision limit.

Equation 7 was used to calculate the confidence limit of the TAE 
method and details are given in TABLE 4.

Using the confidence limits, recalculated critical value limits are 
shown in TABLE 4, and according to these limits, gray zones are given 
in TABLE 5.

Statistical Analysis
Jamovi (v.1.6, the Jamovi Project, Sydney, Australia) was used for 
statistical analysis. The results of patients reported as critical val-
ues in the last year were analyzed retrospectively to determine 
whether there was a statistically significant difference between the 
2 methods in terms of the number of patients in the gray zones with 
the McNemar test.

Results
MU of glucose for each level is detailed in TABLE 1. TAE of each 
level is given in TABLE 2. TAE values were higher than %U

glucose
 in 

each level.
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the 2 mean values among the 2 auto analyzers, and u2
RW (A, B)

 is the pooled 
average imprecision variance of the 2 instruments for each level.

TAE According to the Westgard Method
TAE was calculated with the “% TAE = (k*%CV) + % Bias” formula, which 
is detailed in Equation 4 (TABLE 2). The %CV is equal to %u

RW
 for each 

level of IQC from TABLE 1.
%Bias was calculated by using 10 EQA peer group reports with Equa-

tion 5.
Equation 5 is

1
n

n∑
i=1

ï
laboratory result− mean of peer group ∗ 100

mean of peer group

ò

AP Evaluation
AP of glucose for TAE and MU (TABLE 3) was evaluated according to accept-
able total error limit of the Turkish Ministry of Health (ATE-TMH)7 Clinical 
Laboratory Improvement Amendments (CLIA),8 European Biological Vari-
ation Study (EuBIVAS) (specifications based on biological variation),9 and 
Guideline of the German Medical Association on Quality Assurance in Med-
ical Laboratory Examinations (Rili-BAEK).10 Standard MU of glucose was 
evaluated according to MU targets of the European Federation of Clinical 
Chemistry and Laboratory Medicine (EFLM).11

Critical Value Limits
Critical value limits were determined according to the circular of the 
Ministry of Health12 that defines a low critical value limit as ≤50 mg/
dL (2.78  mmol/L) and a high critical value limit of ≥400  mg/dL 
(22.2 mmol/L) for patients >4 weeks.

Gray Zones of Glucose Critical Value Limits
In ISO/TS 20914(6), an example is given in Annex B explaining how 
to apply MU to determine whether a measured value exceeds a clini-
cal  decision limit with a 95% confidence level. Similar to this example, 
Equation 6 (TABLE 4) is used to calculate the confidence limit with a 
coverage factor of 1.65 for a one-sided 95% level of confidence. A confi-
dence limit is added to the clinical decision limit to decide whether the 
result is higher than the clinical decision limit with a 95% confidence 
level, and vice versa for the lower decision limit.

Equation 7 was used to calculate the confidence limit of the TAE 
method and details are given in TABLE 4.

Using the confidence limits, recalculated critical value limits are 
shown in TABLE 4, and according to these limits, gray zones are given 
in TABLE 5.

Statistical Analysis
Jamovi (v.1.6, the Jamovi Project, Sydney, Australia) was used for 
statistical analysis. The results of patients reported as critical val-
ues in the last year were analyzed retrospectively to determine 
whether there was a statistically significant difference between the 
2 methods in terms of the number of patients in the gray zones with 
the McNemar test.

Results
MU of glucose for each level is detailed in TABLE 1. TAE of each 
level is given in TABLE 2. TAE values were higher than %U

glucose
 in 

each level.

The AP assessment of glucose using TAE and MU values is given in 
TABLE 3. According to the EuBIVAS, the MU of levels 2 and 3 were at 
the desirable level, whereas the others were at the minimum level. TAE 
of level 1 was out of the CLIA limit. Standard MUs (%u) for levels 1 and 
3 were out of the minimum limit of EFLM-MU.

Critical value limits according to a 95% level of confidence are given 
in TABLE 4. For patients with low critical values (n = 131, TABLE 5), 

there was a statistically significant difference (χ² = 7, P = .008) between 
the number of patients in the gray zone of TAE (n = 27) and ISO/TS 
20914 (n = 22).

For patients with high critical value (n = 202, TABLE 5), there 
was a statistically significant difference (χ² = 6, P = .014) between 
the number of patients in the gray zone of TAE (n = 33), and ISO/
TS 20914 (n = 26).

TABLE 1.  Measurement Uncertainty Estimation According to ISO/TS 20914

Component (Analyte) Glucose in Serum

Measurand Amount of glucose concentration in serum

Measurement method Enzymatic photometric (hexokinase)

Measurement procedure Abbott c16000 chemistry analyzer, Abbott glucose reagent, MCC calibrator, Technopath IQC materials

Measurement unit mg/dL

Calibrator traceability NIST-SRM 965

Calibrator uncertainty (%U
cal

) 2.683%, k = 2 (95% confidence)

Bias Not medically significant according to EQA peer group reports

IQC matrix Human serum

 Level 1 Level 2 Level 3

IQC LOT 1 Data collection: 6/20/2016–12/30/2016

Instrument A B A B A B 

n 63 63 127 128 69 70

Mean (mg/dL) 49.5 49.7 126b 127b 281b 285b

Mean (mmol/L)a 2.75 2.76 7 7.1 15.6 15.8

SD (mg/dL) 1.85 1.31 2.92 3.06 8.28 7.9

SD (mmol/L) 0.10 0.07 0.16 0.17 0.46 0.44

u
pooled 1

  

Equation 3 = u
pooled1

=  

√ (u2(A,B) + u2
RW

(A,B))

x ̄
(A,B)

 = (49.5 + 49.7)/2 = 49.6  

u(A,B) = SD
(A,B)

 = 0.1414 u
RW

 

(A,B) = √((1.85² + 1.31²)/ 2) = 1.6029  

 u
pooled1 

= √(0.14142 + 1.60292) = 1.6091

x ̄ 
(A,B) 

= (127 + 128)/2 = 127.5 

u(A,B) = SD
(A,B)

 = 0.7071 u
RW

 

(A,B) = √[(2.92² + 3.06²)/2] = 2.9908 

u
pooled1 

= √(0.70712 + 2.99082) = 3.0733

x ̄ 
(A,B)

 = (281 + 285)/2 = 283 

u
(A,B)

 = SD
(A,B)

 = 2.8284 u
RW

(A,B) = 

√((8.28² + 7.9²)/2) = 8.0922 u
pooled1 

= 

√(2.82872 + 8.09222) = 8.5723

IQC LOT 2 Data collection: 1/2/2017–6/30/2017

Instrument A B A B A B

n 69 69 125 125 64 63

Mean (mg/L) 48.6 48.3 123 124 292 294

Mean (mmol/L) 2.7 2.68 6.83 6.89 16.2 16.3

SD (mg/dL) 1.69 1.18 3.84 2.91 7.68 6.59

SD (mmol/L) 0.09 0.07 0.21 0.16 0.43 0.37

u
pooled 2

  

Equation 3 
= 

u
pooled2 

= √(u2(A,B) +  
u2

RW
(A,B))

x ̄ 
(A,B)

 = (48.6 + 48.3)/2 = 48.45 

u(A,B) = SD
(A,B)

 = 0.2121 u
RW

 

(A,B) = √((1.69² + 1.18²)/2) = 1.45

75 u
pooled2 

= √(u2(A,B) + u2
RW

(A,B)) 

= √(0.21212 + 1.45752) = 1.4728

x ̄ 
(A,B)

 = (123 + 124)/2 = 123.5 

u(A,B) = SD
(A,B)

 = 0.7071 u
RW

 

(A,B) = √((3.84² + 2.91²)/2) = 3.40

69 u
pooled2 

= √(u2(A,B) + u2
RW

(A,B)) 

= √(0.70712 + 3.40692) = 3.4795

x ̄ 
(A,B)

 = (292 + 294)/2 = 293 

u
(A,B)

 = SD
(A,B)

 = 1.4142 u
RW

 

(A,B) = √((7.68² + 6.59²)/2) = 7.15

58 u
pooled2 

= √(u2(A,B) + u2
RW

(A,B)) 

= √(1.41422 + 7.15582) = 7.2942

u
RW(Lot1,Lot2)

  

 
Equation 2 = √((u

pooled1
2 + u

pooled2
2)/2)

√(1.60912 + 1.47282)/2 = 1.5425 √(3.07332 + 3.47952)/2 = 3.2827 √(8.57232 + 7.29422)/2 = 7.9589

%u
RW

u RW(Lot1,Lot2)/ 
x ̄(Lot1,Lot2)*100 = 1.5425/
((46.6 + 48.45)/2) = 3.1463%

u RW(Lot1,Lot2)/
x ̄(Lot1,Lot2)*100 = 3.2827/
((127.5 + 123.5)/2) = 2.6157%

u RW(Lot1,Lot2)/
x ̄(Lot1,Lot2)*100 = 7.9589/
((283 + 293)/2) = 2.7635%

%u
cal

%U
cal

/2 =  2.683%/2 = 1.3415% %U
cal

/2 2.683%/2 = 1.3415% %U
cal

/2 2.683%/2 = 1.3415%

% u
glucose 

Equation 1 = √(%u
cal

2 + %u
RW

2) = √(1.34152 + 3.14632) = %3.4205  
= 3.4%

= √(1.34152 + 2.61572) = %2.9396  
= 2.9%

= √(1.34152 + 2.76352) = %3.0719 =  
3.1%

% U
glucose

K = 2 (≈95 % confidence) %U
glucose

*2 = 3.4*2 = 6.8% %U
glucose

*2 = 2.9*2 = 5.8% %U
glucose

*2 = 3.1*2 = 6.2%

IQC, internal quality control.
aConverted to mmol/L where possible, as measurements are made in mg/dL.
bNumbers of instruments A and B are close to each other, so the weighted formula is not applied.
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Discussion
TAE and MU values are used to evaluate the reliability of medical 
laboratory results. This evaluation must determine the APS. In this 

study, the TAE and MU of glucose measurement are compared ac-
cording to 5 different APS, and different performance results were 
obtained. This situation can be explained by the models defined by 

TABLE 2.  MU (Expanded Relative Uncertainty) and TAE Values

 Equation Level 1 Level 2 Level 3 

%MU (according to ISO/
TS 20914)

%u
glucose 

= √ (%u
cal

2 + %u
RW

2)(%u
RW

 for 

each level and %u
cal

from Table 1)

%u
glucose

 = √(1.34152 + 3.14632) 

= 3.4205% = 3.4%

%u
glucose

 = √(1.34152 + 2.6157) 

= 2.9396% = 2.9%

%u
glucose 

= √(1.34152 + 2.76352) 

= 3.0719% = 3.1%

%U
glucose 

= %u 
glucose

*2k = 2(≈95 % con-
fidence)

3.4*2 = 6.8% 2.9*2 = 5.8% 3.1*2 = 6.2%

%TAE  

[Equation 4]

TAE = (k*%CV) + %Bias [%CV is equal to 
%u

RW
 for each level from Table 1 and %u 

bias according to Equation 5. k = 2 (≈95 % 
confidence)]

(2*3.1463%) + 2.187% = 8.4% (2*2.6157%) + 2.1879% = 7.4% (2*2.7635%) + 2.1879% = 7.7%

MU, measurement uncertainty; TAE, total analytical error.

TABLE 3.  The AP Assessment of Glucose Using TAE and MU Values

 Values ATE-TMH CLIA Rili-BAEK EuBİVAS EFLM-MU 

%MU level 1 6.8% 11% 8% 11% Minimum, 9.5% NA

%MU level 2 5.8% 11% 8% 11% Desirable, 6.5% NA

%MU level 3 6.2% 11% 8% 11% Desirable, 6.5% NA

%u level 1 3.4% NA NA NA NA Minimum, 3%a

%u level 2 2.9% NA NA NA NA Minimum, 3%

%u level 3 3.1% NA NA NA NA Minimum, 3%a

%TAE level 1 8.4% 11% 8%a 11% Minimum, 9.5% NA

%TAE level 2 7.4% 11% 8% 11% Minimum, 9.5% NA

%TAE level 3 7.7% 11% 8% 11% Minimum, 9.5% NA

AP, analytical performance; ATE-TMH, acceptable total error limit of the Turkish Ministry of Health; CLIA, Clinical Laboratory Improvement Amendments; 
EFLM, European Federation of Clinical Chemistry and Laboratory Medicine; EuBIVAS, European Biological Variation Study; MU, measurement uncertainty; 
NA, not applicable; Rili-BAEK, Guideline of the German Medical Association on Quality Assurance in Medical Laboratory Examinations; TAE, total analyti-
cal error.
aOutside the target limit.

TABLE 4.  Confidence Limits of Critical Value Limits

 Critical Value Limit 
Critical Value Limit for 95% Confidence (with MU of 
ISO/TS 20914) 

Critical Value Limit for 95% Confidence 
(with TAE) 

Critical value limit  
for low serum glucose,  
mg/dL (mmol/L)a

≤50 (2.78) Equation 6:   
1.65*(%u glucose*critical limit)/100

Equation 7:   
= (1.65 *%CV 

glucose
) + (%Bias)

50-(1.65*(%u 
glucose

*critical limit)/100) =   

50-(1.65*(3.4*50)/100) = 50-2.805 = 47.195 = 47 

(k = 1.65 for one-sided 95% confidence and %u
glucose

 for 

level 1 is 3.4% according to ISO/TS 20914)

 50 - [(1.65*(%CV 
glucose

*critical limit)/100) + (%Bias*critical 

limit/100)] = 50-[(1.65*(3.1*50)/100)  + (2.2*50/100)} =   

 50-3.6575 = 46.3425 = 46 (k = 1.65 for one-sided 95% con-

fidence and %CV 
glucose

 for Level 1 is 3.1% and %Bias is 2.2% 

according to TAE)

≤47 (2.61) ≤46(2.55)

Critical value limit for 
high serum glucose, 
mg/dL (mmol/L)a

≥400 (22.2) Equation 6:   
1.65*(%u glucose*critical limit)/100

Equation 7:  
= (1.65 *%CV 

glucose
) + (%Bias)

400 + (1.65*(%u 
glucose

*critical limit)/100) =  400 + (1.65*

(3.1*400)/100) = 400 + 20.46 = 420.46 = 420 (k = 1.65 

for one-sided 95% confidence and %u
glucose

 for level 3 is 

3.1% according to ISO/TS20914)

 400 + [(1.65*(%CV 
glucose

*critical limit)/100) + (%Bias*critical 

limit/100)] =  400+ [(1.65*(2.8*400)/100)  + (2.2*400/100)} 

= 400 + 27,28 = 427 28 = 427 (k = 1.65 for one-sided 95% 

confidence and %CV 
glucose

 for level 3 is 2.8% and %Bias is 2.2% 

according to TAE)

≥420 (23.3) ≥427 (23.7)

MU, measurement uncertainty; TAE, total analytical error.
a Converted to mmol/L where possible, as measurements are made in mg/dL.

ured result. Due to this difference in approach, TAE values in this study 
were found to be higher than MU values at all 3 levels.

This study is the first to compare the TAE value of a measurement 
procedure with the MU value calculated according to ISO/TS 20914, and 
more work is needed to explain the difference. Two studies in the litera-
ture compared the TAE and MU values; both calculated MU according 
to the Nordtest guideline, and they found the MU value higher than the 
TAE value.14,15 However, both of them made the bias calculation based on 
the EQA data as described in the Nordtest guideline. Unlike the Nordtest 
guide, ISO/TS 20914 has no recommendations or examples of using EQA 
data in terms of MU. Therefore, the bias calculation of Nordtest based on 
the EQA data, similar to the TAE, may lead to a higher MU value. The MU 
of ISO/TS 20914 used in this study is lower than the TAE value since it does 
not contain a component based on EQA data.

Another important result of this study is the poor performance of 
level 1, because the TAE value for level 1 is outside the CLIA target. The 
MU value is at the minimum level for EuBIVAS, and it is outside the 
EFLM-MU target. On the other hand, if the 3 levels are evaluated to-
gether instead of separately, the performance would be sufficient, as the 
total TAE value would be below 8%. Since ISO/TS 20914 recommends 
MU calculations to be made at different concentrations, 3 different 
levels of MU and TAE calculations are made in this study. It would be 
more accurate to evaluate the reliability of low critical values according 
to the low-level measurement performance of glucose, as this study did.

According to the results of this study, if PHL uses the TAE value to 
evaluate the patient results in the gray zone of critical value limits, it may 
generate more questionable results, as the number of patients in the gray 
zone will be higher compared to MU. Whether this statistically significant 
difference is important from the clinician’s point of view and will lead to 
a change in the treatment process can be clarified by collaborative stud-
ies with clinicians. Although some think that this information will only 
confuse the clinician,16,17 some suggest methods for sharing this informa-
tion.18,19 Considering that a laboratory result does not mean an absolute 
value and has a probability of distribution, it can be difficult to explain this 
issue to clinicians. Even laboratory experts have not yet fully resolved the 
difference between TAE and MU assumptions. In fact, according to a sur-
vey, most of them declared that they only calculate MU as a requirement of 
accreditation and do not know how to use it routinely.20 As this study and 
some authors suggest,18,21 the gray zones of clinical decision limits can be 
calculated and shared with clinicians.

An issue to discuss here is whether the gray zone limits should be cal-
culated as two-sided or one-sided, or in the positive or negative direction 
if one-sided. In this study, critical value limits were recalculated according 
to the example of ISO/TS 20914 in Annex B with Equation 5.6 Of course, 
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the EFLM for analytical performance specifications.13 Outcome-
based MU targets are based on model 1, in which test performance is 
determined by the impact of clinical outcomes. For this study, it was 
the most difficult target to achieve because minimum performance 
is achieved only for level 2. EuBIVAS targets are based on model 2, 
determined according to biological variation, and are more accessible 
than model 1 because TAE and MU values were mostly at the mini-
mum level in this study. Rili-BAEK, CLIA, and ATE-TMH targets of 
glucose were determined according to model 3, which is based on 
the state of the art principle that represents the highest technically 
achievable analytical performance, and they were the most suitable 
targets achieved in terms of this study.

Therefore, the acceptability of the AP of a test varies with the APS 
applied and whether the TAE or MU value is used. Compliance with the 
local authority is of priority, and the TAE value in this study is suita-
ble according to the ATE-TMH limit. However, PHL calculates the MU 
as required by ISO 15189, but no national or international target value 
has been determined for MU. The ISO/TS 20914 states that6 “estimating 
the uncertainty of the results produced is of very limited value unless 
it can be compared with the allowable MU based on the quality of re-
sults required for medical use,” and it suggests that the target values for 
MU should be established as maximum allowable MU and that the upper 
limit of allowable MU should be based on models defined at the Milan 
conference and described above.13

Braga and Panteghini11 proposed that target MU values should be de-
termined according to model 1 for glucose; they determined the target 
standard MU value as a minimum of 3% and a desirable 2% for glucose 
and stated that the calibrator uncertainty should be at most one-third of 
the total MU budget. In this case, the calibrator uncertainty should be no 
more than 0.7% for the desirable level and 1% for the minimum level. Since 
the standard MU value of the calibrator used in this study is 1.34%, these 
targets do not seem achievable, and the target standard MU could not be 
achieved at the minimum level in this study. The target MU defined by 
Braga and Panteghini is important as being the first target value published 
on this subject, but there is a need for more laboratories to share their cal-
culations according to ISO/TS 20914 for the attainability of these targets.

An issue that contradicts MU is that TAE adds the bias to a multiple 
of CV as a constant value. According to the GUM, if only the significance 
of the bias is statistically demonstrated and cannot be corrected, then 
it can be added as a constant value to the expanded MU.2 In contrast, 
the TAE approach uses the bias from EQA data, and the bias calculation 
approach amplifies the contribution of bias to TAE by removing the in-
herent directionality of bias and assumes that the bias now becomes a 
distribution equally contributing in both directions around the meas-

ured result. Due to this difference in approach, TAE values in this study 
were found to be higher than MU values at all 3 levels.

This study is the first to compare the TAE value of a measurement 
procedure with the MU value calculated according to ISO/TS 20914, and 
more work is needed to explain the difference. Two studies in the litera-
ture compared the TAE and MU values; both calculated MU according 
to the Nordtest guideline, and they found the MU value higher than the 
TAE value.14,15 However, both of them made the bias calculation based on 
the EQA data as described in the Nordtest guideline. Unlike the Nordtest 
guide, ISO/TS 20914 has no recommendations or examples of using EQA 
data in terms of MU. Therefore, the bias calculation of Nordtest based on 
the EQA data, similar to the TAE, may lead to a higher MU value. The MU 
of ISO/TS 20914 used in this study is lower than the TAE value since it does 
not contain a component based on EQA data.

Another important result of this study is the poor performance of 
level 1, because the TAE value for level 1 is outside the CLIA target. The 
MU value is at the minimum level for EuBIVAS, and it is outside the 
EFLM-MU target. On the other hand, if the 3 levels are evaluated to-
gether instead of separately, the performance would be sufficient, as the 
total TAE value would be below 8%. Since ISO/TS 20914 recommends 
MU calculations to be made at different concentrations, 3 different 
levels of MU and TAE calculations are made in this study. It would be 
more accurate to evaluate the reliability of low critical values according 
to the low-level measurement performance of glucose, as this study did.

According to the results of this study, if PHL uses the TAE value to 
evaluate the patient results in the gray zone of critical value limits, it may 
generate more questionable results, as the number of patients in the gray 
zone will be higher compared to MU. Whether this statistically significant 
difference is important from the clinician’s point of view and will lead to 
a change in the treatment process can be clarified by collaborative stud-
ies with clinicians. Although some think that this information will only 
confuse the clinician,16,17 some suggest methods for sharing this informa-
tion.18,19 Considering that a laboratory result does not mean an absolute 
value and has a probability of distribution, it can be difficult to explain this 
issue to clinicians. Even laboratory experts have not yet fully resolved the 
difference between TAE and MU assumptions. In fact, according to a sur-
vey, most of them declared that they only calculate MU as a requirement of 
accreditation and do not know how to use it routinely.20 As this study and 
some authors suggest,18,21 the gray zones of clinical decision limits can be 
calculated and shared with clinicians.

An issue to discuss here is whether the gray zone limits should be cal-
culated as two-sided or one-sided, or in the positive or negative direction 
if one-sided. In this study, critical value limits were recalculated according 
to the example of ISO/TS 20914 in Annex B with Equation 5.6 Of course, 

TABLE 5.  Gray Zones of Glucose Critical Value Limits and Patient Numbers

 
No. of Patients 
with Low Criti-

cal Value 

Gray Zone for 
Low Critical 

Value (mg/dL) 

Gray Zone 
for Low 

Critical Value 
(mmol/L) 

No. of Patients in the 
Gray Zone of Low Crit-
ical Value (Percentage 
of Patients in the Low 

Gray Zone) 

No. of Patients with High 
Critical Value (Percentage 

of Patients in the Gray 
Zone) 

Gray Zone for 
High Critical 

Value (mg/dL) 

Gray Zone for 
High Critical 

Value (mmol/L) 

No. of Patients in Gray Zone for 
High Critical Value (Percentage 

of Patients in the High Gray 
Zone) 

Critical 
value limit

131 —  — 202 —  —

MU of ISO/
TS 20914

109 48–50 2.7–2.8 22 (17%) 176 400–420 22.2–23.3 26 (13%)

TAE 102 47–50 2.6–2.8 29 (22%) 169 400–427 22.2–23.7 33 (16%)

MU, measurement uncertainty; TAE, total analytical error.
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the reverse of these limits may also be possible. For example, it could be 
argued that glucose of 53 mg/dL (2.94 mmol/L) has a nonzero probabil-
ity of having a true value of <50 mg/dL (2.78 mmol/L). The clinician may 
even prefer to be on the safe side. Collaborative studies between labora-
tory professionals and clinicians are important to decide which choice of 
limits is more suitable for patient care. However, due to the retrospective 
nature of this study, it was necessary to use the calculation suggested by 
ISO/TS 20914, since the number of patients falling into the gray zones was 
compared to the critical values reported in the past. It is worth noting that 
ISO/TS 20914 only gives 2 examples of applying MU values for test result 
interpretation, and that may not be enough. Although the ISO/TS 20914 
standard seems to be subject to criticism due to some of its shortcomings 
and flaws,22 it will undoubtedly become an even more important stand-
ard for clinical laboratories thanks to its reference in the new version of 
ISO 15189,23 which will be published soon. It is extremely important for 
the quality and standardization of clinical laboratories that ISO/TS 20914 
both brings  standardization to MU estimation and emphasizes the need to 
establish MU target values. In addition it creates an important awareness 
of the application of metrological traceability.6 The draft version of ISO 
1518923 says that “MU information shall be made available to laboratory 
users on request.” However, there is a need for guidance on how laborator-
ies can take MU values into account, especially when assessing compliance 
with regulatory limits such as ethanol and addictive substance analysis.

As a limitation of this study, all glucose results were from out-
patients. If inpatient results are included, the number of patient re-
sults in the gray zones may give more valuable information about the 
effect of TAE and MU on results around the decision limits. There is 
no consensus on how to name critical values and what their limits 
should be in the clinical laboratory, so collaborative studies with clin-
icians are very important.24,25 Those studies may also demonstrate the 
real impact of TAE and MU implementations on clinical decisions and 
patient care.26

Consequently, the TAE and MU approaches can be used to evaluate the 
AP of clinical laboratory tests. However, the acceptability of the AP of a test 
varies with the APS applied and whether the TAE or MU value is used. It is 
extremely important to define achievable MU target values for the adoption 
of ISO/TS 20914, which is important for standardizing and facilitating MU 
calculations, by laboratories. TAE and MU values should not only be used 
to evaluate AP but also to contribute to clinical decision-making. Using the 
TAE and MU values, it can be easy to define the uncertain regions around 
the decision limits as gray zones. Since in the formula of TAE the bias value 
is added as a constant value to the imprecision, it may cause a larger gray 
zone than the MU value of ISO/TS 20914. This increases the number of 
questionable patient results for TAE. Whether this situation will make a sig-
nificant difference in terms of medical diagnosis and treatment should be 
clarified by collaborative studies with clinicians. It will not be of any use in 
terms of patient care to discuss the differences between TAE and MU values 
only among laboratory professionals.
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ABSTRACT

Objective: Diabetic neuropathy (DN) is a type of nerve damage and the 

most common complication of diabetes. Regarding the association 

between endoplasmic reticulum (ER) stress with the pathogenesis of 

neuropathy, this study aims to examine binding immunoglobulin pro-

tein (BiP) gene expression and long noncoding RNA nuclear enriched 

abundant transcript 1 (NEAT1), miR-199a-5 as its regulator in the pe-

ripheral blood of DN patients compared to diabetic patients without 

neuropathy.

Methods: Peripheral blood samples were obtained from DN (n = 20) 

patients and diabetic patients without neuropathy (non-DN) (n = 20). 

After RNA extraction from peripheral blood mononuclear cells, reverse 

transcription-quantitative polymerase chain reaction was performed to 

evaluate RNA expression.

Results: The results showed that the expression level of NEAT1 and 

BiP genes in the DN group increased significantly compared to the 

non-DN group. Also, the expression level of miR-199a-5p in the DN 

group was significantly downregulated.

Conclusion: As a result, the axis of NEAT1, miR-199a-5p, and BiP 

may have a role in the DN pathogenesis.

Type 2 diabetes mellitus (T2DM) is a metabolic disorder, and its prev-
alence has increased dramatically in recent decades.1 Neuropathy is the 
most common chronic complication of T2DM, associated with pain, loss 
of sensation, and dysfunction in peripheral and autonomic nerves that 
affect up to 50% of patients with T2DM.2,3 Types of diabetic neuropathy 
are classified into 3 general categories: (1) diffuse neuropathy, including 
distal symmetric polyneuropathy and diabetic autonomic neuropathies; 
(2) mononeuropathy; and (3) radiculopathy.4 Increasing the prevalence 
of T2DM with its inappropriate control increases diabetic neuropathy 
(DN).5 In general, T2DM occurs due to insulin resistance or impaired 
insulin secretion from pancreatic β-cells.6 Hyperglycemia activates the 
pathways of advanced glycation end products, polyol, hexosamine, and 
protein kinase C pathways, leading to oxidative stress, gene expression 
disturbances, inflammation, and neuronal dysfunction. The oxidative 
stress induced by hyperglycemia disrupts protein folding and increases 
misfolded proteins and consequently endoplasmic reticulum (ER) stress. 
In the other hand, advanced glycation end products (AGEs) interact with 
receptor for AGEs (RAGE) and activates nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidase (Nox2/4) at ER and cell membranes. 
Nox activation also leads to ER stress.7,8 Studies have shown that ER 
stress is involved in insulin resistance and reduces pancreatic β-cells 
mass.9–11 This ER stress occurs in oxidative damage conditions, calcium or 
glucose homeostasis disruption, and unfolded/misfolded proteins accu-
mulation.12 Following the accumulation of unfolded/misfolded proteins 
and ER stress, unfolded protein response (UPR) is activated to improve 
ER stress by  reducing the arrival of new proteins into the ER lumen and 
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ABSTRACT

Objective: Diabetic neuropathy (DN) is a type of nerve damage and the 

most common complication of diabetes. Regarding the association 

between endoplasmic reticulum (ER) stress with the pathogenesis of 

neuropathy, this study aims to examine binding immunoglobulin pro-

tein (BiP) gene expression and long noncoding RNA nuclear enriched 

abundant transcript 1 (NEAT1), miR-199a-5 as its regulator in the pe-

ripheral blood of DN patients compared to diabetic patients without 

neuropathy.

Methods: Peripheral blood samples were obtained from DN (n = 20) 

patients and diabetic patients without neuropathy (non-DN) (n = 20). 

After RNA extraction from peripheral blood mononuclear cells, reverse 

transcription-quantitative polymerase chain reaction was performed to 

evaluate RNA expression.

Results: The results showed that the expression level of NEAT1 and 

BiP genes in the DN group increased significantly compared to the 

non-DN group. Also, the expression level of miR-199a-5p in the DN 

group was significantly downregulated.

Conclusion: As a result, the axis of NEAT1, miR-199a-5p, and BiP 

may have a role in the DN pathogenesis.

Type 2 diabetes mellitus (T2DM) is a metabolic disorder, and its prev-
alence has increased dramatically in recent decades.1 Neuropathy is the 
most common chronic complication of T2DM, associated with pain, loss 
of sensation, and dysfunction in peripheral and autonomic nerves that 
affect up to 50% of patients with T2DM.2,3 Types of diabetic neuropathy 
are classified into 3 general categories: (1) diffuse neuropathy, including 
distal symmetric polyneuropathy and diabetic autonomic neuropathies; 
(2) mononeuropathy; and (3) radiculopathy.4 Increasing the prevalence 
of T2DM with its inappropriate control increases diabetic neuropathy 
(DN).5 In general, T2DM occurs due to insulin resistance or impaired 
insulin secretion from pancreatic β-cells.6 Hyperglycemia activates the 
pathways of advanced glycation end products, polyol, hexosamine, and 
protein kinase C pathways, leading to oxidative stress, gene expression 
disturbances, inflammation, and neuronal dysfunction. The oxidative 
stress induced by hyperglycemia disrupts protein folding and increases 
misfolded proteins and consequently endoplasmic reticulum (ER) stress. 
In the other hand, advanced glycation end products (AGEs) interact with 
receptor for AGEs (RAGE) and activates nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidase (Nox2/4) at ER and cell membranes. 
Nox activation also leads to ER stress.7,8 Studies have shown that ER 
stress is involved in insulin resistance and reduces pancreatic β-cells 
mass.9–11 This ER stress occurs in oxidative damage conditions, calcium or 
glucose homeostasis disruption, and unfolded/misfolded proteins accu-
mulation.12 Following the accumulation of unfolded/misfolded proteins 
and ER stress, unfolded protein response (UPR) is activated to improve 
ER stress by  reducing the arrival of new proteins into the ER lumen and 

increasing the number of ER chaperones for the degradation of irreversi-
bly misfolded proteins. If UPR fails, apoptosis occurs.12–14 UPR signaling 
is associated with the production of large amounts of proinflammatory 
cytokines by activating inflammatory pathways such as nuclear factor, 
mitogen-activated protein kinase (p38MAPK), and C-Jun N-terminal ki-
nase signaling. Thus, ER stress strongly affects cell signaling and plays 
a vital role in neurodegenerative diseases.10 Three transmembrane ER 
stress sensors are required to activate UPR, including inositol-requiring 
protein 1, activating transcription factor, and PKR-like ER kinase. By the 
accumulation of unfolded protein in the ER lumen and UPR stimulation, 
BiP (immunoglobulin heavy chain binding protein, also known as glucose-
regulated protein 78 [GRP78] and heat shock protein 5 [HSPA5]) dissoci-
ated from ER stress sensors, leading to the subsequent activation.15 Then, 
BiP helps with folding correction or preventing the transfer of unfolded/
misfolded proteins by binding to these proteins. Therefore, there is a high 
expression of BiP in UPR to maintain ER homeostasis and prevent apop-
tosis in ER stress.16,17 Various studies have shown that polymorphisms 
in BiP are correlated with different diseases, including hepatocellular car-
cinoma, gastric cancer, and colorectal cancer.18,19 Some reports refer to 
the role of BiP polymorphism in the pathogenesis of DN.20 Also, studies 
on diabetic model animals have shown that ER stress can induce apopto-
sis in the spinal cord and sciatic nerve and affect signal transduction.21 
Considering the importance of the BiP protein, studying its regulatory 
mechanisms can play an essential role in clarifying the pathogenesis of 
DN and the development of its therapies.

Long noncoding RNAs (lncRNA) are nonprotein-coding transcripts 
over 200 nucleotides in length and potential microRNA (miRNA) 
sponges that regulate gene expression.22 Nuclear enriched abundant 
transcript 1 (NEAT1) is an lncRNA with evidence of its possible role in 
DN pathogenesis.23–25 This lncRNA is located on chromosome 11q13.1 
and regulates several pathways associated with neurodegeneration, in-
cluding inflammation and neuronal apoptosis in the absence of cellu-
lar oxygen or glucose.25 Studies have shown that miRNA, as another 
ncRNA, can directly target the 3 prime untranslatable regions (3’-UTR) 
of the mRNA sequence and thus reduce gene expression, such as the 
miR-199a-5, which targets the BiP gene.26 Based on previous reports and 
in silico evaluation and for determining the role of the lncRNA NEAT1, 

miR-199a-5, BiP axis in DN pathogenesis, we evaluated the gene expres-
sion of each ncRNA and their target gene in the peripheral blood mono-
nuclear cells of DN patients.

Methods

Participants
In this study, whole blood samples (5 mL) were obtained from 20 DN 
patients and 20 non-DN patients as the control group referred to 
Farabi Clinic and Taleghani Hospital, Kermanshah, Iran. T2DM was 
determined according to the Report of the Expert Committee on the 
Diagnosis and Classification of Diabetes Mellitus.23,27 The diagnosis 
of diabetic neuropathy was based on the clinical finding. Neuropathy 
complication in patients was confirmed by electromyography (EMG) 
and nerve conduction velocity (NCV) tests and confirmed by a neu-
rologist. NCV/ EMG tests are an essential diagnostic tool in periph-
eral neuropathy.26 Nerve conduction studies are considered to be the 
gold standard for the diagnosis of diabetic peripheral neuropathy.27 
The demographic characteristics of participants are shown in TA-
BLE 1. Patients with diabetes were matched in age, sex, and type 
of medications in both groups. Samples are taken from nonsmoking 
patients based on their history. After collecting blood, the total RNA 
extraction was performed immediately.

The study was conducted with the support of the Ethics Committee of 
the Kermanshah University of Medical Sciences (IR.KUMS.REC.1399.250). 
Written informed consent was obtained from all participants.

Bioinformatics Analysis
According to TargetScan, miRanda, miRTarBase, and miRDB databases, 
miRNAs targeting BiP were intensely screened, and the miR-199a-5 was 
selected because of the highest correlation score. Lncrnadb, NONCODE, 
and StarBase databases were also used to determine the lncRNA related 
to miR-199a-5p. We used the DIANA algorithm to check the interaction 
score between lncNEAT1 and hsa-miR-199a-5. The GeneCards database 
was used to examine the expression of genes in the peripheral blood 
mononuclear cells as well.

TABLE 1.  Baseline Characteristics and Clinical Presentations of Subjects

Variables 
Groups

Diabetic Neuropathy Patients (n = 20) Diabetes without Neuropathy Patients (n = 20) 

Age (y) (mean ± SEM) 58.20 ± 1.44 57.60 ± 1.83

Sex (male/female) 12 (60%)/8 (40%) 6 (30%)/14 (70%)

Duration of diabetes (y) 13.92 ± 0.9b 8.35 ± 0.82

Drugs

 Gabapentin + −

 Nortriptyline + −

 Insulin − −

Lab tests (mean ± SEM)

 FBS (mg/dL) 238.95 ± 19.3b 155.27 ± 13.29

 HbA1c (%)a 9.35 ± 0.44 (n = 19)c 7.97 ± 0.34 (n = 13)

 Cholesterol (mg/dL) 166.33 ± 11.43 166.60 ± 8.85

FBS, fasting blood sugar; HbA1c, hemoglobin A1c; SEM, standard error of the mean. 
aData from HbA1c: 19 patients with diabetic neuropathy and 13 diabetic patients were available.
bP < .001.
cP < .05.
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RNA Extraction and cDNA Synthesis
Total RNA was extracted from the peripheral blood mononuclear cells 
(PBMCs) using the NORGEN Biotek Total RNA Purification Kit (Norgen 
Biotek) according to the kit protocol. The quality of extracted RNA 
and concentration was measured using a Nanodrop device (Nanodrop 
2000 Spectrophotometer ThermoScientific). Complementary DNA 
(cDNA) synthesis for mRNA was performed using the nRT-ROSET Kit 
(ROJETechnologies). Also, the miRCURY LNA RT Kit (Qiagen) was used 
for miRNA cDNA synthesis.

Quantitative Real-Time Polymerase Chain Reaction
Measurement of the lncRNA expression and target gene was performed 
using SYBER green Premix (Ampliqon) by the real-time polymerase 
chain reaction (RT-PCR) technique (LighCycler 96 instrument, Roche 
Applied Science), and miRCURY LNA SYBR Green PCR Kit (ID:339345) 
was used for microRNA expression. The quantitative (q)RT-PCR 
primers are shown in TABLE 2, and the miRNA primer was ordered 
from QIAGEN. U6 small nuclear RNA and 18s ribosomal RNA were 
used as the internal control to normalize gene and ncRNA expression. 
The melting curve was analyzed to evaluate the specificity of the qRT-
PCR product. qRT-PCR was performed in duplicate for all samples.

Statistics
The obtained data were analyzed using Excel and GraphPad Prism soft-
ware version 8 (GraphPad Software). Mann-Whitney U test was used for 
nonparametric and unpair variables to compare data between 2 groups. 
The receiver operating characteristic (ROC) curve and area under the 
curve (AUC) were evaluated to check the specificity and sensitivity of the 
genes expression as biomarkers for DN patients compared to controls. 
In general, P < .05 was considered as significant. The 2-ΔΔ CT formula 
was used to calculate the relative expression of gene and ncRNAs, as 
described by Pfaffel.28

Results

Demographic Data and Laboratory Findings
As shown in TABLE 1, demographic information and laboratory test 
results were examined between the DN and non-DN groups. Duration 
of diabetes, fasting blood sugar (FBS; P < .001), and hemoglobin A1c 
(HbA1c; P < .05) were significantly higher in DN patients compared to 
the non-DN group, but there was no significant difference in their serum 
cholesterol levels.

Gene Expression Levels
Analysis of qPCR data showed that lncRNA NEAT1 and BiP expression 
levels were significantly higher in the DN group than in the non-DN 
group, respectively (fold change = 2.76, P = .01, FIGURE 1A) (fold 
change = 2.29, P = .01, FIGURE 1C). Also, the expression level of miR-
199a-5 was significantly lower in the DN group than the control group 
(fold change = 0.44, P = .04, FIGURE 1B)

ROC Curve Analysis
AUC for lncRNA NEAT1 was 0.7 (good diagnostic accuracy, P = .01, 
95% CI = 0.5616–0.8809) and the optimum cutoff point of lncNEAT1 
was 1.15 (80% sensitivity and 60% specificity). For miR-199a-5, the 
AUC value was 0.7 (P = .04, 95% CI = 0.5516–0.9651) and the op-
timum cutoff point was 0.66 (sensitivity 66% and specificity 70%), 
and for BiP the AUC value was 0.8 (P = .01, 95% CI = 0.6191–0.9920) 
and its optimum cutoff point was 1.7 (75% sensitivity and 77% spec-
ificity) (FIGURE 2).

Discussion
The regulatory axis of lncNEAT1, miR-199a-5, and BiP gene expression 
in the PBMCs of patients with DN compared to type 2 diabetic patients 
without neuropathy were measured in this study. DN is a complica-
tion with a significant increase in immune cells and their infiltration 
into the diabetic nerves and activation of macrophages, dendritic cells 
(DCs), and T cells, including CD8+ cells. Immune cells are involved in 
the pathogenesis of DN; in addition to developing inflammation and 
oxidative stress, they trigger immune responses and ultimately dam-
age peripheral nerves.29,30 Studies have shown that NEAT1 is associ-
ated with NOD-like receptor family pyrin domain containing 3, NLR 
family CARD domain containing 4 (NLRC4), and absent in melanoma 
2 (AIM2) inflammasome, leading to the induction of pyroptosis in 
hypoxic conditions. It can increase the expression of inflammatory 
cytokines and chemokines (such as IL6 and C-X-C motif chemokine li-
gand 10 [CXCL10]) in hyperglycemia. This lncRNA can also play a role in 
regulating neuronal apoptosis.31–33 Therefore, in our study, lncNEAT1 
expression was increased significantly in DN patients compared to the 
control group, probably due to the role of NEAT1 in the pathogenesis 
of the inflammatory process and neuronal destruction. Our findings 
showed that the expression of miR-199a-5 in DN patients was signifi-
cantly lower than in the control group  (FIGURE 1).

In previous studies, miR-199a was defined as a potential autophagy 
suppressor in cardiomyocytes, and BiP was identified as a direct target of 
miR-199a in this process.34 A study in 2018 by Li et al35 on diabetic patients 
showed that miR-199a-5 expression was increased and autophagy-related 
gene 14 (ATG14) was decreased, which resulted in a reduction in autophagy 
in the liver. The knockdown of miR-199a-5 decreased insulin-dependent 
phosphorylation of insulin receptor β (IRβ), AKT, and glycogen synthase 
kinase-3 (GSK3) in vitro. This study suggested the biological role of miR-
199a-5 in regulating hepatocyte insulin sensitivity through the regulation 
of ATG14-mediated autophagy.35 High levels of miR-199a were observed 
in the plasma of patients with T2DM in a study by Yan et al36 in 2014. 
They also showed that miR-199a could play a role in insulin resistance by 
targeting glucose transporter 4 (GLUT4) in L6 cells.36 According to our 
results, the BiP gene expression in DN patients was significantly higher 
than that of the control group. Induction of ER stress and accumulation of 
unfolded proteins are involved in the pathogenesis of neurodegenerative 

TABLE 2.  Primer Sets and Their Specifications Used in 
Quantitative Real-Time PCR

Type of Genes Gene Name Sequences 

Target genes NEAT1 F: 5′-GCCAGTGTGAGTCCTAGCATTG-3′

R: 5′-ACTTCCTCCTCCTAAGCCTCTG-3′

BiP F: 5′-GGGAAAGAAGGTTACCCATGC-3′

R: 5′-TCTTTGGTTGCTTGGCGTTG-3′

Reference genes 18s rRNA F: 5′-GTAACCCGTTGAACCCCATT-3′

R: 5′-CCATCCAATCGGTAGTAGCG-3′

U6 snRNA F: 5′-CTCGCTTCGGCAGCACA-3′

R: 5′-AACGTTCACGAATTTGCGT-3′
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Gene Expression Levels
Analysis of qPCR data showed that lncRNA NEAT1 and BiP expression 
levels were significantly higher in the DN group than in the non-DN 
group, respectively (fold change = 2.76, P = .01, FIGURE 1A) (fold 
change = 2.29, P = .01, FIGURE 1C). Also, the expression level of miR-
199a-5 was significantly lower in the DN group than the control group 
(fold change = 0.44, P = .04, FIGURE 1B)

ROC Curve Analysis
AUC for lncRNA NEAT1 was 0.7 (good diagnostic accuracy, P = .01, 
95% CI = 0.5616–0.8809) and the optimum cutoff point of lncNEAT1 
was 1.15 (80% sensitivity and 60% specificity). For miR-199a-5, the 
AUC value was 0.7 (P = .04, 95% CI = 0.5516–0.9651) and the op-
timum cutoff point was 0.66 (sensitivity 66% and specificity 70%), 
and for BiP the AUC value was 0.8 (P = .01, 95% CI = 0.6191–0.9920) 
and its optimum cutoff point was 1.7 (75% sensitivity and 77% spec-
ificity) (FIGURE 2).

Discussion
The regulatory axis of lncNEAT1, miR-199a-5, and BiP gene expression 
in the PBMCs of patients with DN compared to type 2 diabetic patients 
without neuropathy were measured in this study. DN is a complica-
tion with a significant increase in immune cells and their infiltration 
into the diabetic nerves and activation of macrophages, dendritic cells 
(DCs), and T cells, including CD8+ cells. Immune cells are involved in 
the pathogenesis of DN; in addition to developing inflammation and 
oxidative stress, they trigger immune responses and ultimately dam-
age peripheral nerves.29,30 Studies have shown that NEAT1 is associ-
ated with NOD-like receptor family pyrin domain containing 3, NLR 
family CARD domain containing 4 (NLRC4), and absent in melanoma 
2 (AIM2) inflammasome, leading to the induction of pyroptosis in 
hypoxic conditions. It can increase the expression of inflammatory 
cytokines and chemokines (such as IL6 and C-X-C motif chemokine li-
gand 10 [CXCL10]) in hyperglycemia. This lncRNA can also play a role in 
regulating neuronal apoptosis.31–33 Therefore, in our study, lncNEAT1 
expression was increased significantly in DN patients compared to the 
control group, probably due to the role of NEAT1 in the pathogenesis 
of the inflammatory process and neuronal destruction. Our findings 
showed that the expression of miR-199a-5 in DN patients was signifi-
cantly lower than in the control group  (FIGURE 1).

In previous studies, miR-199a was defined as a potential autophagy 
suppressor in cardiomyocytes, and BiP was identified as a direct target of 
miR-199a in this process.34 A study in 2018 by Li et al35 on diabetic patients 
showed that miR-199a-5 expression was increased and autophagy-related 
gene 14 (ATG14) was decreased, which resulted in a reduction in autophagy 
in the liver. The knockdown of miR-199a-5 decreased insulin-dependent 
phosphorylation of insulin receptor β (IRβ), AKT, and glycogen synthase 
kinase-3 (GSK3) in vitro. This study suggested the biological role of miR-
199a-5 in regulating hepatocyte insulin sensitivity through the regulation 
of ATG14-mediated autophagy.35 High levels of miR-199a were observed 
in the plasma of patients with T2DM in a study by Yan et al36 in 2014. 
They also showed that miR-199a could play a role in insulin resistance by 
targeting glucose transporter 4 (GLUT4) in L6 cells.36 According to our 
results, the BiP gene expression in DN patients was significantly higher 
than that of the control group. Induction of ER stress and accumulation of 
unfolded proteins are involved in the pathogenesis of neurodegenerative 

FIGURE 1. Comparison of expression levels of the studied genes in patient and control groups. A, Gene expression of 
lncNEAT1 in neuropathic patients was significantly increased compared to the control group. B, The level of expression of 
miR-199a-5 in neuropathic patients decreased significantly compared to the diabetic group without neuropathy (C) and the 
expression of the BiP gene in neuropathic patients compared to the control group showed a significant increase. DN, diabetic 
neuropathy; T2DM, type 2 diabetes mellitis.
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diseases such as Parkinson, Alzheimer, and neuropathy disease.37 The BiP 
has been mentioned in different studies as a therapeutic target for neuro-
degenerative diseases.38 Gorbatyuk et al39 in 2012 showed that increased 
BiP expression levels were associated with decreased ER stress mediators, 
apoptosis, and α-synuclein neurotoxicity and resulted in survival tyro-
sine hydroxylase-positive nigral cells. Thus, BiP molecular chaperone has 
a neuroprotective role against alpha-synuclein in degenerative neuronal 
diseases such as Parkinson disease.39 Considering the role of ER stress and 
BiP in the pathogenesis of neurodegenerative diseases mentioned in the 
previous studies, it can be concluded that increased BiP gene expression 
can be associated with ER stress induced by hyperglycemia. The final goal 
of UPR activation is to reduce cellular stress and restore homeostasis by 
decreasing protein translation, synthesis of molecular chaperones such as 
BiP, and activating ER-associated protein degradation that is responsible 
for the destruction of translocated proteins in the proteasome. The acti-
vation of autophagy after ER stress protects the cell from death; however, 
in conditions of continuous stimulation and prolonged stress of the ER, 
the autophagy pathway and the response pathway of unfolded proteins 
lead to apoptosis.40

According to the association of lncNEAT1 and miR-199a-5 based 
on bioinformatics tools and previous studies,34 the inhibitory role of 
NEAT1 on miR-199a-5 is defined.41 In our research, increasing NEAT1 
expression along with reduced miR-199a-5 expression was probably 
related to the inhibitory effect of lncNEAT1 in DN patients. Also, one 
of the inhibitory targets of miR-199a-5 is the mRNA of the BiP gene.26 
Decreased expression of miR-199a-5 in DN patients probably leads to 
an increase in BiP gene expression due to reducing its inhibitory effect 
on the target gene. Increased BiP expression may indicate activation of 
ER stress and UPR mediators involved in the pathogenesis of DN, which 
acts as a stimulant of neuronal dysfunction and apoptosis of Langerhans 
β-cells under chronic cellular stress.

In general, considering the changes in the expression of lncNEAT1/ 
miR-199a-5/BiP regulatory axis in DN patients, it can be expected 
that positive effects will be observed by targeting this pathway in 
improving patients. In the future, further clinical and preclinical re-
search on the regulatory impact of this axis in the pathogenesis of DN 
will be necessary.

Conclusion
In summary, our study indicated that NEAT1 and BiP were 
upregulated whereas miR-199a-5 was downregulated in DN patients 
compared with the T2DM control group. Considering the inflamma-
tory and neurodegenerative effects of NEAT1 and BiP on the nerv-
ous system, it can be concluded that the disturbance in this axis may 
associate with activation of ER stress mediators and UPR that act 
as stimuli for β-Langerhans cells dysfunction and their apoptosis in 
chronic cellular stress. One of the limitations in this study was the 
small sample size, limiting other data analysis. Further studies with 
more samples are suggested in the future to determine the role of 
this axis in the pathogenesis of DN and to identify it as a therapeutic 
goal or gene therapy.

Acknowledgments
We thank all the patients and medical staff who generously contributed 
to this study.

Ethical Statement
The protocol of the study was endorsed by the ethical committee of 
Kermanshah University of Medical Sciences (ethical code: IR.KUMS.
REC.1399.250) for the use of human participants. All study subjects 
signed informed consent before sampling. All research was performed 
in accordance with relevant guidelines and regulations of Kermanshah 
University of Medical Sciences.

Funding
This research has been supported by grants from Kermanshah Univer-
sity of Medical Sciences (KUMS grant No. 990342).

REFERENCES

 1. Cho NH, Shaw JE, Karuranga S, et al. IDF Diabetes Atlas: global estimates 
of diabetes prevalence for 2017 and projections for 2045. Diabetes Res 
Clin Pract. 2018;138:271–281. doi:10.1016/j.diabres.2018.02.023.

 2. Tesfaye S, Boulton A. Diabetic Neuropathy (Oxford Diabetes Library). 
Oxford, UK: Oxford University Press; 2011. 

 3. Boulton AJM. Management of diabetic peripheral neuropathy. Clin 
Diabetes. 2005;23(1):9.

 4. Pop-Busui R, Boulton AJ, Feldman EL, et al. Diabetic neuropathy: a 
position statement by the American Diabetes Association. Diabetes 
Care. 2017;40(1):136–154. doi:10.2337/dc16-2042.

 5. Gries FA, Cameron NE, Low PA, Ziegler D. eds. Textbook of Diabetic 
Neuropathy. Stuttgart, Germany: Thieme; 2003.

 6. Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to 
insulin resistance and type 2 diabetes. Nature. 2006;444(7121): 
840–846. doi:10.1038/nature05482.

 7. Edwards JL, Vincent AM, Cheng HT, Feldman EL. Diabetic neu-
ropathy: mechanisms to management. Pharmacol Therapeut. 
2008;120(1):1–34. doi:10.1016/j.pharmthera.2008.05.005.

 8. Pathomthongtaweechai N, Chutipongtanate S. AGE/RAGE signaling-
mediated endoplasmic reticulum stress and future prospects in 
non-coding RNA therapeutics for diabetic nephropathy. Biomed 
Pharmacother. 2020;131:110655.

 9. Eizirik DL, Cardozo AK, Cnop M. The role for endoplasmic retic-
ulum stress in diabetes mellitus. Endocr Rev. 2008;29(1):42–61. 
doi:10.1210/er.2007-0015.

 10. O’Brien PD, Hinder LM, Sakowski SA, Feldman EL. ER stress in dia-
betic peripheral neuropathy: a new therapeutic target. Antiox Redox 
Signal. 2014;21(4):621–33. doi:10.1089/ars.2013.5807.

 11. Prentki M, Nolan CJ. Islet beta cell failure in type 2 diabetes. J Clin 
Invest. 2006;116(7):1802–1812. doi:10.1172/JCI29103.

 12. Ron D, Walter P. Signal integration in the endoplasmic reticulum 
unfolded protein response. Nat Rev Mol Cell Biol. 2007;8(7):519–529. 
doi:10.1038/nrm2199.

 13. Cross M, Smith E, Hoy D, et al. The global burden of rheuma-
toid arthritis: estimates from the Global Burden of Disease 2010 
study. Ann Rheum Dis. 2014;73(7):1316–1322. doi:10.1136/
annrheumdis-2013-204627.

 14. Lupachyk S, Watcho P, Stavniichuk R, Shevalye H, Obrosova IG. 
Endoplasmic reticulum stress plays a key role in the pathogenesis 
of diabetic peripheral neuropathy. Diabetes. 2013;62(3):944–952. 
doi:10.2337/db12-0716.

 15. Back SH, Kaufman RJ. Endoplasmic reticulum stress and type 2 di-
abetes. Annu Rev Biochem. 2012;81:767–793. doi:10.1146/annurev-
biochem-072909-095555.

 16. Gething MJ, Sambrook J. Protein folding in the cell. Nature. 
1992;355(6355):33–45. doi:10.1038/355033a0.

 17. Zhang XY, Yang SM, Zhang HP, et al. Endoplasmic reticulum stress 
mediates the arsenic trioxide-induced apoptosis in  

06_LABMED_lmac082.indd   16406_LABMED_lmac082.indd   164 04-Mar-23   16:24:0304-Mar-23   16:24:03

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/160/6724259 by guest on 23 February 2025



165www.labmedicine.com

Ethical Statement
The protocol of the study was endorsed by the ethical committee of 
Kermanshah University of Medical Sciences (ethical code: IR.KUMS.
REC.1399.250) for the use of human participants. All study subjects 
signed informed consent before sampling. All research was performed 
in accordance with relevant guidelines and regulations of Kermanshah 
University of Medical Sciences.

Funding
This research has been supported by grants from Kermanshah Univer-
sity of Medical Sciences (KUMS grant No. 990342).

REFERENCES

 1. Cho NH, Shaw JE, Karuranga S, et al. IDF Diabetes Atlas: global estimates 
of diabetes prevalence for 2017 and projections for 2045. Diabetes Res 
Clin Pract. 2018;138:271–281. doi:10.1016/j.diabres.2018.02.023.

 2. Tesfaye S, Boulton A. Diabetic Neuropathy (Oxford Diabetes Library). 
Oxford, UK: Oxford University Press; 2011. 

 3. Boulton AJM. Management of diabetic peripheral neuropathy. Clin 
Diabetes. 2005;23(1):9.

 4. Pop-Busui R, Boulton AJ, Feldman EL, et al. Diabetic neuropathy: a 
position statement by the American Diabetes Association. Diabetes 
Care. 2017;40(1):136–154. doi:10.2337/dc16-2042.

 5. Gries FA, Cameron NE, Low PA, Ziegler D. eds. Textbook of Diabetic 
Neuropathy. Stuttgart, Germany: Thieme; 2003.

 6. Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to 
insulin resistance and type 2 diabetes. Nature. 2006;444(7121): 
840–846. doi:10.1038/nature05482.

 7. Edwards JL, Vincent AM, Cheng HT, Feldman EL. Diabetic neu-
ropathy: mechanisms to management. Pharmacol Therapeut. 
2008;120(1):1–34. doi:10.1016/j.pharmthera.2008.05.005.

 8. Pathomthongtaweechai N, Chutipongtanate S. AGE/RAGE signaling-
mediated endoplasmic reticulum stress and future prospects in 
non-coding RNA therapeutics for diabetic nephropathy. Biomed 
Pharmacother. 2020;131:110655.

 9. Eizirik DL, Cardozo AK, Cnop M. The role for endoplasmic retic-
ulum stress in diabetes mellitus. Endocr Rev. 2008;29(1):42–61. 
doi:10.1210/er.2007-0015.

 10. O’Brien PD, Hinder LM, Sakowski SA, Feldman EL. ER stress in dia-
betic peripheral neuropathy: a new therapeutic target. Antiox Redox 
Signal. 2014;21(4):621–33. doi:10.1089/ars.2013.5807.

 11. Prentki M, Nolan CJ. Islet beta cell failure in type 2 diabetes. J Clin 
Invest. 2006;116(7):1802–1812. doi:10.1172/JCI29103.

 12. Ron D, Walter P. Signal integration in the endoplasmic reticulum 
unfolded protein response. Nat Rev Mol Cell Biol. 2007;8(7):519–529. 
doi:10.1038/nrm2199.

 13. Cross M, Smith E, Hoy D, et al. The global burden of rheuma-
toid arthritis: estimates from the Global Burden of Disease 2010 
study. Ann Rheum Dis. 2014;73(7):1316–1322. doi:10.1136/
annrheumdis-2013-204627.

 14. Lupachyk S, Watcho P, Stavniichuk R, Shevalye H, Obrosova IG. 
Endoplasmic reticulum stress plays a key role in the pathogenesis 
of diabetic peripheral neuropathy. Diabetes. 2013;62(3):944–952. 
doi:10.2337/db12-0716.

 15. Back SH, Kaufman RJ. Endoplasmic reticulum stress and type 2 di-
abetes. Annu Rev Biochem. 2012;81:767–793. doi:10.1146/annurev-
biochem-072909-095555.

 16. Gething MJ, Sambrook J. Protein folding in the cell. Nature. 
1992;355(6355):33–45. doi:10.1038/355033a0.

 17. Zhang XY, Yang SM, Zhang HP, et al. Endoplasmic reticulum stress 
mediates the arsenic trioxide-induced apoptosis in  

human hepatocellular carcinoma cells. Int J Biochem Cell Biol. Nov 
2015;68:158–165. doi:10.1016/j.biocel.2015.09.009.

 18. Zhu X, Zhang J, Fan W, et al. The rs391957 variant cis-regulating on-
cogene GRP78 expression contributes to the risk of hepatocellular 
carcinoma. Carcinogenesis. 2013;34(6):1273–1280. doi:10.1093/carcin/
bgt061.

 19. Winder T, Bohanes P, Zhang W, et al. GRP78 promoter polymorphism 
rs391957 as potential predictor for clinical outcome in gastric and 
colorectal cancer patients. Ann Oncol. 2011;22(11):2431–2439.

 20. Jia Y, Tong Y, Min L. Significance of functional GRP78 polymorphisms 
in predicting the onset of type 2 diabetic peripheral neuropathy in 
Chinese population. Neurol Res. 2015;37(8):683–687. doi:10.1179/17
43132815Y.0000000054.

 21. Pan H, Huang H, Zhang L, Ma S, Yang H. Wang H. “Adjusting in-
ternal organs and dredging channel” electroacupuncture treatment 
prevents the development of diabetic peripheral neuropathy by 
downregulating glucose-related protein 78 (GRP78) and caspase-12 
in streptozotocin-diabetic rats. J Diabetes. 2019;11(12):928–937. 
doi:10.1111/1753-0407.12916.

 22. Moore JB, Uchida S. Functional characterization of long noncod-
ing RNAs. Curr Opin Cardiol. 2020;35(3):199–206. doi:10.1097/
HCO.0000000000000725.

 23. Asadi G, Rezaei Varmaziar F, Karimi M, et al. Determination of the 
transcriptional level of long non-coding RNA NEAT-1, downstream 
target microRNAs, and genes targeted by microRNAs in diabetic 
neuropathy patients. Immunol Lett. 2021;232:20–26. doi:10.1016/j.
imlet.2021.01.007.

 24. Zhan JF, Huang HW, Huang C, Hu LL, Xu WW. Long non-coding RNA 
NEAT1 regulates pyroptosis in diabetic nephropathy via mediating the 
miR-34c/NLRP3 axis. Kidney Blood Press Res. 2020;45(4):589–602. 
doi:10.1159/000508372.

 25. An H, Williams N, Shelkovnikova T. NEAT1 and paraspeckles in neu-
rodegenerative diseases: A missing lnc found? Noncoding RNA Res. 
2018;11(01):3.

 26. Su SF, Chang YW, Andreu-Vieyra C, et al. miR-30d, miR-181a and 
miR-199a-5p cooperatively suppress the endoplasmic reticulum 
chaperone and signaling regulator GRP78 in cancer. Oncogene. 
2013;32(39):4694–4701. doi:10.1038/onc.2012.483.

 27. Report of the Expert Committee on the Diagnosis and Classification 
of Diabetes Mellitus. Diabetes Care. 2003;26(suppl 1):S5–S20.

 28. Pfaffl M, WA. new mathematical model for relative quantification in 
real-time RT–PCR. Nucleic Acids Res. 2001;29(9):e45–e45.

 29. O’Brien JA, McGuire HM, Shinko D, et al. T lymphocyte and 
monocyte subsets are dysregulated in type 1 diabetes patients 

with peripheral neuropathic pain. Brain Behav Immun Health. 
2021;15:100283.

 30. Younger D, Rosoklija G, Hays A, Trojaborg W, Latov N. Di-
abetic peripheral neuropathy: a clinicopathologic and 
immunohistochemical analysis of sural nerve biopsies. Muscle 
Nerve. 1996;19(6):722–727.

 31. An H, Williams NG, Shelkovnikova TA. NEAT1 and paraspeckles in 
neurodegenerative diseases: a missing lnc found? Noncoding RNA 
Res. 2018;3(4):243–252. doi:10.1016/j.ncrna.2018.11.003.

 32. Spreafico M, Grillo B, Rusconi F, Battaglioli E, Venturin M. Multiple 
layers of CDK5R1 regulation in Alzheimer’s disease implicate long 
non-coding RNAs. Int J Mol Sci . 2018;19(7):2022. doi:10.3390/
ijms19072022.

 33. Zhang P, Cao L, Zhou R, Yang X, Wu M. The lncRNA Neat1 promotes 
activation of inflammasomes in macrophages. Nat Commun. 
2019;10(1):1495. doi:10.1038/s41467-019-09482-6.

 34. Chen L, Wang F-Y, Zeng Z-Y, et al. MicroRNA-199a acts as a po-
tential suppressor of cardiomyocyte autophagy through targeting 
Hspa5. Oncotarget. 2017;8(38):63825–63834. doi:10.18632/
oncotarget.19133.

 35. Li B, Wu X, Chen H, et al. miR199a-5p inhibits hepatic insulin sensi-
tivity via suppression of ATG14-mediated autophagy. Cell Death Dis. 
2018;9(3):1–15.

 36. Yan S-T, Li C-L, Tian H, et al. miR-199a is overexpressed in plasma 
of type 2 diabetes patients which contributes to type 2 diabe-
tes by targeting GLUT4. Mol Cell Biochem. 2014;397(1-2):45–51. 
doi:10.1007/s11010-014-2170-8.

 37. Enogieru AB, Omoruyi SI, Hiss DC, Ekpo OE. GRP78/BIP/HSPA5 as 
a therapeutic target in models of Parkinson’s disease: a mini review. 
Adv Pharmacol Sci. 2019;2019:1–11. doi:10.1155/2019/2706783.

 38. Gorbatyuk MS, Gorbatyuk OS. The molecular chaperone GRP78/BiP 
as a therapeutic target for neurodegenerative disorders: a mini review. 
J Genet Syndr Gene Ther. 2013;4(2).

 39. Gorbatyuk MS, Shabashvili A, Chen W, et al. Glucose regulated 
protein 78 diminishes α-synuclein neurotoxicity in a rat model of 
Parkinson disease. Mol Ther. 2012;20(7):1327–1337. doi:10.1038/
mt.2012.28.

 40. Mokaram P, Dastghaib S, Siri M, Rezayi S. Evaluation of endoplasmic 
reticulum stress mechanism and unfold protein response signaling in 
cancer. Sadra Med J. 2018;6(4):317–330. 

 41. Zhang Q, Cheng Q, Xia M, Huang X, He X, Liao J. Hypoxia-induced 
lncRNA-NEAT1 sustains the growth of hepatocellular carcinoma 
via regulation of miR-199a-3p/UCK2. Front Oncol. 2020;10:998. 
doi:10.3389/fonc.2020.00998.

06_LABMED_lmac082.indd   16506_LABMED_lmac082.indd   165 04-Mar-23   16:24:0304-Mar-23   16:24:03

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/160/6724259 by guest on 23 February 2025



www.labmedicine.com166

© 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

Elevated Kynurenine Levels in Patients with Primary 
Sjögren’s Syndrome
Hakan Apaydın, MD,1,*  Cemile Koca Bicer, MD,2 Emine Feyza Yurt, MD,2 Muhittin Abdulkadir Serdar, MD,3 İsmail Dogan, MD,4 
and Sukran Erten, MD4   

 
1Department of Rheumatology, Ankara City Hospital, Ankara, Turkey, 2Depart-
ment of Biochemistry, Ankara City Hospital, Ankara Yıldırım Beyazıt University, 
Ankara, Turkey, 3Department of Biochemistry, Acıbadem University, İstanbul, 
Turkey, 4Department of Rheumatology, Ankara City Hospital, Ankara Yıldırım 
Beyazıt University, Ankara, Turkey. *To whom correspondence should be 
addressed: drhakanapaydin@gmail.com.

Keywords: autoimmune, connective tissue disease, IDO, kynurenine, 
Sjögren’s syndrome, tryptophan

Abbreviations: Trp, tryptophan; pSS, primary Sjögren’s syndrome; Kyn, 
kynurenine; sSS, secondary SS; RA, rheumatoid arthritis; SLE, systemic 
lupus erythematosus; IDO, indoleamine 2,3-dioxygenase; EULAR, European 
League Against Rheumatism; ESSDAI, EULAR Sjögren’s Syndrome Disease 
Activity Index; ESSPRI, EULAR SS Patient Reported Index; LC-MS/MS, liquid 
chromatography with tandem mass spectrometry; SSc, systemic sclerosis; CRP, 
C-reactive protein; KP, kynurenine pathway; AS, ankylosing spondylitis.

Laboratory Medicine 2023;54:166–172; https://doi.org/10.1093/labmed/lmac084

ABSTRACT

Objective: We aimed to investigate the plasma levels of tryptophan (Trp) 

and its metabolites in patients with primary Sjögren’s syndrome (pSS).

Methods: The study included 34 pSS patients and 42 healthy 

individuals, and serum Trp and kynurenine (Kyn) concentrations were 

measured by liquid chromatography with tandem mass spectrom-

etry. Trp degradation was predicted using the ratio of Kyn and Trp 

concentrations (Kyn/Trp).

Results: In our study, the mean serum Trp concentration was found 

to be considerably lower in the pSS group than in the control group 

(P = .001). The levels of Kyn (P = .019) and the Kyn/Trp ratio (P < .001) 

were significantly higher in the pSS group than in the control group. 

The Kyn/Trp ratio was negatively correlated with C-reactive protein 

(r = −0.369, P = .032).

Conclusion: We found that Kyn pathway metabolism was altered in 

patients with pSS. This suggests that Trp metabolism may be closely 

linked to the disease pathogenesis of pSS.

Primary Sjögren’s syndrome (pSS) is a chronic systemic autoimmune 
illness characterized by salivary and lacrimal gland involvement, 
resulting in keratoconjunctivitis sicca and xerostomia, as well as various 
extraglandular signs such as severe fatigue, vasculitis, and multiorgan 
involvement.1 Secondary Sjögren’s syndrome (sSS), which occurs as a 
result of other autoimmune illnesses, is distinguished from pSS2;  sSS 
is commonly found in connective tissue diseases such as rheumatoid 
arthritis (RA) and systemic lupus erythematosus (SLE), and it is less 
commonly found in multiple sclerosis, autoimmune hepatitis, and thy-
roiditis.3 Sjögren’s syndrome predominantly affects women, and the 
incidence of the disease ranges from 3 to 11 cases per 100,000 popula-
tion,4,5 with a prevalence ranging from 0.01% to 0.72%.6

pSS is a disease whose etiology is not yet fully understood, as in 
most autoimmune diseases, where genetic, epigenetic, and environ-
mental factors are hypothesized to play into the pathogenesis of the 
disease. pSS has a complicated pathophysiology that is multifaceted 
and linked to a number of genetic, immunological, environmental, 
and hormonal risk factors.7 The disease course can be divided into 
several phases due to its complexity: an initiation phase triggered by 
exogenous and endogenous causes, dysregulation of salivary gland 
epithelial cells, immune system activation, and chronic inflamma-
tion stimulated by B cell hyperactivity.8 Both innate and acquired 
immunity play a role in the pathogenesis of pSS, each constituting a 
multistep process that leads to illness onset and persistence. Persistent  
B-cell activation and the proliferation of Th1 and Th17 cells contrib-
ute to the progression of the disease.9 Nevertheless, the exhaustive 
mechanism of disease progression in the salivary and lacrimal glands 
is still unknown.10

Serotonin and kynurenines (Kyn) are the indispensable amino acid 
tryptophan (Trp) metabolites, and the Kyn pathway is the main pathway 
of Trp metabolism, responsible for approximately 90% of its catabolism. 
The rate-limiting enzyme in this Trp catabolism pathway is indoleamine 
2,3-dioxygenase (IDO), which converts Trp to Kyn.11 It is thought that 
the catabolism of Trp via Kyn plays an important immunosuppressive 
role.12,13 It has been found that blood Trp concentrations are decreased 
in RA patients,14 various cancers,15 and other autoimmune diseases 
such as antineutrophil cytoplasmic antibody-associated vasculitis.16 
The IDO expression is induced by immune mediators, particularly in-
terferon.17 Although IDO expression is usually quite low, it can be sig-
nificantly upregulated in response to infection and inflammation.18 The 
Kyn pathway produces an immunosuppressive effect by simultaneously 
activating Treg cells and decreasing effector T cell responses.19 The IDO 

plays a substantial role in sustaining peripheral immunological toler-
ance.20 Increased Kyn concentration is common in many diseases, such 
as RA,21 SLE,22 and Huntington disease.23 Also, Kyn and its metabolites 
are biologically active. For instance, in the immune system, Kyn and its 
metabolites play a role in suppressing the immune system.13 Recently, 
there has been increasing interest in the role of Kyn in the regulation 
and maintenance of immune homeostasis. However, the precise role of 
IDO and the regulatory Kyn pathway in autoimmunity remains unclear.

In this study, we investigated levels of Trp and its metabolites in the 
Kyn pathway in patients with pSS and in healthy controls. Also, through 
the relationship between Trp metabolites, laboratory parameters, and 
disease activity was evaluated in patients with pSS.

Materials and Methods

Patients
This study was conducted in Ankara Yıldırım Beyazıt University Medical 
Faculty Atatürk Training and Research Hospital and Ankara City Hospi-
tal. Thirty-four pSS patients who were diagnosed according to the 2016 
classification criteria of the American College of Rheumatology/Euro-
pean League Against Rheumatism (EULAR)24 and 42 healthy volunteers 
were recruited into the study. The EULAR Sjögren’s Syndrome Disease 
Activity Index (ESSDAI)25 and the EULAR SS Patient Reported Index 
(ESSPRI)26 were used to assess disease activity. Healthy subjects who did 
not have an autoimmune condition and malignancy were included as 
controls. At the time of enrollment, all study participants were checked 
to ensure that they were free of symptoms of underlying viral infections. 
The study was approved by the ethics committee decision of Ankara 
Yıldırım Beyazıt University Medical Faculty Local Ethics Committee and 
written informed consent was obtained from all subjects.
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and its metabolites in patients with primary Sjögren’s syndrome (pSS).

Methods: The study included 34 pSS patients and 42 healthy 

individuals, and serum Trp and kynurenine (Kyn) concentrations were 

measured by liquid chromatography with tandem mass spectrom-

etry. Trp degradation was predicted using the ratio of Kyn and Trp 

concentrations (Kyn/Trp).

Results: In our study, the mean serum Trp concentration was found 

to be considerably lower in the pSS group than in the control group 

(P = .001). The levels of Kyn (P = .019) and the Kyn/Trp ratio (P < .001) 

were significantly higher in the pSS group than in the control group. 

The Kyn/Trp ratio was negatively correlated with C-reactive protein 

(r = −0.369, P = .032).

Conclusion: We found that Kyn pathway metabolism was altered in 

patients with pSS. This suggests that Trp metabolism may be closely 

linked to the disease pathogenesis of pSS.

plays a substantial role in sustaining peripheral immunological toler-
ance.20 Increased Kyn concentration is common in many diseases, such 
as RA,21 SLE,22 and Huntington disease.23 Also, Kyn and its metabolites 
are biologically active. For instance, in the immune system, Kyn and its 
metabolites play a role in suppressing the immune system.13 Recently, 
there has been increasing interest in the role of Kyn in the regulation 
and maintenance of immune homeostasis. However, the precise role of 
IDO and the regulatory Kyn pathway in autoimmunity remains unclear.

In this study, we investigated levels of Trp and its metabolites in the 
Kyn pathway in patients with pSS and in healthy controls. Also, through 
the relationship between Trp metabolites, laboratory parameters, and 
disease activity was evaluated in patients with pSS.

Materials and Methods

Patients
This study was conducted in Ankara Yıldırım Beyazıt University Medical 
Faculty Atatürk Training and Research Hospital and Ankara City Hospi-
tal. Thirty-four pSS patients who were diagnosed according to the 2016 
classification criteria of the American College of Rheumatology/Euro-
pean League Against Rheumatism (EULAR)24 and 42 healthy volunteers 
were recruited into the study. The EULAR Sjögren’s Syndrome Disease 
Activity Index (ESSDAI)25 and the EULAR SS Patient Reported Index 
(ESSPRI)26 were used to assess disease activity. Healthy subjects who did 
not have an autoimmune condition and malignancy were included as 
controls. At the time of enrollment, all study participants were checked 
to ensure that they were free of symptoms of underlying viral infections. 
The study was approved by the ethics committee decision of Ankara 
Yıldırım Beyazıt University Medical Faculty Local Ethics Committee and 
written informed consent was obtained from all subjects.

Analysis and Determination of Tryptophan and 
Kynurenine Concentrations
Following the approval of the ethics committee, peripheral venous 
blood samples from all individuals included in the study under fasting 
(12 hours) were taken into tubes for blood testing. Plasma and serum 
samples were obtained by centrifugation for 10 minutes at 3000g and 
were stored at −80°C until day of analysis. Parameters were measured 
on the same day.

Trp and Kyn were measured in plasma samples using liquid chro-
matography–tandem mass spectrometry (LC-MS/MS) as previously 
described.27 Trp degradation was determined using the ratio of Kyn and 
Trp concentrations. This ratio shows IDO enzyme activity.28 The Kyn/
Trp ratio was calculated in μmol/mmol.

Statistical Analysis
Continuous variables showing normal distribution were analyzed by 
Kolmogorov-Smirnov test. Independent samples t-test and Mann-Whitney 
U test were performed to evaluate whether there was a  statistically signifi-
cant difference between patient and control groups. Correlations between 
groups were evaluated by Spearman rank correlation analysis. Statisti-
cal results of parametric and nonparametric variables are expressed as 
mean ± standard deviation and median (interquartile range [IQR]), re-
spectively. Statistical analyses were performed using the SPSS version 21.0 
package program, and P < .05 was accepted as statistically significant.

Results
The study comprised a total of 34 pSS patients and 42 healthy controls. 
The patient and control groups are similar with regard to age, gender, 
body mass index, smoking, and comorbidity. Characteristics of patients 
with pSS and controls are reported in TABLE 1.

TABLE 1.  Characteristics of Patients with Primary Sjögren’s Syndrome and Controlsa

Characteristics Sjögren’s Syndrome  (n = 34) Control  (n = 42) P 

Age (y), mean ± SD (minimum–maximum) 53 ± 11 (25–71) 54 ± 11 (27–67) .612b

BMI (kg/m2), mean ± SD (minimum–maximum) 29 ± 4 (23–41) 28 ± 3 (20–35) .513b

Sex 32 (94.1) 39 (92.9) .601c

 Female

 Male 2 (5.9) 3 (7.1)

Smoking 28 (82.4) 36 (85.7) .737d

 None 1 (2.9) 2 (4.8)

 Ex-smoker 5 (14.7) 4 (9.5)

 Active

DM 3 (8.8) 3 (7.1) .556c

HT 10 (29.4) 13 (31.0) .884d

CAD 4 (11.8) 6 (14.3) .511c

CKD 1 (2.9) 2 (4.8) .580c

COPD 1 (2.9) 2 (4.8) 1.000c

IBD 1 (2.9) 2 (4.8) 1.000c

BMI, body mass index; CAD, coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; 
HT, Hashimoto thyroiditis; IBD, inflammatory bowel disease. 
aData are given as No. (%) unless indicated otherwise. 
bIndependent t test. 
cFisher exact test. 
dPearson’s χ2 test.
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Median (IQR) duration of disease was 84 (30–120) months. 
The most common clinical findings were keratoconjunctivitis sicca 
(n = 34, 100%), xerostomia (n = 33, 97.1%), an abnormal Schirmer’s 
test (n = 26, 76.5%), positive minor salivary gland biopsy (n = 28, 
82.4%), synovitis (n = 23, 67.6%), fibromyalgia (n = 15, 44.1%), 
and fatigue (n = 26, 76.5%). Most of the patient results showed 
antinuclear antibody (ANA) positivity (n = 27, 79.4%) followed 
by anti-SS-A/Ro positivity (n = 20, 58.8%) and rheumatoid factor 
positivity (n = 25, 75%). The majority of patients were receiving  
hydroxychloroquine treatment (n = 30, 88.2%) followed by 
prednisolone treatment (n = 13, 38.2%). Clinical characteristics of 
the patients with pSS are shown in TABLE 2.

When the groups were compared in terms of Kyn pathway results, 
there were significant differences between Kyn (P = .019), Trp (P = .001), 
and the Kyn/Trp ratio (P < .001) between the patient and control groups. 
Level of Kyn and Kyn/Trp ratio was significantly higher in the pSS group 
whereas tryptophan was significantly lower (TABLE 3).

Trp concentration was positively correlated with albumin (r = 0.384, 
P = .025) and hemoglobin (P = .396, r = 0.020). Kyn/Trp ratio was neg-
atively correlated with C-reactive protein (CRP) (r = −0.369, P = .032). 
Correlations between Kyn pathway results and clinical parameters in 
patients with pSS is reported in TABLE 4. In the results of linear re-
gression analysis, hemoglobin explained 15% of Trp concentration 
(R2 = 0.15, F = 6.018, P = .020). Also, glucose explained 15% of Kyn con-
centration (R2 = 0.15, F = 5.869, P = .021) (TABLE 5).

No significant relation was found between the Kyn pathway and 
the presence of fibromyalgia, SS-A positivity and SS-A negativity, or 
prednisolone use in patients with pSS (P > .05) (TABLE 6).

Discussion
In this study, we report higher levels of the Trp metabolite Kyn and an 
increased Kyn/Trp ratio in patients with pSS compared with controls. 
We found that levels of Trp were lower in pSS as measured by LC-MS/
MS. Although Trp was negatively correlated with the physician global 
assessment, a positive correlation was observed with hemoglobin 
and albumin. The Kyn/Trp ratio showed a negative correlation with 
CRP. No significant relationship was found between the Kyn pathway 
metabolites and fibromyalgia, SS-A positivity, or prednisolone use in 
patients with pSS.

Trp, the rarest indispensable amino acid, is a precursor for protein 
synthesis and the manufacture of many chemicals involved in basic bi-
ological processes. The Kyn pathway metabolizes the vast majority of 
Trp (90%), with the serotonin pathway converting the remaining 1% to 
serotonin and melatonin.29,30 The IDO expression is upregulated locally 
and systemically in numerous tissues by immune activation and inflam-
mation, and IDO reduces the concentration of Trp in the milieu of in-
flammatory cells.31,32 The IDO activity can inhibit a potentially harmful  
autoimmune response, induce peripheral tolerance, and minimize 
chronic immunological activation in T cells, which are particularly sus-
ceptible to Trp depletion.33,34 Overexpression of IDO has been observed 
in patients with SLE, pSS, and sepsis.35 Serum Trp levels are higher in 
healthy women than in women diagnosed with pSS. However, patients 
with pSS have higher Kyn levels and a higher Kyn/Trp ratio than 
healthy women and patients with non-SS sicca. The same findings were 
made in men with pSS, indicating that the IDO enzyme activity in the 
kynurenine pathway (KP) is enhanced.34,36 In the metabolic profile com-
parison of SLE with pSS and systemic sclerosis (SSc), decreased levels of  

TABLE 2.  Clinical Characteristics of Patients with Sjögren’s 
Syndrome

Characteristic (n = 34) Result 

Duration of disease, mo, median (IQR) 84 (30–120)

Disease activity scores, median (IQR)

 ESSDAI  2 (2–4)

 Doctor global assessment  4 (3–4)

 Patient global assessment  5 (3–6)

 ESSPRI  4 (3–4)

 Dryness 4 (3-5)

 Fatigue 4 (3-5)

 Pain 4 (3-5)

Clinical findings, No. (%)

 Ocular symptom  34 (100)

 Oral symptom  33 (97.1)

 Schirmer test right  26 (76.5)

 Schirmer test left  26 (76.5)

 Minor salivary gland biopsy  28 (82.4)

 Synovitis  23 (67.6)

 Leukopenia  4 (11.8)

 Interstitial lung disease  1 (2.9)

 Fibromyalgia  15 (44.1)

 Fatigue  26 (76.5)

Laboratory signs, mean (SD) (95% CI)

 WBC  6319 (2209) (5548–7089)

 HGB  12.8 (1.4) (12.3–13.3)

 PLT  258,324 (73,422) (232,705–283,941)

 Glucose   89 (12) (84.9–93.6)

 Creatinine, median (IQR)  1 (1–1)

 AST, median (IQR)  22 (15–24)

 ALT, median (IQR)  19 (15–21)

 ALP, median (IQR)  72 (47–80)

 GGT, median (IQR)  16 (11–20)

 Albumin, mean (SD) (%95 CI) 44 (3) (43.3–45.4)

 Total protein, mean (SD) (%95 CI)  73 (5) (71.1–74.7)

 Sedimentation, median (IQR) 17 (5–19)

 CRP, median (IQR)  3 (1–5)

Serological findings, No. (%)

 ANA positivity  27 (79.4)

 RF positivity  25 (73.5)

 Anti-CCP positivity  4 (11.8)

 SS-A positivity  20 (58.8)

 SS-B positivity  6 (17.6)

Treatment

 Prednisolone, No. (%)  13 (38.2)

 Prednisolone dose, mg/d, median (IQR) 4 (2–4)

 Hydroxychloroquine, No. (%)  30 (88.2)

 Methotrexate, No. (%)  6 (18.2)

 Azathioprin, No. (%)  1 (2.9)

ALT, alanine transaminase; ALP, alkaline phosphatase; AST, aspartate 
aminotransferase; CCP, cyclic citrullinated peptide; ESSDAI, EULAR 
Sjögren’s Syndrome Disease Activity Index; ESSPRI, EULAR Sjögren’s 
Syndrome Patient Reported Index; GGT, gamma-glutamyl transferase; 
HGB, hemoglobin; IQR, interquartile range; PLT, platelets.
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Median (IQR) duration of disease was 84 (30–120) months. 
The most common clinical findings were keratoconjunctivitis sicca 
(n = 34, 100%), xerostomia (n = 33, 97.1%), an abnormal Schirmer’s 
test (n = 26, 76.5%), positive minor salivary gland biopsy (n = 28, 
82.4%), synovitis (n = 23, 67.6%), fibromyalgia (n = 15, 44.1%), 
and fatigue (n = 26, 76.5%). Most of the patient results showed 
antinuclear antibody (ANA) positivity (n = 27, 79.4%) followed 
by anti-SS-A/Ro positivity (n = 20, 58.8%) and rheumatoid factor 
positivity (n = 25, 75%). The majority of patients were receiving  
hydroxychloroquine treatment (n = 30, 88.2%) followed by 
prednisolone treatment (n = 13, 38.2%). Clinical characteristics of 
the patients with pSS are shown in TABLE 2.

When the groups were compared in terms of Kyn pathway results, 
there were significant differences between Kyn (P = .019), Trp (P = .001), 
and the Kyn/Trp ratio (P < .001) between the patient and control groups. 
Level of Kyn and Kyn/Trp ratio was significantly higher in the pSS group 
whereas tryptophan was significantly lower (TABLE 3).

Trp concentration was positively correlated with albumin (r = 0.384, 
P = .025) and hemoglobin (P = .396, r = 0.020). Kyn/Trp ratio was neg-
atively correlated with C-reactive protein (CRP) (r = −0.369, P = .032). 
Correlations between Kyn pathway results and clinical parameters in 
patients with pSS is reported in TABLE 4. In the results of linear re-
gression analysis, hemoglobin explained 15% of Trp concentration 
(R2 = 0.15, F = 6.018, P = .020). Also, glucose explained 15% of Kyn con-
centration (R2 = 0.15, F = 5.869, P = .021) (TABLE 5).

No significant relation was found between the Kyn pathway and 
the presence of fibromyalgia, SS-A positivity and SS-A negativity, or 
prednisolone use in patients with pSS (P > .05) (TABLE 6).

Discussion
In this study, we report higher levels of the Trp metabolite Kyn and an 
increased Kyn/Trp ratio in patients with pSS compared with controls. 
We found that levels of Trp were lower in pSS as measured by LC-MS/
MS. Although Trp was negatively correlated with the physician global 
assessment, a positive correlation was observed with hemoglobin 
and albumin. The Kyn/Trp ratio showed a negative correlation with 
CRP. No significant relationship was found between the Kyn pathway 
metabolites and fibromyalgia, SS-A positivity, or prednisolone use in 
patients with pSS.

Trp, the rarest indispensable amino acid, is a precursor for protein 
synthesis and the manufacture of many chemicals involved in basic bi-
ological processes. The Kyn pathway metabolizes the vast majority of 
Trp (90%), with the serotonin pathway converting the remaining 1% to 
serotonin and melatonin.29,30 The IDO expression is upregulated locally 
and systemically in numerous tissues by immune activation and inflam-
mation, and IDO reduces the concentration of Trp in the milieu of in-
flammatory cells.31,32 The IDO activity can inhibit a potentially harmful  
autoimmune response, induce peripheral tolerance, and minimize 
chronic immunological activation in T cells, which are particularly sus-
ceptible to Trp depletion.33,34 Overexpression of IDO has been observed 
in patients with SLE, pSS, and sepsis.35 Serum Trp levels are higher in 
healthy women than in women diagnosed with pSS. However, patients 
with pSS have higher Kyn levels and a higher Kyn/Trp ratio than 
healthy women and patients with non-SS sicca. The same findings were 
made in men with pSS, indicating that the IDO enzyme activity in the 
kynurenine pathway (KP) is enhanced.34,36 In the metabolic profile com-
parison of SLE with pSS and systemic sclerosis (SSc), decreased levels of  

tryptophan were seen in SLE patients compared to control groups.37 
In studies conducted on the role of IDO and Trp catabolism in RA in 
humans, it has been shown that Trp levels decrease and Kyn levels 
increase in a patient’s sera.21,38 When compared to healthy controls, 
persons with RA were shown to have lower Trp levels and greater Kyn 
levels.14,39,40 These findings were verified in a mouse model of collagen-
induced arthritis, where activation of the Trp pathway was revealed to 
be critical during the arthritis induction and resolution phases.41 Simi-
lar to the literature, in this study we found that Kyn levels were higher, 
Kyn/Trp ratio increased, and Trp levels were lower in patients with pSS 
compared to the control group.

Increased IDO serum activity has previously been defined in patients 
with pSS and was associated with disease severity.35 Patients with RA 
show a distribution of Trp metabolites in serum characterized by a high 
ratio of Kyn/Trp. In persons with RA, decreased Trp and increased Kyn 
have been linked to disease activity and clinical symptoms.14,42 The IDO 
activity was increased in patients with SLE in a cross-sectional study.43 
Patients with active disease (SLE disease activity index ≥6) showed 
lower Trp levels than controls, but IDO levels of patients with SLE in 
remission were not different from those in controls. Trp metabolites 
Kyn and quinolinic acid were higher in patients with SLE compared 
to controls.43 In a study evaluating serum levels of Kyn pathway  

TABLE 3.  Comparison of the Kynurenine Pathway Results of Patients with Sjögren’s Syndrome and Controls

 Sjögren’s Syndrome (n = 34), Median (IQR) Control Group (n = 42), Median (IQR) Pa 

Kynurenine (ng/mL) 485 (378–601) 386 (356–496) .019

Tryptophan (ng/mL) 10,660 (9160–12,282) 12,258 (11,442–14,711) .001

Kynurenine/tryptophan ratio (%) 4 (3–6) 3 (3–4) <.001

aMann-Whitney U test.

TABLE 4.  Correlation between Kynurenine Pathway Results and Clinical Parameters in Patients with Primary Sjögren’s 
Syndromea

  Kynurenine, r Tryptophan, r Kynurenine/Tryptophan Ratio, r 

Age 0 0 −0.08

BMI −0.05 0.04 −0.11

Duration of disease 0.08 −0.06 0.05

Prednisolone dose −0.08 0.1 −0.18

Laboratory signs

 WBC 0.13 −0.03 0.1

 HGB 0.04 0.39b −0.28

 PLT −0.24 0.01 −0.26

 Glucose −0.39b 0.02 −0.28

 Creatinine −0.17 −0.08 −0.03

 AST −0.07 0.17 −0.22

 ALT −0.17 0.19 −0.24

 ALP 0.26 −0.05 0.08

 GGT 0.1 0.28 −0.19

 Albumin −0.19 0.38b −0.28

 Total protein −0.15 0.04 −0.19

 Sedimentation 0.08 -0.16 0

 CRP −0.16 0.19 −0.37b

Disease activity scores

 ESSDAI −0.29 0.07 −0.21

 Doctor global assessment −0.3 0.11 −0.26

 Patient global assessment −0.25 0.1 -0.19

 ESSPRI −0.23 0.11 −0.17

 Dryness −0.09 0.17 −0.11

 Fatigue −0.28 0.07 −0.17

 Pain −0.21 0.15 −0.24

ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate aminotransferase; BMI, body mass index; CCP, cyclic citrullinated peptide; CRP, 
C-reactive protein; ESSDAI, EULAR Sjögren’s Syndrome Disease Activity Index; ESSPRI, EULAR Sjögren’s Syndrome Patient Reported Index; GGT, 
gamma-glutamyl transferase; HGB, hemoglobin; PLT, platelets.
aSpearman’s correlation coefficients (r) above |0.3| are highlighted in bold. 
bP < .05.
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metabolites in patients with ankylosing spondylitis (AS), serum Trp, 
Kyn, and 3-hydroxykynurenine levels were found to be remarkably 
lower in both AS groups compared to the control group, whereas Kyn, 
quinolinic acid, CRP, erythrocyte sedimentation rate (ESR), and inter-
leukin-6 levels were found to be higher. Conventional treatment and 
anti-tumor necrosis factor-α treatment were found to be effective in re-
ducing the Kyn/Trp ratio and CRP levels.44 In our study, there was no 
correlation between serum Trp, Kyn, and the Kyn/Trp ratio and ESSDAI 
and ESSPRI disease activity scores in patients with pSS.

Anti-Ro (SS-A) and anti-La (SS-B) autoantibodies were shown to be more 
frequently positive in patients with polyneuropathy in a study.45 Trp levels 
were significantly lower in SSc patients compared to healthy controls ac-
cording to a recent study.46 Patients with anti-RNA-polymerase III positivity 
were shown to have lower Trp levels and higher Kyn levels than patients with 
anti-centromere and anti-topoisomerase positivity, and autoantibody pro-
file was also found to be considerably correlated with Kyn and Trp levels.46 
Taken together, these findings imply that the higher activity of the KP may 
be associated with clinical and laboratory manifestations of systemic in-
flammation.35,36,45 Although those investigations show a link between neu-
rological or laboratory results and Kyn metabolites, the cause-and-effect link 
between KP metabolites and these manifestations is yet unknown. Further-
more, the expression of IDO, which metabolizes tryptophan, is known to be 
upregulated by glucocorticoids.47 Higher levels of Kyn have also been linked 
to a decreased percentage of people taking corticosteroids, but not to the  

frequency of neurological symptoms in pSS patients.35,36 In our study, al-
though Trp levels were lower in prednisolone users and SS-A positive 
patients, no statistically significant difference was observed. In addition, no 
difference was observed between Kyn and Kyn/Trp ratios. This may be re-
lated to the small size of the patient population in our cohort.

Trp metabolism through the Kyn pathway has been identified as a cen-
tral fatigue mechanism.48,49 In pSS, the interferon-γ-inducible-Kyn path-
way could have a role in the neurological symptoms, fatigue, and chronic 
pain.45 Since the kynurenine pathway is responsible for the metabolism 
of around 95% of plasma-free Trp, any change in its activity in response 
to inflammation is likely to have a disproportionate impact on other Trp 
or nonkynurenine product pathways. The fact that increased Trp metab-
olism to kynurenines reduces Trp availability for conversion to 5-HT (ser-
otonin), tryptamine, and melatonin is usually neglected.50 In a study, a 
link was made between fibromyalgia and other psychological symptoms 
such as depression, anxiety, insomnia, psychosis, and neurosis, with fa-
tigue being observed in a group of 106 pSS patients, among whom 32 
were considered as fatigued and 74 nonfatigued. However, there was no 
difference in IDO mRNA levels in pSS patients with and without fatigue 
in peripheral blood leukocytes.51 In our cohort, no correlation was found 
between fibromyalgia and serum levels of Kyn pathway metabolites.

The limitations of our study are mainly due to the limited number 
of patients. Secondly, almost all of our patients were homogeneous for 
sicca symptoms and joint involvement, and the number of patients with 
other extraglandular involvement was very limited. This makes it dif-
ficult to establish a relationship between pSS and its involvement and 
disease activity. Multicenter studies with large patient numbers and dif-
ferent organ involvement are needed to evaluate future usefulness of 
this pathway in clinical routine.

In conclusion, our data suggest that the Trp metabolic pathway is ac-
tivated in pSS patients and confirm previous studies that the Kyn path-
way is altered. Increased activity of metabolites in the Kyn pathway may 
have a role in the pathogenesis of pSS. Larger prospective studies are 
needed to better understand the role of this metabolic route in persons 
with pSS.
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ABSTRACT

Background: Most patients in the surgical intensive care unit (SICU) 

have anemia and undergo extensive diagnostic laboratory testing 

(DLT). Consequently, patients undergo RBC transfusion, and many 

are discharged with anemia, both of which are associated with poorer 

outcomes. 

Objective: To characterize DLT blood loss in the SICU.

Materials and Methods: We performed a 1-year retrospective study 

of 291 patients admitted to a SICU. The number of draws, average vol-

ume, and estimated discard volume were recorded, along with clinical 

and laboratory findings.

Results: Patients who underwent greater amounts of DLT had lower 

hemoglobin levels at discharge (P ≤ .001). Admissions requiring cen-

tral venous catheter (CVC) access (49.8%) demonstrated significantly 

higher DLT draws and rates of transfusion.

Conclusion: Findings from this study suggest that DLT blood loss 

contributes to anemia in the SICU, and that the presence and duration 

of CVC leads to increased testing, anemia, and RBC transfusion.

Diagnostic laboratory testing (DLT) plays an integral role in the clini-
cal management of patients with critical illness. Although DLT provides 
invaluable information, helping guide diagnostic, prognostic, and ther-
apeutic decisions, volume lost due to high testing burden has been 
shown to contribute to the development of anemia and may lead to an 
increased rate of transfusion.1–4 An estimated 16.2 laboratory tests are 
collected daily from patients in the ICU and account for a daily DLT-
associated blood loss of 15 to 100  mL.2,4–9 In the ICU, blood needed 
for DLT is frequently collected from a central venous catheter (CVC). 
Approximately half of patients in the ICU will undergo placement of a 
CVC.10 The ease at which CVCs permit collection of DLT and the clinical 
acuity of information from the patients who often require CVC appear to 
promote increased access, with an approximately 30% increase in test-
ing and a 40% increase blood volumes collected in patients with CVCs 
relative to those without CVCs.11,12 Ultimately, an increase in DLT and 
increased DLT-associated blood loss has been shown to correspond with 
a higher incidence of anemia.1–4

Anemia is a common development in the critical care setting, with a 
reported incidence of anemia in 98% of patients admitted to the ICU.9 
Moreover, patients undergoing certain procedures, such as cardiothoracic 
surgery, may require higher numbers of draws, contributing to an overall 
greater loss of blood, with 1 group showing a median blood loss of 454 mL.13 
Likewise, suppressed erythropoiesis in patients with critical illness can oc-
cur due to inflammatory iron sequestration and decreased erythropoietin 
activity.14–19 Other etiologies include nutritional deficiencies; major sur-
gical interventions; bleeding; length of stay (LOS); and receipt of care at 
a teaching institution, likely due to increased testing for educational pur-
poses.18,20,21,22–24 Together, these factors lead to the development of mul-
tifactorial anemia at discharge in patients treated in the ICU, with severe 
discharge anemia being associated with a number of adverse outcomes, in-
cluding increased 30-day mortality rates and readmissions, which further 
contribute to increasing health care spending.14,22

The prevalence of anemia in patients with critical illness often 
prompts RBC transfusions, occurring in 26.3% to 50.0% of patients 
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in the ICU.25–27 The high rate of RBC transfusions is concerning, given 
the observed association between liberal RBC transfusions and poor 
outcomes, such as a higher incidence of serious health care–associated 
infections and increased LOS.20,26,28 Similarly, mortality rates are appre-
ciably higher in patients who received transfusions in the ICU, relative 
to such patients who did not receive any transfusion—30.0% vs 19.6%, 
respectively.27

Measures aimed at mitigating factors that contribute to the inci-
dence of anemia and the extent of RBC transfusions have the potential 
to significantly improve outcomes for patients with critical illness. Our 
study aimed to characterize DLT-associated blood loss and the impact of 
CVC placement, as well as the association of these factors with anemia 
and rate of RBC transfusion.

Materials and Methods

Design and Setting
This retrospective study was conducted at a large academic center be-
tween January 1, 2017, and December 31, 2017, and was approved by 
our local IRB (protocol No.  190161). Data from hospitalization were 
recorded, and no follow-up data were obtained. Cost analysis was 
performed at a large public hospital affiliated with an academic center 
in April of 2022 and did not involve the use of patient data. We used the 
Strengthening the Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines in preparation of this manuscript.29

Study Population
Our study population comprised consecutive adult patients admitted 
to the SICU. Patients younger than 18 years, as well as those who were 
members of vulnerable populations, such as prisoners,  were excluded 
from the study. The study size was a convenience sample derived from 
the period reviewed.

Data Collection
Electronic medical records (EHRs) were manually reviewed to obtain 
patient demographics and clinical information (TABLE 1), laboratory 
results, progress notes, and discharge summaries. Data collection was 
performed by physicians, recorded in standardized deidentified ab-
straction sheets, and met the requirements of the Health Insurance 
Portability and Accountability Act (HIPAA). To account for the acuity 
of illness, we calculated the Charlson Comorbidity Index (CCI) for each 
patient, as previously described.30 The CCI helps predict mortality, or 
relative risk of death, based on patient comorbidities, with a lower 
score characterizing healthier patients (score of 0–1) vs sicker patients 
(score of 3–8).

To estimate the total blood volume collected for a given laboratory 
test, tube volumes were confirmed by injecting the contents with water 
and then decanting the final volume into tubes. The number and source 
(ie, peripheral access, or CVC) of DLT was identified in the electronic 
medical records for each patient. The product of the average 7-day blood 
volume and the number of each test type was then calculated to estimate 
the daily and total blood volumes collected for a given patient. Volume 
of blood discarded from CVCs, arterial lines, and peripherally inserted 
central catheters (PICCs) was estimated based on internal nursing pro-
tocol requirements for minimum volume for discarding. The laboratory 
information system (LIS) was queried to determine tests that were 

reflexed for tubes containing already-obtained specimens, to not over-
estimate blood loss associated with DLT.

The following information was also recorded: incidence of anemia 
(female patients, hemoglobin [Hb] <12 mg/dL; males, Hb <13 mg/dL) 
based on WHO definitions), frequency of phlebotomy per patient per 
day, volume of blood loss via phlebotomy per patient per day, num-
ber and volume of RBC transfusions, number of RBC units transfused 
intraoperatively/immediately postoperatively, and number of RBC units 
transfused in the SICU (not immediately postoperatively). Additionally, 
we recorded the Hb level at SICU admission; pretransfusion Hb (Hb ≤3 
hours before transfusion); and the primary indication for RBC transfu-
sion, as reported by the ordering health care provider.31

Statistical Analysis
Statistical analyses were performed using Wizard statistical software, 
version 1.9.48 (Evan Miller). The normality of distribution of continu-
ous variables was tested with the 1-sample Kolmogorov-Smirnov test. 
Frequencies were determined for categorical variables. Continuous 
variables are expressed as mean (SD). A Fisher exact test was used for 
categorical variables. We used a Student t test for variables with nor-
mal distribution and a Mann-Whitney U  test for continuous variables 
without normal distribution. We assumed statistical significance at an 
alpha value of 0.05. Bonferroni correction was used to account for the 
multiple  testing hypothesis. Hospital charges were obtained from the 
publicly available data for fiscal year 2022 from the Parkland Hospital 
chargemaster.32 Data were utilized to calculate the estimated cost for a 
single RBC transfusion, CVC placement at bedside, and CVC placement 
using interventional radiology (IR).

TABLE 1.  Study Demographic Data (n = 299)

Variable All Admissions 

Anemia on admission, No. (%)a 153 (51.2)

Anemia on discharge, No. (%)a 285 (95.3)

CCI, mean (SD) 4.4 (2.6)

LOS, mean (SD), days 15.8 (11.2)

Admission Hb, mean (SD), g/dL 12.1 (2.5)

Nadir Hb, mean (SD), g/dL 7.9 (1.7)

CVC access, No. (%) 149 (49.8)

Discharge Hb, mean (SD), g/dL 9.4 (1.6)

Delta Hb from admission to discharge, mean (SD), g/dL 2.8 (2.6)

Patients requiring RBC transfusion, No. (%) 95 (31.8)

RBC units transfused overall, No. (mean [SD]; range) 1 (0.73 [1.6]; 0–16)

Total No. of blood draws, mean (SD)

 Per day 5.8 (4.5)

 Per hospitalization 93.25 (115.5)

DLT blood loss per patient (mL), mean (SD)  

 Per day 14.3 (9.8)

 Per hospitalization 229.5 (253.7)

Total iatrogenic blood loss per patient (mL), (including discard), mean (SD)

 Per day 20.0 (16.7)

 Per hospitalization 346.9 (490.9)

CCI, Charslon Comorbidity Index; CVC, central venous catheter; DLT, di-
agnostic laboratory testing; Hb, hemoglobin; LOS, length of stay
aAnemia classification is based on based on WHO definitions: females, Hb 
<12 mg/dL; males, Hb <13 mg/dL.

Results

Patient Characteristics
Patient demographics and study outcomes are summarized in TABLE 1. 
A total of 291 patients (mean, 62.2 years; male to female ratio, 1:5) un-
derwent 299 hospitalizations, with an LOS of 15.8 days. Comorbidity sta-
tus, as assessed by CCI, was 4.4. Mean (SD) DLT-associated blood loss was 
14.3 mL/day (229.5 mL/hospitalization). The overall rate of vascular access 
was 75.3% (225/299). The rates of vascular access by type were as follows: 
CVC access, 49.8% (149/299); PICC access, 17.1% (51/299); and arterial 
access, 69.6% (208/299). We believed arterial discarded blood volume to be 
negligible and counted it as 0 mL. The mean (SD) daily discard amount in 
patients with CVC only was 16.32 (11.0) mL, and this amount for patients 
with PICC only was 13.2 (7.4) mL (P ≥ .99). Cumulative blood loss during 
hospital admission with CVC and PICC access was greater than for CVC 
only: 132.2 mL vs 524.1 mL (P ≤ .001). The cumulative blood loss at ad-
mission was predictive of the magnitude of anemia at discharge, with the 
largest diagnostic-associated blood loss group corresponding to a discharge 
Hb level of 8.6 g/dL vs the lowest blood loss group being associated with an 
Hb level of 9.7 g/dL (P ≤ .001; FIGURE 1). The overall rate of transfusion 
was 31.7% (95/299), and the overall change in hemoglobin from admission 
to discharge was not significantly different in patients undergoing transfu-
sion vs those not receiving transfusion (P ≥ .99).

CVC Access vs No CVC Access
Patients with and without CVC had similar length of hospital stay and 
CCI (TABLE 2). However, patients with CVC access had a significantly 
higher number of total blood draws, total blood drawn or discarded for 
access and DLT, and rate of transfusion. Patients with CVC require flush-
ing of the access site with a small volume of fluid, typically normal saline, 
which is subsequently discarded prior to drawing a specimen, with a to-
tal discard volume of blood of 204 mL/hospitalization. Rates of anemia 
at the time of hospital discharge were significantly higher in the CVC 
group. Also, nadir Hb and discharge Hb levels were significantly lower 
in patients with CVC placement. The number of total blood draws per 
day was significantly higher in patients with a longer duration of CVC 
(FIGURE 2), and the total number of draws was significantly higher 
in patients with CVC vs those without CVC. The volume of combined 
DLT-associated blood loss was predictive of receipt of RBC transfusion, 
independent of any surgical procedure or the acuity of illness as com-
plicated by comorbidities by CCI (FIGURE 3), although the range of 
CCI was greater in patients with prolonged CVC access (FIGURE 4). 
Most patients had concurrent placement of an arterial line (142/149 
[95.3%]), and fewer had PICC access (26/149 [17.4%]).

Patients with Anemia at Hospital Admission vs Patients 
without Anemia at Admission
Patients with and without anemia at hospital admission had a similar 
length of stay and CCI (TABLE 3). Anemia at admission was signifi-
cantly associated with lower Hb nadir, lower Hb at discharge, and higher 
rate of anemia at discharge. Preexisting anemia was not predictive of the 
need for transfusion.

Surgical Admissions vs Nonsurgical Admissions
Patients treated in the surgical department and those treated outside 
the surgical department had a similar length of hospital stay and CCI 
(TABLE 4). Patients who underwent at least 1 operation had higher 
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reflexed for tubes containing already-obtained specimens, to not over-
estimate blood loss associated with DLT.

The following information was also recorded: incidence of anemia 
(female patients, hemoglobin [Hb] <12 mg/dL; males, Hb <13 mg/dL) 
based on WHO definitions), frequency of phlebotomy per patient per 
day, volume of blood loss via phlebotomy per patient per day, num-
ber and volume of RBC transfusions, number of RBC units transfused 
intraoperatively/immediately postoperatively, and number of RBC units 
transfused in the SICU (not immediately postoperatively). Additionally, 
we recorded the Hb level at SICU admission; pretransfusion Hb (Hb ≤3 
hours before transfusion); and the primary indication for RBC transfu-
sion, as reported by the ordering health care provider.31

Statistical Analysis
Statistical analyses were performed using Wizard statistical software, 
version 1.9.48 (Evan Miller). The normality of distribution of continu-
ous variables was tested with the 1-sample Kolmogorov-Smirnov test. 
Frequencies were determined for categorical variables. Continuous 
variables are expressed as mean (SD). A Fisher exact test was used for 
categorical variables. We used a Student t test for variables with nor-
mal distribution and a Mann-Whitney U  test for continuous variables 
without normal distribution. We assumed statistical significance at an 
alpha value of 0.05. Bonferroni correction was used to account for the 
multiple  testing hypothesis. Hospital charges were obtained from the 
publicly available data for fiscal year 2022 from the Parkland Hospital 
chargemaster.32 Data were utilized to calculate the estimated cost for a 
single RBC transfusion, CVC placement at bedside, and CVC placement 
using interventional radiology (IR).

Results

Patient Characteristics
Patient demographics and study outcomes are summarized in TABLE 1. 
A total of 291 patients (mean, 62.2 years; male to female ratio, 1:5) un-
derwent 299 hospitalizations, with an LOS of 15.8 days. Comorbidity sta-
tus, as assessed by CCI, was 4.4. Mean (SD) DLT-associated blood loss was 
14.3 mL/day (229.5 mL/hospitalization). The overall rate of vascular access 
was 75.3% (225/299). The rates of vascular access by type were as follows: 
CVC access, 49.8% (149/299); PICC access, 17.1% (51/299); and arterial 
access, 69.6% (208/299). We believed arterial discarded blood volume to be 
negligible and counted it as 0 mL. The mean (SD) daily discard amount in 
patients with CVC only was 16.32 (11.0) mL, and this amount for patients 
with PICC only was 13.2 (7.4) mL (P ≥ .99). Cumulative blood loss during 
hospital admission with CVC and PICC access was greater than for CVC 
only: 132.2 mL vs 524.1 mL (P ≤ .001). The cumulative blood loss at ad-
mission was predictive of the magnitude of anemia at discharge, with the 
largest diagnostic-associated blood loss group corresponding to a discharge 
Hb level of 8.6 g/dL vs the lowest blood loss group being associated with an 
Hb level of 9.7 g/dL (P ≤ .001; FIGURE 1). The overall rate of transfusion 
was 31.7% (95/299), and the overall change in hemoglobin from admission 
to discharge was not significantly different in patients undergoing transfu-
sion vs those not receiving transfusion (P ≥ .99).

CVC Access vs No CVC Access
Patients with and without CVC had similar length of hospital stay and 
CCI (TABLE 2). However, patients with CVC access had a significantly 
higher number of total blood draws, total blood drawn or discarded for 
access and DLT, and rate of transfusion. Patients with CVC require flush-
ing of the access site with a small volume of fluid, typically normal saline, 
which is subsequently discarded prior to drawing a specimen, with a to-
tal discard volume of blood of 204 mL/hospitalization. Rates of anemia 
at the time of hospital discharge were significantly higher in the CVC 
group. Also, nadir Hb and discharge Hb levels were significantly lower 
in patients with CVC placement. The number of total blood draws per 
day was significantly higher in patients with a longer duration of CVC 
(FIGURE 2), and the total number of draws was significantly higher 
in patients with CVC vs those without CVC. The volume of combined 
DLT-associated blood loss was predictive of receipt of RBC transfusion, 
independent of any surgical procedure or the acuity of illness as com-
plicated by comorbidities by CCI (FIGURE 3), although the range of 
CCI was greater in patients with prolonged CVC access (FIGURE 4). 
Most patients had concurrent placement of an arterial line (142/149 
[95.3%]), and fewer had PICC access (26/149 [17.4%]).

Patients with Anemia at Hospital Admission vs Patients 
without Anemia at Admission
Patients with and without anemia at hospital admission had a similar 
length of stay and CCI (TABLE 3). Anemia at admission was signifi-
cantly associated with lower Hb nadir, lower Hb at discharge, and higher 
rate of anemia at discharge. Preexisting anemia was not predictive of the 
need for transfusion.

Surgical Admissions vs Nonsurgical Admissions
Patients treated in the surgical department and those treated outside 
the surgical department had a similar length of hospital stay and CCI 
(TABLE 4). Patients who underwent at least 1 operation had higher 

rates of CVC placement, lower Hb nadir, and lower Hb at discharge. 
Undergoing a surgical procedure was not predictive of anemia at dis-
charge or nonoperative transfusion.

Charge Analysis
We performed a charge analysis comparing CVC placement and the 
cost of blood transfusion. The charge for a transfusion procedure was 
$1507.00 and an RBC unit was $799.00, with the overall cost of trans-
fusion with associated testing being $2778.00 (TABLE 5). The cost 
for bedside CVC and the cost of single RBC transfusion were similar 
($3511.04 vs $2778.00). IR placement of CVC is approximately 3 times 
more expensive than bedside CVC placement ($10,993.04 vs $3511.04).

Discussion
The findings of our study suggest that the total volume of DLT-associated 
blood loss contributes to the incidence and magnitude of anemia which, in 
turn, was associated with more frequent RBC transfusions in patients with 
critical illness. Likewise, the severity of anemia correlated with the volume of 
blood drawn (FIGURE 1). Further, CVC access was predictive of increased 
total blood loss, transfusion, and anemia. The observations derived from our 
investigation correspond with those reported in previous studies.1,4–9

Although CVC placement will largely occur in patients with higher-
acuity disease, as demonstrated in our cohort by higher CCI values, it is 
associated with an increase in blood draws for laboratory testing and a 
resultant increase in iatrogenic blood loss, for DLT and line-clearance 
blood discarding. Patients with critical illness require extensive DLT to 
guide their therapy; however, the number of accesses, as well as the utili-
zation of blood-conserving devices (BCD) to reduce specimen discarding, 
represent modifiable factors. BCDs were not used at our institution but 
could be especially impactful because there was a significant amount of 
cumulative blood loss associated with line clearance—204  mL/admis-
sion—which nears the volume of 1 unit of RBCs.

Although the overall rate of transfusion was 31.7% (95/299), CVC ac-
cess was predictive of a higher transfusion rate, compared with patients 
without CVC access. Transfusion has been associated with morbidity 
and mortality among patients in the ICU, an association which likely 
acts as a marker of sicker patients. We found that CVC line placement of 
>7 days was predictive of a higher rate of RBC transfusions. ICUs often 
have goals to remove CVCs as quickly as possible, to reduce the risk of 
central line–associated bloodstream infection (CLABSI), which is asso-
ciated with high mortality. Our findings suggest that reduction in DLT 
blood loss provides a further rationale for early CVC removal.33

A recent meta-analysis by Whitehead et al5 demonstrated that utili-
zation of BCDs were associated with a reduction in iatrogenic blood loss, 
although another group13 had reported technical issues with implemen-
tation. BCDs attach to an access site and work by filling a reservoir to 
flush the line, which allows uncontaminated patient blood to fill a distal 
specimen site; the blood specimen is then removed, and afterwards the 
residual volume is returned to the body of the patient.34 Implementa-
tion requires nurse training, and kits may fail requiring swapping of 
BCDs, but BCDs can be easily attached to a CVC.34 

Small interventions, such as use of pediatric tubes in addition to BCD, 
have been shown to be effective in reduction of DLT-associated blood 
loss.34,35 Another future consideration may be implementation of decision 
support for laboratory test ordering, which has been shown to be effective in 
RBC transfusion stewardship. These interventions, including hard stops for 
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certain tests, may further contribute to a decrease in laboratory draws.36 To 
that end, numerous studies have shown efficacy in reducing unnecessary lab-
oratory testing through the Choosing Wisely campaign; recommendations 
by many medical societies support a more conservative approach to test-
ing.37–39 Examples of actionable measures are reviewed in TABLE 6.

Transfusion is commonly cited as one of the most common 
procedures for hospitalized patients and is associated with numer-
ous costs that may not be considered by clinical staff, such as donor 
 outreach, collection, transport, storage, laboratory testing, and labo-
ratory staff salaries. A charge analysis examining RBC transfusion and 

associated charges demonstrated that RBC transfusion were similarly 
priced vs bedside CVC placement ($2778.00 vs $3511.04). 

Although many medical services place lines at the bedside, there has 
been a shift in some centers to having most lined placed by IR, which 
our findings show is significantly more expensive than other methods 
($10,993.04). Although determining clear pricing information is chal-
lenging, utilization of interventions may prevent excess spending on 
transfusion.

CVC placement was associated with lower Hb nadirs, lower dis-
charge Hb levels, and a greater delta in Hb from admission to discharge.  

FIGURE 1. Discharge hemoglobin level vs volume of diagnostic laboratory blood loss (P ≤ .001). Each group represents 1/6 of 
the admissions, or approximately 50 admissions.

373.795 mL  ≤ Volume of DBL-associated blood loss ≤ 2427.89 mL 8.771 ± 0.381

211.912 mL  ≤ Volume of DBL-associated blood loss ≤ 373.795 mL 9.136 ± 0.425

145.364 mL  ≤ Volume of DBL-associated blood loss ≤ 211.912 mL 9.024 ± 0.38

100.973 mL  ≤ Volume of DBL-associated blood loss ≤ 145.364 mL 9.471 ± 0.469

77.149 mL  ≤ Volume of DBL-associated blood loss ≤ 100.973 mL 9.954 ± 0.502

20.07 mL  ≤ Volume of DBL-associated blood loss ≤ 77.149 mL 9.904 ± 0.504

Hemoglobin (g/dL)

5 6 7 8 9 10 11 12 13 14 15

TABLE 2.  Admissions with CVC Access vs Patients without CVC Access

Variable CVC (n = 149) No CVC (n = 150) P Value 

Age, y, mean (SD) 63.2 (12.6) 60.9 (16.5) <.001

CCI, mean (SD) 4.6 (2.3) 4.2 (2.9) <.001

LOS, mean (SD) 17.1 (11.4) 14.5 (10.9) .11

Admission Hb (g/dL), mean (SD) 12.3 (2.7) 11.9 (2.3) >.99

Nadir Hb (g/dL), mean (SD) 7.4 (1.4) 8.4 (1.9) <.001

Discharge Hb (g/dL), mean (SD) 8.9 (1.2) 9.8 (1.8) <.001

Delta Hb from admission to discharge, g/dL, mean (SD) 3.4 (2.9) 2.1 (2.1) <.001

Anemia on admission, No. (%)a 68 (45.6) 85 (56.7) >.99

Anemia on discharge, No. (%)a 149 (100) 135 (90.0) .004

Rate of RBC transfusion, No. (%) 63 (42.3) 33 (22.0) .01

No. of RBC units transfused, mean (SD) 1 (2.1) 0.4 (0.9) .06

Total No. of blood draws, mean (SD) 121.1 (149.3) 60.6 (48) <.001

 Per day, mean (SD) 7 (5.1) 4.6 (3.5) <.001

Total DLT-associated blood loss, mL, mean (SD) 297.8 (324.3) 161.6 (122.6) <.001

Total DLT-associated blood loss, mL per day, mean (SD) 16.5 (10.7) 12.2 (8.3) .007

Total discard volume per admission, mL, mean (SD) 204 (322) NA NA

Duration of CVC access, mL, mean (SD) 7.4 (5.5) NA NA

Total iatrogenic blood loss per patient (including discard), mL, mean (SD) 501.7 (632.8) 193.2 (191.3) <.001

CCI, Charslon Comorbidity Index; CVC, central venous catheter; DLT, diagnostic laboratory testing; Hb, hemoglobin; LOS, length of stay; NA, 
nonapplicable.
aAnemia classification based on WHO definitions: females, Hb <12 mg/dL; males, Hb <13 mg/dL.
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Although a restrictive transfusion strategy has been shown to be more 
effective in numerous studies, severe anemia at discharge has been 
shown to be predictive of anemia on long-term follow-up for patients 
of the ICU, further contributing to readmission, need for transfusion, 
and poor general health as an outpatient. These findings have supported 
efforts to reduce iatrogenic anemia.14,17

Under physiologic conditions the body can readily produce sufficient 
RBC mass for maintenance of Hb levels at ~10–20 mL per day. Although 
this number may increase exponentially in conditions of anemia with 
adequate iron stores, patients with critical illness have been shown to 

have reduced RBC production, making any blood loss likely more im-
pactful.19,40–43 Many patients treated in the ICU have anemia on pres-
entation, with nutritional deficiency being a contributing factor in 13% 
of these patients as follows: 2% have B

12
 deficiency, 2% have folate de-

ficiency, and 9% have iron deficiency.18 Ongoing blood draws represent 
an identifiable loss of RBC mass and iron, which the patient with criti-
cal illness cannot effectively replace, further contributing to iatrogenic 
anemia. 

Although we observed a total mean daily loss of blood of 20.0 mL 
(a volume below the observed ~50–100  mL in other studies), this  

FIGURE 2. Number of laboratory blood draws compared with length of central venous catheter (CVC) placement (days). The 
mean (SD) blood draws per day was 5.8 (4.5).

7 ≤ Days of CVC ≤ 30

4 ≤ Days of CVC < 7

1 ≤ Days of CVC < 4

(n = 59)

(n = 57)

(n = 33)

55
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51
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FIGURE 3. Number of nonperioperative RBC transfusions (volume in units) compared with length of central venous catheter 
(CVC) placement (days).

7 < Days of CVC < 30

4 ≤ Days of CVC < 7

1 ≤ Days of CVC < 7

1.847 ± 0.779
(n = 59)

No. of Units

0.667 ± 0.257
(n = 55)

0.212 ± 0.193
(n = 33)
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FIGURE 4. Charlson Comorbidity Index comparison among patients with central venous catheter (CVC) placement (distributed 
by number of days).
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TABLE 3.  Patients with Anemia on Admission vs Patients without Anemia on Hospital Admissiona

Variable Anemia on Admission (n = 153) No Anemia on Admission (n = 146) P Value 

Age, y, mean (SD) 61.7 (15.1) 62.4 (14.6) >.99

CCI, mean (SD) 4.9 (2.8) 3.9 (2.3) .07

LOS, mean (SD) 16.5 (12.1) 15.1 (10.4) >.99

Admission Hb (g/dL), mean (SD) 10.1 (1.7) 14.3 (1.3) <.001

Nadir Hb (g/dL), mean (SD) 7.3 (1.2) 8.6 (1.9) <.001

Discharge Hb (g/dL), mean (SD) 8.9 (1.3) 9.9 (1.8) <.001

Delta Hb from admission to discharge (g/dL), mean (SD) 4.4 (2.1) 1.3 (2.0) <.001

Anemia at discharge, No. (%) 153 (100) 132 (90.4) .002

Patients requiring RBC transfusion, No. (%) 58 (61.0) 38 (26.0) >.99

RBC transfusions, No., mean (SD) 1 (0.8 [1.7]) 1 (0.7 [1.6]) >.99

CVC access, No. (%) 68 (44.4) 81 (55.5) >.99

Duration of CVC access, mean (SD) 3.6 (5.7) 3.8 (5.4) >.99

Blood draws per stay, mean (SD) 85.8 (102.0) 91.1 (124.2) >.99

Blood draws per day, mean (SD) 6.1 (5.1) 5.5 (3.8) >.99

DLT-associated blood loss per patient, mL, mean (SD) 214.8 (214.0) 220.3 (284.5) >.99

 Per day, mL, mean (SD) 15.2 (10.9) 13.4 (8.4) >.99

Total iatrogenic blood loss per patient (including discard, mL, mean (SD) 361.7 (420.6) 331.4 (556.3) .77

 Per day, mL, mean (SD) 21.6 (18.12) 18.4 (14.9) >.99

CCI, Charslon Comorbidity Index; CVC, central venous catheter; DLT, diagnostic laboratory testing; Hb, hemoglobin; LOS, length of stay.
aAnemia classification based on World Health Organization definitions: females, Hb <12 mg/dL; males, Hb <13 mg/dL.

TABLE 4.  Values for Patients with Surgical Admissions vs Those Not Admitted to the Surgical Department

Variable Surgical Admissions (n = 210) Nonsurgical Admissions (n = 89) P Value 

Age, y, mean (SD) 62.2 (13.9) 61.7 (16.3) >.99

CCI, mean (SD) 4.3 (2.3) 4.7 (3.2) >.99

LOS, mean (SD) 16.7 (12.5) 13.6 (6.7) >.99

Admission Hb (g/dL), mean (SD) 12.3 (2.6) 11.8 (2.3) >.99

Nadir Hb (g/dL), mean (SD) 7.6 (1.5) 8.6 (2) <.001

Discharge Hb (g/dL), mean (SD) 9.1 (1.4) 9.9 (1.9) .009

Delta Hb from admission to discharge, g/dL, mean (SD) 3.1 (2.7) 1.9 (2.0) <.001

Anemia on admission, No. (%)a 104 (49.5) 49 (55.1) >.99

Anemia on discharge, No. (%)a 206 (98.1) 79 (88.8) .06

Patients requiring RBC transfusion, No. (%) 74 (35.2) 22 (24.7) >.99

RBC units transfused number, No. (mean [SD]) 1 (0.8 [1.7] 1 (0.6 [1.5]) >.99

CVC access, No. (%) 127 (60.5) 22 (24.7) .005

Duration of CVC access, mean (SD) 7.2 (5.6) 8.7 (6.6) >.99

Blood draws, total No., mean (SD) 99.6 (124.3) 78.3 (89.7) >.99

 Per day, mean (SD) 5.9 (4.6) 5.5 (4.3) >.99

DLT-associated blood loss per hospitalization, mL, mean (SD) 241.8 (279.8) 200.4 (175.7) >.99

 Per day, mL, mean (SD) 142.2 (10.2) 14.6 (8.6) >.99

Total iatrogenic blood loss per patient (including discard), mL, mean (SD) 375.7 (541.3) 279 (337.3) >.99

 Per day, mL, mean (SD) 20.3 (16.7) 19.5 (16.6) >.99

CCI, Charslon Comorbidity Index; CVC, central venous catheter; DLT, diagnostic laboratory testing; Hb, hemoglobin; LOS, length of stay.
aAnemia classification based on World Health Organization definitions: females, Hb <12 mg/dL; males, Hb <13 mg/dL.
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volume is actually equivalent to steady-state RBC production in healthy 
individuals.4–7,42,44 A mathematical model by Lyon et al45 suggested that 
patients with critical illness who have compromised RBC production 
would demonstrate anemia in approximately 9–14 days. The observed 
SICU LOS in our study was 15 days, and although 20 mL was signifi-
cantly less than 50–100 mL, 95.3% of patients had anemia at the time 
of SICU discharge.

One limitation of our study is that many patients had CVC and 
PICC placement. As such, those with only CVC were compared with 
those receiving PICC, and with those receiving PICC and CVC, to 

compare discard volumes. As a single predictor, DLT-associated 
plus total blood loss was significantly lower in patients without 
CVC, and CVC placement by itself was predictive of increased 
blood draws.

Because this is a retrospective analysis, we could not actively mon-
itor these patients or obtain additional studies that may have been in-
formative, such as of nutritional or inflammatory markers. Moreover, 
these patients have complex critical illness, and numerous factors, as 
discussed earlier herein, contribute to the incidence of anemia. Still we 
attempt to characterize anemia in patients based on their underlying  

TABLE 5.  Charge Analysis of CVC Placement and Blood-Transfusion Costa

Procedure Overall Charge Charge Components (Current Procedural Terminology Code) Charge 

RBC transfusion $2778.00 Blood typing (86905) $180.00

RBC antibody screen (86850) $292.00

RBC LR (P9016) $799.00

Transfuse blood/comp (36430) $1507.00

Bedside CVC placement $3511.04 Guide wire (C1769) $209.04

Catheter, infusion, inserted peripherally, centrally, or midline (C1751) $2687.00

Chest X-ray, single view (71010) $615.00

Interventional radiology CVC placement $10,993.04 Moderate sedation (9153) $597.00

  Guide wire (C1769) $209.04

  Catheter, infusion, inserted peripherally, centrally, or midline with image guid-
ance (36560 and 76937)

$9572.00

  Chest X-ray, single view (71010) $615.00

CVC, central venous catheter.
aAll values are in United States dollars. Overall charges for each procedure were calculated from associated products and processes required for perfor-
mance.

TABLE 6.  Interventions for Reducing Diagnostic Laboratory Testing Blood Loss or Improving Hospital-Acquired Anemia

Intervention Mechanism Caveats Outcome Level of Evidencea 

Small-volume col-
lection tubes

These tubes require smaller volumes reducing 
blood lost to laboratory draws.

Limited volume for add-on testing Decreased anemia Suggestive evidence5

Provider education Staff can educate providers to use best practice by 
limiting duplicate orders and discouraging unnec-
essary testing.

Time-consuming 
Challenging to encourage participation

Fewer tests ordered Insufficient evidence5

EHR decision 
support

Automated messages, or pop-ups, can be placed 
into the EHR to encourage best practice or to pre-
vent ordering via hard stop.

 Providers may disagree with evidence 
 Providers may ignore evidence due to 
pop-up fatigue

5.8% improvement in 
patients receiving desired 
intervention (example: more 
appropriate lab testing)b

Heterogeneous quality of 
studies46

Blood-conservation 
devices

These devices recirculate the port flush volume, 
leading to less discarded blood with lab draws.

More expensive than typical ports 
Implementation requires training 
Devices can fail

Reduced blood loss Moderate evidence5/un-
clear quality (biased)34

Point-of-care 
testing

Point-of-care machines require less volume and 
are more convenient.

 Perhaps increased testing due to 
convenience 
Expensive to purchase new equipment 
Implementation requires training

Decreased transfusion Insufficient evidence5

Intravenous iron 
supplementation

Parenteral iron can replenish storage iron. Iron bound by hepcidin 
Infusion reactions 
Expensive 
Theoretical risk for infection

Improved hemoglobin level at 
10- to 30-day follow-up

Very low level of cer-
tainty47

EPO agents These drugs can change EPO levels in patients 
with decreased production and perhaps overcome 
the blunted EPO response in patients with critical 
illness.

Expensive 
Large number needed to treat 
 Risk of thromboembolic events or 
acute myocardial infarction

Reduction in number of units 
transfused (1–2) and some-
what decreased mortality

Low or unclear quality16,48

EHR, electronic health record; EPO, erythropoietin-stimulating. 
aAs defined by meta-analysis.
bThis meta-analysis reviewed the impact of decision support in general, as opposed to in the setting of impact on iatrogenic anemia.
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illness or health status as determined by CCI and by comparing data 
from patients who had surgical procedures with data from those who did 
not. Our cohort shows a contemporary baseline of iatrogenic blood loss 
in an SICU setting, which may be generalizable to other SICU services. 
Likewise, our results also showed lower rates of transfusion, compared 
with the findings of previous studies, indicating some movement toward 
more conservative transfusion practice. 

The goal of a “bloodless” ICU admission without transfusion should 
still be pursued because RBC transfusion in this population is associated 
with higher rates of mortality, increased LOS, and ongoing anemia as 
an outpatient.14,20 Moreover, the decision to transfuse RBCs was left to 
the discretion of the treating physician, and therefore the rationale for 
RBC transfusions was not always clear, highlighting the importance of 
institutional policies for transfusion. Negotiated rates were unavailable 
at this time, so chargemaster data represent an approximation of the 
final cost. 

Conclusion
Although onset or persistence of anemia in this context is multifacto-
rial, an association is clear between DLT, CVCs, and hospital-acquired 
anemia. Patients in the ICU especially require numerous laboratory 
tests, given the high acuity of care; however, physicians should be aware 
that this increased testing is associated with higher rates of anemia and 
the need for RBC transfusion. Our results highlight a need for increased 
health care provider education and a multidisciplinary approach to lab-
oratory testing for these patients, involving hematology and transfu-
sion medicine specialists. 

Our results also support the implementation of waste-reducing 
measures such as BCDs, pediatric tubes, decision support, and institu-
tional policies for frequency of laboratory testing. Given the associated 
increase in morbidity and mortality associated with hospital-acquired 
anemia and transfusion, efforts should be made to reduce unnecessary 
DLT and associated adverse events, to improve quality of care.
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ABSTRACT

Objective: The outbreak of COVID-19 caused by SARS-CoV-2 has 

led to a serious worldwide pandemic. Quantitative reverse transcrip-

tion–polymerase chain reaction (qRT-PCR)–based methods were 

recommended for routine detection of SARS-CoV-2 RNA. Because the 

reaction time and analytical sensitivity of qRT-PCR limits the diagno-

sis of SARS-CoV-2, development of a quick process of SARS-CoV-2 

detection technology with high analytical sensitivity remains urgent.

Methods: We combined isothermal amplification and fluorescence 

detection technology to develop a new auto-recombinase polymerase 

amplification (RPA)-fluorescence platform that could be used in the 

diagnosis of SARS-CoV-2.

Results: By optimization of primers and probes, the RPA platform 

could detect SARS-CoV-2 nucleotides within 15  min. The limits of  

detection and specificity of the auto-RPA-fluorescence platform were 

5 copies/µL and 100%, respectively. The accuracy of detection of the 

auto-RPA-fluorescence platform in the 16 positive samples was 100%.

Conclusion: The RPA platform is a potential technology for the diag-

nosis of SARS-CoV-2 infection.

Since the outbreak of COVID-19, caused by SARS-CoV-2, this infectious 
disease has become a global pandemic that affects many countries in the 
world. According to the World Health Organization homepage (https://
www.who.int), more than 500 million people have been infected with 
COVID-19, and more than 6 million people have died as of April 2022. 
Quantitative reverse transcription–polymerase chain reaction (qRT-
PCR) is a common approach for the detection of SARS-CoV-2 infection. 
It is routinely performed worldwide, including in the Centers for Disease 
Control and Prevention (CDC) and other clinical laboratories.1,2 Glob-
ally, qRT-PCR has been defined as a standard method for the detection 
of COVID-19. However, this method is time-consuming (the process 
takes more than 2 h), and requires high purity samples, sophisticated 
equipment, and well-trained personnel, which can delay the diagno-
sis of COVID-19. In addition, this method has relatively low analytical 
sensitivity and poor-quality nucleotide extraction, which causes false-
negative results.3,4 Therefore, more rapid, sensitive, and accurate diag-
nostic methods are greatly needed to deal with the COVID-19 pandemic.

To detect COVID-19 infection rapidly, scientists have made various 
efforts to develop a series of novel detection methods with great po-
tential.5 For example, loop-mediated isothermal amplification (LAMP) 
starts amplification by using Bst DNA polymerase at a constant tem-
perature of approximately 65°C. The LAMP can cycle, elongate, and 
continue subsequent rounds of amplification with 6 specially designed 
primers and has high reaction efficiency. The reaction generates magne-
sium pyrophosphate and results in color change, which can be judged by 
the naked eye under blue light.6,7 However, such a method is mediated 
by detecting the by-products of loop amplification, which may cause 
false-positive results due to nonspecific reactions. 8–11 Clustered reg-
ularly interspaced short palindromic repeats (CRISPR)-associated 
(Cas) nuclease-based methods have properties that can be used for 
ultrasensitive diagnostic tests. The Cas nucleases, such as RNA-guided 
RNase Cas13a and DNase Cas12a, cause collateral cleavage when ac-
tivated by the recognition of target nucleotide sequences.5 Recently, 
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contact journals.permissions@oup.com

researchers have developed exciting (CRISPR)-based methods by inte-
grating PCR, LAMP, or recombinase polymerase amplification (RPA) 
with Cas-mediated collateral cleavage,6,9,12–15 which were amplified by 
diverse reaction systems.5 However, current CRISPR strategies have 
some disadvantages, including multiple-step operations and long incu-
bation times. A new approach that is more rapid, accurate, and simple 
for detecting SARS-CoV-2 is urgently needed.

To achieve more rapid and accurate detection of SARS-CoV-2 infec-
tion, we applied RPA and a fluorescence detection system to develop 
an auto-RPA–fluorescence assay for detecting SARS-CoV-2 RNA. The 
results show that the new assay described here is more rapid and simple 
than the standard qRT-PCR used currently to detect SARS-CoV-2 and 
has potential to detect other major pathogenic microorganisms as well.

Materials and Methods

RNA Extraction
Oropharyngeal swabs were used to collect samples from participants and 
qRT-PCR was used to determine whether the samples were positive or neg-
ative for SARS-CoV-2. Briefly, RNA was extracted using the SSNP-9600A 
Thermo Fisher Scientific nucleic acid extraction workstation in the P3 
laboratory of the Center for Disease Control and Prevention of Southern 
Theater Command (CDC-STC). Prior to the experiment, the purity and 
concentration of each virus RNA sample was determined using Qubit 3.0 
fluorometer (Thermo Fisher Scientific). Subsequent experiments were 
performed at Jining No. 1 People’s Hospital. All samples were frozen at 
−80°C or transferred on dry ice and kept for less than 6 mo.

Design and Analysis of Primers and Probes
The complete genomic sequence of SARS-CoV-2 was obtained from 
GenBank (MN985325.1) and used as reference sequence for the design 
of primers and probes. To establish the auto-RPA-fluorescence assay, we 
first designed RPA-specific primers and probes for targeting the spike 
(S) gene and nucleocapsid (N) gene sequences of SARS-CoV-2 using 
the PrimedRPA online bioinformatic tool.16,17 The panel of primers and 
probes used in the RPA reaction are listed in TABLE 1. We used Primer-
basic local alignment search tool (BLAST) to determine whether the 
primer and probe sequences were specific for the SARS-CoV-2 genome. 
The primer region sequence was then compared with the genomes of 
other viruses using BLAST to calculate homology. Fluorescence and 
modifications were then labeled following principles that were suggested 
previously.17 The S gene and N gene fragments of SARS-CoV-2 were 
synthesized and cloned in pcDNA3 vectors (Sangon Biothech). Accord-
ing to the criteria suggested in the TwistAmp amplification guidelines 
(TwistDx), the primers/probes with better amplification efficiency and 
fluorescent quantity were used for subsequent detection.

Construction of a New Auto-RPA–Fluorescence Platform
We designed a new auto-RPA-fluorescence platform based on the RPA 
principle and a fluorescence detection system. Briefly, tetrahydrofu-
ran is added to the probe between two adjacent thymine residues that 
are separated by 1, 3, or 5 intervening nucleotides when synthesized. 
In this study, a fluorescent dye—carboxyfluorescein (FAM) or 
hexachlorofluorescein (HEX)—was added to the upstream thymine, and 
Black Hole Quencher dye was added to the downstream thymine in the 
probe (Genomics).
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ABSTRACT

Objective: The outbreak of COVID-19 caused by SARS-CoV-2 has 

led to a serious worldwide pandemic. Quantitative reverse transcrip-

tion–polymerase chain reaction (qRT-PCR)–based methods were 

recommended for routine detection of SARS-CoV-2 RNA. Because the 

reaction time and analytical sensitivity of qRT-PCR limits the diagno-

sis of SARS-CoV-2, development of a quick process of SARS-CoV-2 

detection technology with high analytical sensitivity remains urgent.

Methods: We combined isothermal amplification and fluorescence 

detection technology to develop a new auto-recombinase polymerase 

amplification (RPA)-fluorescence platform that could be used in the 

diagnosis of SARS-CoV-2.

Results: By optimization of primers and probes, the RPA platform 

could detect SARS-CoV-2 nucleotides within 15  min. The limits of  

detection and specificity of the auto-RPA-fluorescence platform were 

5 copies/µL and 100%, respectively. The accuracy of detection of the 

auto-RPA-fluorescence platform in the 16 positive samples was 100%.

Conclusion: The RPA platform is a potential technology for the diag-

nosis of SARS-CoV-2 infection.

Since the outbreak of COVID-19, caused by SARS-CoV-2, this infectious 
disease has become a global pandemic that affects many countries in the 
world. According to the World Health Organization homepage (https://
www.who.int), more than 500 million people have been infected with 
COVID-19, and more than 6 million people have died as of April 2022. 
Quantitative reverse transcription–polymerase chain reaction (qRT-
PCR) is a common approach for the detection of SARS-CoV-2 infection. 
It is routinely performed worldwide, including in the Centers for Disease 
Control and Prevention (CDC) and other clinical laboratories.1,2 Glob-
ally, qRT-PCR has been defined as a standard method for the detection 
of COVID-19. However, this method is time-consuming (the process 
takes more than 2 h), and requires high purity samples, sophisticated 
equipment, and well-trained personnel, which can delay the diagno-
sis of COVID-19. In addition, this method has relatively low analytical 
sensitivity and poor-quality nucleotide extraction, which causes false-
negative results.3,4 Therefore, more rapid, sensitive, and accurate diag-
nostic methods are greatly needed to deal with the COVID-19 pandemic.

To detect COVID-19 infection rapidly, scientists have made various 
efforts to develop a series of novel detection methods with great po-
tential.5 For example, loop-mediated isothermal amplification (LAMP) 
starts amplification by using Bst DNA polymerase at a constant tem-
perature of approximately 65°C. The LAMP can cycle, elongate, and 
continue subsequent rounds of amplification with 6 specially designed 
primers and has high reaction efficiency. The reaction generates magne-
sium pyrophosphate and results in color change, which can be judged by 
the naked eye under blue light.6,7 However, such a method is mediated 
by detecting the by-products of loop amplification, which may cause 
false-positive results due to nonspecific reactions. 8–11 Clustered reg-
ularly interspaced short palindromic repeats (CRISPR)-associated 
(Cas) nuclease-based methods have properties that can be used for 
ultrasensitive diagnostic tests. The Cas nucleases, such as RNA-guided 
RNase Cas13a and DNase Cas12a, cause collateral cleavage when ac-
tivated by the recognition of target nucleotide sequences.5 Recently, 

researchers have developed exciting (CRISPR)-based methods by inte-
grating PCR, LAMP, or recombinase polymerase amplification (RPA) 
with Cas-mediated collateral cleavage,6,9,12–15 which were amplified by 
diverse reaction systems.5 However, current CRISPR strategies have 
some disadvantages, including multiple-step operations and long incu-
bation times. A new approach that is more rapid, accurate, and simple 
for detecting SARS-CoV-2 is urgently needed.

To achieve more rapid and accurate detection of SARS-CoV-2 infec-
tion, we applied RPA and a fluorescence detection system to develop 
an auto-RPA–fluorescence assay for detecting SARS-CoV-2 RNA. The 
results show that the new assay described here is more rapid and simple 
than the standard qRT-PCR used currently to detect SARS-CoV-2 and 
has potential to detect other major pathogenic microorganisms as well.

Materials and Methods

RNA Extraction
Oropharyngeal swabs were used to collect samples from participants and 
qRT-PCR was used to determine whether the samples were positive or neg-
ative for SARS-CoV-2. Briefly, RNA was extracted using the SSNP-9600A 
Thermo Fisher Scientific nucleic acid extraction workstation in the P3 
laboratory of the Center for Disease Control and Prevention of Southern 
Theater Command (CDC-STC). Prior to the experiment, the purity and 
concentration of each virus RNA sample was determined using Qubit 3.0 
fluorometer (Thermo Fisher Scientific). Subsequent experiments were 
performed at Jining No. 1 People’s Hospital. All samples were frozen at 
−80°C or transferred on dry ice and kept for less than 6 mo.

Design and Analysis of Primers and Probes
The complete genomic sequence of SARS-CoV-2 was obtained from 
GenBank (MN985325.1) and used as reference sequence for the design 
of primers and probes. To establish the auto-RPA-fluorescence assay, we 
first designed RPA-specific primers and probes for targeting the spike 
(S) gene and nucleocapsid (N) gene sequences of SARS-CoV-2 using 
the PrimedRPA online bioinformatic tool.16,17 The panel of primers and 
probes used in the RPA reaction are listed in TABLE 1. We used Primer-
basic local alignment search tool (BLAST) to determine whether the 
primer and probe sequences were specific for the SARS-CoV-2 genome. 
The primer region sequence was then compared with the genomes of 
other viruses using BLAST to calculate homology. Fluorescence and 
modifications were then labeled following principles that were suggested 
previously.17 The S gene and N gene fragments of SARS-CoV-2 were 
synthesized and cloned in pcDNA3 vectors (Sangon Biothech). Accord-
ing to the criteria suggested in the TwistAmp amplification guidelines 
(TwistDx), the primers/probes with better amplification efficiency and 
fluorescent quantity were used for subsequent detection.

Construction of a New Auto-RPA–Fluorescence Platform
We designed a new auto-RPA-fluorescence platform based on the RPA 
principle and a fluorescence detection system. Briefly, tetrahydrofu-
ran is added to the probe between two adjacent thymine residues that 
are separated by 1, 3, or 5 intervening nucleotides when synthesized. 
In this study, a fluorescent dye—carboxyfluorescein (FAM) or 
hexachlorofluorescein (HEX)—was added to the upstream thymine, and 
Black Hole Quencher dye was added to the downstream thymine in the 
probe (Genomics).

During detection with the auto-RPA-fluorescence platform, we first 
used the RPA exo kit (Weifang Amp-Future Biotech) to perform reverse-
transcribed isothermal amplification in a 50  μL reaction volume. The 
50 μL reaction mixture contained 2 μL primer mix (10 μmol/L each), 1 μL 
probe (10 μmol/L), and 5 μL RNA sample. For the positive control group, 
we used synthesized gene fragments that covered the amplification re-
gions. For the negative control group, the template DNA was replaced 
with scrambled synthesized DNA. The reactions were performed in a 
SLAN-96P fluorescence qPCR detection system (Shanghai Hongshi Med-
ical Technology), and the reaction mixtures were incubated at 42°C for 
2 min followed by 40 cycles. Since the temperature was consistent in RPA 
reaction and there were no real cycles, the program automatically defined 
42°C/40  sec/step as a cycle. The fluorescence signal was monitored for 
each cycle using a fluorescence qPCR detection system. For reactions with 
cycle threshold (Ct) values of less than 38, the results were determined as 
positive and otherwise determined as negative.

Limit of Detection and Specificity of the Auto-RPA–
Fluorescence Platform in Detecting SARS-CoV-2
To assess the limit of detection of the auto-RPA–fluorescence platform for 
detecting SARS-CoV-2, the virus gene template was diluted from 50,000,000 
to 5 copies/μL with double-distilled water and applied to the platform. The 
specificity of the new platform was evaluated using RNA extractions from 
influenza, HCoV-229E, measles, mumps, HIV, and coxsackie viruses.

Application and Assessment of the Auto-RPA–
Fluorescence Platform for Detecting SARS-CoV-2-
Infected Samples
A total of 16 positive samples and 2 negative samples were collected 
from the CDC-STC (NBJJ-2020-007), Guangzhou, China. Specimen 

TABLE 1.  Primers and Probes Used in the Auto-RPA–
Fluorescence Platforma 

Primer/Probe Sequence 5'→ 3' 

N256For ACTACCGAAGAGCTACCAGACGAAT

N540Rev CGTGATGAGGAACGAGAAGAGGCTTG

N540For CAAGCCTCTTCTCGTTCCTCATCAC

N689Rev GCCTTTACCAGACATTTTGCTCTCA

N860For GGACCAGGAACTAATCAGACAAGGAA

N1167Rev GCAGCAGGAAGAAGAGTCACAGTTTG

S3053For CAGAGCTTCTGCTAATCTTGCTGCTA

S3202Rev TTGTGAAGTTCTTTTCTTGTGCAGGG

S2531For TGCTGCTAGAGACCTCATTTGTGCAC

S2850Rev AAAGCTTGTGCATTTTGGTTGACCAC

Probe N645 exo GGTGATGCTGCTCTTGCTTTGCTGCTGCTTGACAGATT
GAACCA

Probe N408 exo GAGGGAGCCTTGAATACACCAAAAGATCACATTGGCAC
CCGCAAT

Probe S2560 exo AACGGCCTTACTGTTTTGCCACCTTTGTCACAGATGAA
ATGA

Probe S2760 exo CTATTGGCAAAATTCAAGACTCATTTCTTCCACAGCAA

Probe S3135 exo GCTATCATCTTATGTCCTTCCCTCGTCAGCACCTCATGG

aPrimers and probes were designed and selected by the online tool 
PrimedRPA (see Materials and Methods). All primers and probes were 
tested by BLAST to detect specificity for SARS-CoV-2 virus genome and 
subsequently tested in the auto-RPA-fluorescence platform.
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FIGURE 1. The optimization of primer pairs and probes for auto RPA–fluorescence-based SARS-CoV-2 detection. A, Agarose 
gel electrophoresis analysis of amplification products by different primer pairs as indicated. B, Schematic representation 
of probe modification for SARS-CoV-2 detection in the auto-RPA–fluorescence detection platform. C, Fluorescent signal 
generated from S2531For/S2850Rev/ProbeS2560 in the platform. D, Fluorescent signal generated from S2531For/S2850Rev/
ProbeS2760 in the platform. 
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FIGURE 1. The optimization of primer pairs and probes for auto RPA–fluorescence-based SARS-CoV-2 detection. A, Agarose 
gel electrophoresis analysis of amplification products by different primer pairs as indicated. B, Schematic representation 
of probe modification for SARS-CoV-2 detection in the auto-RPA–fluorescence detection platform. C, Fluorescent signal 
generated from S2531For/S2850Rev/ProbeS2560 in the platform. D, Fluorescent signal generated from S2531For/S2850Rev/
ProbeS2760 in the platform. 

Fluorescence
Quencher

THF residue
C3 spacer

A

B

C

D

1 3 5 7 9 11 13 15 17 19 21 23

Cycles

25 27 29 31 33 35 37 39
–0.6

0.0

0.6

1.2

1.8

2.4

3.0

3.6

4.2

4.8

R
n

1 3 5 7 9 11 13 15 17 19 21 23

Cycles

25 27 29 31 33 35 37 39
–0.6

0.0

0.6

1.2

1.8

2.4

3.0

3.6

4.2

4.8

R
n

RNA was subsequently extracted and evaluated using the new auto-
RPA–fluorescence platform.

Ethical Statement
Sample collection and analysis were approved by the CDC-STC. The 
internal use of samples accorded with the medical and ethical rules 
pertaining to participating individuals.

Results

Efficiency of the Auto-RPA–Fluorescence Assay for 
SARS-CoV-2 Detection
As described in Materials and Methods, we designed RPA-specific primers 
and probes for targeting the N and S gene sequences of SARS-CoV-2 using 
PrimedRPA. After the analysis of specificity, we selected 10 primers and 5 
probes with their genomic locations, as shown in TABLE 1.

To select the primer with optimal efficiency, we compared the 
sequences of the primers with those of other virus genomes (including 
7 similar coronaviruses, 2 influenza viruses, and 2 other coronaviruses) 
using BLAST. We found that the sequences were not similar to most 
of the viral sequences we chose. The amplification efficiency of differ-
ent pairs of primers was then tested by normal PCR with synthesized 

gene fragments, as suggested by TwistDx. Agarose gel electrophoresis 
revealed that N256For/N689Rev and S2531For/S2850Rev were the 
best primer pairs for amplification with the highest efficiency (FIGURE 
1A). We modified the probes for fluorescence detection, as indicated in 
the Materials and Methods section (FIGURE 1B). To compare the effi-
ciency of probes N408, N645, S2560, and S2760—which are located in 
the region confined by the selected primer pairs—we performed RPA 
reactions and obtained quantified real-time fluorescence signals using 
the SLAN-96S fluorescence detection system. The results showed that 
although all the primer sets generated fluorescence, the N256For/
N689Rev/ProbeN645 and S2531For/S2850Rev/ProbeS2560 sets 
produced the strongest signals with lower Ct values (FIGURE 1C–1F).

The Auto-RPA–Fluorescence Platform Was Sensitive in 
the Detection of SARS-CoV-2
Next, to explore the limits of the single auto-RPA-fluorescence assay in 
the detection of SARS-CoV-2, we prepared reaction mixtures containing 
serially 10-fold-diluted S and N gene fragments (from 50,000,000 to 
5 copies). In the established reaction system, we applied FAM-labeled 
N256For/N689Rev/ProbeN645 for detecting the N gene and HEX-
labeled S2531For/S2850Rev/ProbeS2560 sets for detecting the S gene 
and monitored the resulting real-time fluorescence signals. As indicated 
in FIGURE 2, the auto-RPA-fluorescence platform was able to detect 

FIGURE 1. (cont) E, Fluorescent generated from N256For/N689Rev/ProbeN645 in the platform. F, Fluorescent signal generated 
from N256For/N689Rev/ProbeN408 in the platform. Signals are presented as normalized reporter (Rn).
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5 copies/μL prior to the 38 Ct cutoff, which suggested positive results in 
detecting SARS-CoV-2 gene fragments. Additionally, both primer/probe 
sets were able to detect as few as 5 copies/μL S gene or N gene templates. 
(FIGURE 2).

The Auto-RPA–Fluorescence Detection Platform Is 
Specific in Detecting SARS-CoV-2
To assess its detection specificity, we tested the auto-RPA-fluorescence 
platform on the nucleotide sequences of influenza, HCoV-229E, mea-
sles virus, mumps, HIV, and coxsackie viruses. The FAM-labeled 
N256For/N689Rev/ProbeN645 and HEX-labeled S2531For/S2850Rev/
ProbeS2560 were applied in the reaction. Only the RNA from SARS-
CoV-2 generated positive signals (FIGURE 3), demonstrating that the 
primers and probes were highly specific for SARS-CoV-2 detection.

The Auto-RPA–Fluorescence Platform Was Accurate 
and Reliable for the Detection of SARS-CoV-2 in 
Clinical Samples
To investigate the diagnostic accuracy and reliability of the auto-RPA–
fluorescence detection method, we applied it to oropharyngeal swab 

samples obtained during the 2020 epidemic. A  total of 16 samples 
from SARS-CoV-2–infected patients and 2 SARS-CoV-2–negative 
samples—which were initially detected using qPCR—were tested 
using the auto-RPA–fluorescence assay. The N256For/N689Rev/
ProbeN645 and HEX-labeled S2531For/S2850Rev/ProbeS2560 were 
applied in the PRA reaction. The results showed that all the samples 
validated by our assay were consistent with those detected using the 
qRT-PCR method. Moreover, the results were reported in less than 
15 min with Ct values less than 10 (FIGURE 3). The SARS-CoV-2–
negative samples did not show fluorescence signals (FIGURE 3). The 
Ct values of 16 positive samples detected by auto-RPA–fluorescence 
are shown in TABLE 2. The qRT-PCR results of samples that were 
used in the auto-RPA–fluorescence detection platform are shown in 
Supplementary Figure S1.

Discussion
Although the most popular approach for SARS-CoV-2 detection is 
based on qRT-PCR, it is unsuitable for large-scale diagnostics since it 
is time-consuming and requires special equipment and well-trained 

FIGURE 2. The limit of detection of the auto-RPA–fluorescence detection platform in detecting SARS-CoV-2 gene fragments. 
A, The limit of detection with FAM-labeled N256For/N689Rev/ProbeN645 in detecting SARS-CoV-2 N gene. Fluorescent 
curves of reactions with 10-fold gradually diluted the N gene template from 50 million copies/µL to 5 copies/µL. B, The limit of 
detection with HEX-labeled S2531For/S2850Rev/ProbeS2560 in detecting SARS-CoV-2 S gene. Fluorescent curves of reactions 
with 10-fold gradually diluted the S gene fragments from 50 million copies/µL to 5 copies/µL.
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samples obtained during the 2020 epidemic. A  total of 16 samples 
from SARS-CoV-2–infected patients and 2 SARS-CoV-2–negative 
samples—which were initially detected using qPCR—were tested 
using the auto-RPA–fluorescence assay. The N256For/N689Rev/
ProbeN645 and HEX-labeled S2531For/S2850Rev/ProbeS2560 were 
applied in the PRA reaction. The results showed that all the samples 
validated by our assay were consistent with those detected using the 
qRT-PCR method. Moreover, the results were reported in less than 
15 min with Ct values less than 10 (FIGURE 3). The SARS-CoV-2–
negative samples did not show fluorescence signals (FIGURE 3). The 
Ct values of 16 positive samples detected by auto-RPA–fluorescence 
are shown in TABLE 2. The qRT-PCR results of samples that were 
used in the auto-RPA–fluorescence detection platform are shown in 
Supplementary Figure S1.

Discussion
Although the most popular approach for SARS-CoV-2 detection is 
based on qRT-PCR, it is unsuitable for large-scale diagnostics since it 
is time-consuming and requires special equipment and well-trained 

personnel. The emerging isothermal amplification-based technologies 
have mostly been reported for SARS-CoV-2 detection. For rapid and 
convenient testing, colorimetric methods coupled with RT-LAMP am-
plification have been proposed.18,19 However, the colorimetric methods 
developed for LAMP lack specificity because their detection objects are 
based on factors such as H+-induced pH change and the level of magne-
sium pyrophosphate.7,19 To improve specificity and limits of detection, 

researchers have developed LAMP- or RPA-based methods using CRISPR-
Cas9/Cas12. Such methods can achieve nearly single-copy detection of 
CRISPR-RNA and can recognize specific target sequences.6,13,20,21 How-
ever, such isothermal reactions are followed by the mixing of amplicons 
with Cas9/Cas12 reagents for probe cleavage, which complicates 
 SARS-CoV-2 detection. Recently, 1-step CRISPR-based methods coupled 
with RPA have been developed.22,23 However, these assays present a high 

FIGURE 3. The specificity of the auto-RPA–fluorescence detection platform in detecting SARS-CoV-2. Figures represent 
the fluorescent curves generated by the platform in detecting SARS-CoV-2–positive samples (A), SARS-CoV-2–negative 
samples (B), and an influenza sample (C) as representative of the control virus. FAM-labeled N256For/N689Rev/ProbeN645 and 
HEX-labeled S2531For/S2850Rev/ProbeS2560 were applied in the reaction.
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background in visual detection, which decreases the analytical sensitiv-
ity and specificity of CRISPR detection. Therefore, there is still an urgent 
need for a more rapid, accurate, and simple methods for SARS-CoV-2 
detection.

Herein, we combined the multienzyme RPA principle with a fluores-
cence detection system to create a new auto-RPA–fluorescence platform 
that simplifies laboratory operation and can be implemented for point-
of-care testing. The probe modification strategy deployed in the new 
auto-RPA–fluorescence assay generates reaction yields that are suitable 
for real-time fluorescent monitoring with high analytical sensitivity. We 
propose an operation protocol that requires minimal equipment—that 
is, pipettes, heat blocks, and reagent tubes—and takes place at the rel-
atively low temperature of approximately 42°C.16 Thus, it has potential 
for next-generation point-of-care molecular diagnosis. We expect this 
assay could be widely applied to detect various pathogenic microbes, in-
cluding infectious bacteria, fungi, and viruses.

In this study, the single auto-RPA–fluorescence assay for SARS-CoV-2 
demonstrated several comparative advantages over its counterparts. 
First, it was much faster than qRT-PCR. The entire amplification proc-
ess of single auto-RPA–fluorescence can be completed within 15  min, 
whereas qRT-PCR usually takes approximately 2 h. To our knowledge, 
single auto-RPA-fluorescence requires the least amount of time to di-
agnose SARS-CoV-2 infection of any system. Second, the single auto-
RPA–fluorescence assay can be performed at a constant temperature of 
approximately 39 to 42°C, which can be achieved in a water bath. It is 
very convenient for use where an energy supply is unavailable. The auto-
RPA–fluorescence platform provided 100% accuracy in testing SARS-
CoV-2–positive and –negative samples. Third, the detection limit of the 
auto-RPA–fluorescence platform was as low as 5 copies/μL, which is 
comparable with other CRISPR/isothermal-based methods. Isothermal 
methods such as LAMP are relatively inaccurate because they involve 
a robust reaction.10–12 Further, the limit of detection makes this plat-
form adaptable for analyzing the mixed nucleic acids of samples from 

suspected COVID-19 patients and thus improves the throughput of  
detection.

In conclusion, we establish a promising single auto-colorimetric as-
say that can detect SARS-CoV-2 infection with high analytical sensitiv-
ity using a more rapid and simple detection process. The assay also has 
potential for the detection of other major pathogenic microorganisms. 
However, the present assay still requires an RNA preparation module. 
Thus, further efforts are required to combine RNA extraction with the 
single auto-RPA method to achieve simplified SARS-CoV-2 detection.
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suspected COVID-19 patients and thus improves the throughput of  
detection.

In conclusion, we establish a promising single auto-colorimetric as-
say that can detect SARS-CoV-2 infection with high analytical sensitiv-
ity using a more rapid and simple detection process. The assay also has 
potential for the detection of other major pathogenic microorganisms. 
However, the present assay still requires an RNA preparation module. 
Thus, further efforts are required to combine RNA extraction with the 
single auto-RPA method to achieve simplified SARS-CoV-2 detection.
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ABSTRACT

Objective: Molecular testing determines D antigen status when abnor-

mal serologic results are observed. Molecular testing is routinely batched, 

resulting in longer turnaround time for abnormal D status resolution. Dur-

ing the interim, obstetric patients with questionable/uninterpretable and 

weak D typing results by serology, per the immunohematology reference 

laboratory (IRL) policy, will receive RhD negative blood. This study aimed 

to determine whether serology results achieved a concordance.

Methods: Six hospitals provided samples to the IRL (first IRL) for RhD 

status by DNA. De-identified samples were sent for serology RhD 

(second IRL). A concordance of ≥80% was acceptable.

Results: Forty-nine samples were evaluated. Results were concord-

ant (65.3% [32/49]) and discordant (34.7% [17/49]). This is significantly 

lower than clinically acceptable 80% (z = 2.57, P < .05). The turnaround-

time was 3.0 hours for serology and 4.4 days for molecular evaluation.

Conclusion: Due to a low concordance, serology could not be used in 

place of molecular testing.

When the D type of antigen is determined in a patient, a weak D test 
is not recommended except to assess the red blood cells (RBCs) of a 

 newborn to determine maternal risk for D alloimmunization.1 Today, 
monoclonal IgM reagents type many samples as D-positive by imme-
diate spin that would have previously been detected only by indirect 
antiglobulin testing.1

Although molecular testing is the preferred method to determine 
D status when questionable, uninterpretable, or weak D typing results 
are observed by conventional serologic methods, indicating the patient 
has a possible D variant, it has a longer turnaround time (TAT). Dur-
ing the period when molecular D status confirmation is pending, per 
our institution’s immunohematology reference laboratory (IRL) policy, 
those with discrepant results (obstetric patients being the highest prior-
ity) need to receive RhD negative blood components or Rh immune glob-
ulin (RhIG) as a precaution to avoid risk of anti-D formation.1 This study 
compared the results of a serological-based test to those of a molecular-
based test and their TATs to determine whether there was sufficient con-
cordance between methodologies to allow serology results to be used 
to make transfusion decisions regarding administration of RhD positive 
or RhD negative RBCs or platelets and RhIG administration that would 
avoid alloimmunization and formation of anti-D while limiting use of 
O negative blood products. Since a serology evaluation can be availa-
ble within a few hours, this study aim was to evaluate whether it could 
produce the same results as the molecular test at least 80% of the time.

Materials and Methods
This study is an institutional review board–approved (WCG IRB 
20200027)  comparison of molecular and serologic methodologies to 
determine RhD status. The study included 6 affiliated hospitals. The 
participating hospitals submitted samples to the IRL for RHD genotyping 
to resolve discrepant or questionable serologic D typing results. Samples 
were tested for RhD status by DNA using the BioArrary BeadChip Assay 
RUO (Research Use Only) (Immucor). The RHD BeadChip Test Kit uses 
35 genetic markers associated with RhD phenotypes to make variant 
calls. In total, 66 phenotypical variants are detected as well as 5 D neg-
ative hybrid alleles. Results were reported per policy to the submitting 
hospital.

Molecular testing was prioritized based on the clinical need of the pa-
tient; cases involving pregnant women with weak D serologic typing or 
difficult serologic cases needing accurate RhD status to help with the an-
tibody identification were considered a priority. Subsequently, samples 
were de-identified and sent for RhD testing by serology to a second 
IRL using the ALBAclone RhD Variant Kit RUO (Quotient). Results 
and turnaround time were recorded and placed into 2 categories: weak 
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ABSTRACT

Objective: Molecular testing determines D antigen status when abnor-

mal serologic results are observed. Molecular testing is routinely batched, 

resulting in longer turnaround time for abnormal D status resolution. Dur-

ing the interim, obstetric patients with questionable/uninterpretable and 

weak D typing results by serology, per the immunohematology reference 

laboratory (IRL) policy, will receive RhD negative blood. This study aimed 

to determine whether serology results achieved a concordance.

Methods: Six hospitals provided samples to the IRL (first IRL) for RhD 

status by DNA. De-identified samples were sent for serology RhD 

(second IRL). A concordance of ≥80% was acceptable.

Results: Forty-nine samples were evaluated. Results were concord-

ant (65.3% [32/49]) and discordant (34.7% [17/49]). This is significantly 

lower than clinically acceptable 80% (z = 2.57, P < .05). The turnaround-

time was 3.0 hours for serology and 4.4 days for molecular evaluation.

Conclusion: Due to a low concordance, serology could not be used in 

place of molecular testing.

When the D type of antigen is determined in a patient, a weak D test 
is not recommended except to assess the red blood cells (RBCs) of a 

D/D+ (not at risk for anti-D production) and partial D/D− (at risk for 
anti-D production). Those categorized as weak D/D+ included weak 
D types 1, 2, and 3, along with “possible D,” which corresponds to a 
D+ phenotype per RhD BeadChip package insert. All other results were 
categorized as partial D/D−. The data were analyzed for concordance. 
A one proportion z-test was used to compare the observed concordance 
rate to the clinically acceptable concordance rate.

The TATs for D status by molecular and serologic methods were 
evaluated. The TAT for the molecular BeadChip methodology was deter-
mined using the time between when a sample was received in the IRL to 
the day the results were reported to the hospital. The RhD Variant Kit 
takes 3.0 hours to obtain results from start to finish, so TAT for the se-
rology testing was based on this time for each sample.

Results
A total of 49 samples were evaluated from March 10, 2020, through 
September 14, 2021. Serological compared to molecular results was con-
cordant (65.3% [32/49]) and discordant (34.7% [17/49]). This observed 
concordance rate is significantly lower than the clinically acceptable 80% 
concordance rate (z = 2.57, P < .05).

Samples tested with RhD by DNA were classified as weak D/
D+ (61.2% [30/49]) and partial D/D− (38.8% [19/49]). Samples tested 
for RhD by serology were classified as weak D/D+ (71.4% [35/49]) and 
partial D/D− (28.6% [14/49]). The 17 discordant results were due to the 
following: 64.7% (11/17) were classified as weak D type 4.0 or 4.3 (at 
risk of forming anti-D) by DNA but simply as weak D/D+ (not at risk of 
forming anti-D) by serology. The remainder (35.3% [6/17]) were clas-
sified as weak D/D+ (not at risk of forming anti-D) by DNA but had an 
unidentified pattern by serology with a final result of partial D/D− (at 
risk of forming anti-D) (TABLE 1).

The TAT was 3.0 hours for each serology evaluation and a mean of 
4.4 days (range, 1−14 days; median, 5 days) for molecular evaluation. No 
statistical testing was needed to compare the TAT of the serology and 
molecular testing; for every sample, the serology evaluation was avail-
able substantially faster than the molecular evaluation. Molecular test 
results were available the  next  day for 26.5% of  samples (13/49) and 
required multiple days for 73.5% of samples (36/49).

Discussion
The long history of providing recipients who have weak D phenotype cells 
with D positive RBCs has suggested that some weak D phenotypes are 
unlikely to make anti-D.1 In 2015, a work group evaluated the scientific 
literature on anti-D alloimmunization among individuals whose RBCs 
have a weak D phenotype and concluded that weak D types 1, 2, and 3 
can be safely treated as D positive in pregnancy.2 The recommendations 
have been adopted by the Association for the Advancement of Blood and 

Biotherapies, the College of American Pathologists, the American Col-
lege of Obstetrics and Gynecologists, and the Armed Services Blood Pro-
gram.1 Thus, implementing the committee recommendations can help 
to avoid exposing pregnant women to RhIG unnecessarily and unneces-
sary costs to the treating facility.1 Recent data suggest that anti-D im-
munization in weak D type 4.0 and 4.1 is very rare, too, but opinions on 
the transfusion strategy in these genotypes remain controversial, and 
at this institution’s IRLs, these are considered partial-D and capable of 
forming anti-D.3–5

Performing RHD genotyping is useful to distinguish partial D from 
weak D or to resolve serologic D typing discrepancies.1 Although patients 
with uncertain D status can be treated as D-negative for transfusion and 
RhIG administration, this approach may be unsatisfactory for those of 
childbearing potential who face unnecessary RhIG injections, and it 
places a strain on the limited D-negative blood supply. Performing RHD 
genotyping in pregnancy allows an informed decision to be made on the 
administration of antenatal RhIG.1

RHD genotyping can be performed with reasonable cost recovery 
that is in line with the those associated with unnecessary administra-
tion of RhIG.6 One study constructed a Markov-based model to evaluate 
the costs of RHD genotyping for pregnant participants with serologic 
weak D phenotypes to determine the need for RhIG prophylaxis.6 Using 
a comparison strategy of managing these participants conservatively as 
D–, direct medical costs were assessed over 10- and 20-year periods for 
a simulated population of US women.6 Using base-case variables, RHD 
genotyping for pregnant women with serologic weak D phenotypes was 
expected to marginally reduce overall costs.6 The authors concluded that 
RHD genotyping these subjects, rather than conservatively managing 
them as D–, would be cost-saving when the fee of genotyping is below 
$256 US.6

A limitation of RHD molecular testing is its longer TAT when 
compared to serological testing. Serology testing may be performed 
with a shorter TAT, and if the results could be considered for making 
transfusion and RhIG administration decisions, this may help to pre-
vent unnecessary use of resources and decrease health care costs. For 
example, O negative is the universal donor blood type and may be 
used for any patient; however, it is sometimes used inappropriately. 
In the US population, 7% to 10% of individuals have the O negative 
type; however, usage is about 5% greater.7,8 Therefore, it is impor-
tant to conserve RhD negative blood products when this does not 
affect patient care. Also, as the average cost of RhIG in 2017 was 
$97 US (this does not include nursing time or direct and indirect 
costs), reduction of unnecessary administration and avoidance of the 
small risk of adverse effects would be beneficial to both patients and 
hospitals.9

A limitation of the serology test was observed during this study. In 
serology, weak D type 4.0 or 4.3 was not detected as a D variant. This 
is a known limitation of the serology test. Additionally, unidentified 

TABLE 1.   Final Interpretation of Test Results

Serology Molecular Number Result 

D+; not at risk for anti-D production D+; not at risk for anti-D production 24 Concordant

Partial D; at risk for anti-D Partial D; at risk for anti-D 8 Concordant

D+; not at risk for anti-D production Partial D; at risk for anti-D 11 Discordant

Partial D; at risk for anti-D D+; not at risk for anti-D production 6 Discordant
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patterns were observed that could not be interpreted. These results may 
have contributed to a high discordant rate and a statistically significant 
difference in concordance with molecular testing.

Study limitations include that it was performed at 1 blood center 
and involved just 2 of its IRLs. Only a limited number of affiliated 
hospitals, located within 2 states in the southeastern US, agreed to 
participate in the study. Only 1 testing vendor was used for molecu-
lar testing and 1 for serology testing. Patient demographics and sam-
ple size may not be representative of results that could be seen with 
other IRLs that perform testing for their affiliated hospitals. Addi-
tional variables could lead to results discrepant from this study. These 
include the use of different methods (eg, slides, tube, microplate, gel, 
and automated analyzers using enzyme-treated RBCs), the phase of 
testing, different IgM clones in manufacturer’s reagents, and the 
large number of RHD gene variations that affect the level of expres-
sion and epitopes of the D antigen.1

Although many serology and molecular testing results were concord-
ant, a significant minority (34.7%) were discordant. Given the study 
results of a concordance rate of less than 80% and the concerns with 
development of anti-D, especially in women of childbearing age, it is ev-
ident that except in limited cases, serological-based testing should not 
be used to quickly determine whether RhD negative blood is required or 
RhIG administration is necessary.
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ABSTRACT

This study investigated the role of the rs3856806 single nucleotide 

variant (SNV) on the peroxisome proliferator-activated receptor γ with 

the development of type 2 diabetes mellitus (T2DM) by conducting 

a meta-analysis. Relevant studies were searched in PubMed and 

were selected according to the inclusion criteria. Data were extracted 

and subjected to analysis using Review Manager 5.4.1. Pooled odds 

ratios (OR) and 95% confidence intervals (CI) were computed to 

measure the association of the SNV with T2DM development. Nine 

studies published in English were retrieved up to October 1, 2021.  

Homogeneity (I2 = 3%, P = .41) was achieved for the allelic model with  

significant outcomes (OR: 0.82; 95% CI: 0.76-0.89; P < .00001). Geno-

typic models also yielded significant associations for the co-dominant, 

dominant, and recessive models. All genotypic analysis showed ho-

mogeneity (I2 =  0-31%, P  =  .17-0.76) of the pooled outcomes. Our 

findings suggest that carrying the T allele of the rs3856806 SNV signif-

icantly decreases the risk of acquiring T2DM. However, further studies 

are necessary to support our claims.

The continuous rise in cases of diabetes mellitus (DM) makes it one of 
the most prevalent chronic metabolic disorders in the world.1 A total 
of 537 million adult cases of DM were reported by the  International 

Diabetes Federation in 2021.2 It is considered a major threat to public 
health, as it is considered a principal cause of mortality worldwide.3 
From a local perspective, the Philippines have indicated DM as the 
fourth highest cause of mortality, reporting approximately 20,000 
cases of DM-related deaths on the first 2 quarters of 2021 alone.4 The 
pathophysiology of the disease involves various biochemical pathways 
that contribute to the overall inability of an individual to properly reg-
ulate blood glucose levels, resulting in its abnormal increase.5 Type 2 
DM (T2DM) is considered the predominant type, as it comprises about 
90% to 95% of all DM cases in the world. The presence of insulin re-
sistance brings about the mechanism of impaired glucose regulation 
present in T2DM.6 One of the investigated mechanisms in the devel-
opment of T2DM is the occurrence of point mutations such as sin-
gle nucleotide variants (SNVs). Studies suggest that the specific SNV 
are critical in regulating insulin resistance, contributing to developing 
T2DM.7

SNVs are genetic mutations resulting from defects in the process 
of DNA replication.8 Studies have shown that SNVs can be markers for 
increased susceptibility to various diseases.9 In recent years, various 
SNVs have been consistently associated with the onset of T2DM, where 
a probable contribution of genetic variations was described, including 
the peroxisome proliferator-activated receptors (PPARs). These PPARs 
are nuclear transcription factors activated by lipid-soluble ligands, which 
are involved in the differentiation of adipocytes and the metabolism of 
glucose and lipids.10 The PPARs have subtypes, namely PPARα, PPARβ, 
and PPARγ. Among these subtypes, PPARγ (PPARG) has been mostly as-
sociated with obesity and diabetes.11 Studies suggest that PPARG holds 
a vital role in insulin regulation and may be a factor in the development 
of T2DM in genetic variations in the PPARG gene.10 Polymorphisms in 
the PPARG gene have described several variants that could be linked 
with increased susceptibility to T2DM, such as the rs3856806.12 The 
rs3856806 SNV (also referred to as His447His, C1431T, CAC478CAT, 
His449His, and C161T)13 is 1 of the 2 most common variants of the 
PPARG gene associated with insulin resistance and T2DM, with Pro12Ala 
being the other variant. Some studies suggest that the rs3856806 vari-
ant is better at predicting insulin resistance than the Pro12Ala.14

Some studies15,16 show that the presence of the polymorphism in 
the PPARG gene may decrease the likelihood of T2DM development. 
However, only a minor effect in genetic association studies was noted. 
The lack of reproducibility and consistency may be attributed to small 
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sample sizes and ethnic differences; thus, evidence may be limited. On 
the other hand, other studies14,17 do not find any significant relation-
ship. Hence, we performed a meta-analysis to determine the association 
of the SNV with T2DM development by pooling together the results of 
individual studies that contain genotypic data on the rs3856806 poly-
morphism and T2DM.

Materials and Methods

Search Strategy
The related publications used in this meta-analysis were searched using 
both PubMed and Google Scholar (title search only). The following com-
bination of key search terms was used: “diabetes” AND “His447His” 
OR “C161T” OR “C1431T” OR “CAC478CAT” OR “His449His” OR 
“rs3856806.” The rs3856806  has many alternative names. Hence, all 
these were incorporated into the search strategy.

Selection of Included Studies and Data Extraction
Titles and abstracts of the resulting text were initially screened for rele-
vance and any duplicates. Studies were included if (1) they were written in 
English, (2) they contained case-control (patients with T2DM and healthy 
patients) groups, and (3) they contained the genotypic frequencies for the 
rs3856806 SNV (CC, CT, and TT). After irrelevant studies were removed, 
the full text of the selected articles was obtained for further screening. 
Studies that did not have full text were removed. For the full-text screen-
ing, the previous criteria were used together with the following: genotypic 
data were expressed in raw numbers and not in percentages, and SNV 
results were within the Hardy-Weinberg equilibrium; this was computed 
from the data of each study together with the minor allele frequency. Once 
the list of studies was finalized, the cited references from these studies 
were also assessed for additional articles.

From the final list of studies, the following data were then 
extracted: first author’s last name, year of publication, country where 
the participants were recruited, criteria used for T2DM identification, 
method of SNV detection used, number of DM and non-DM participants, 
and the genotypic frequencies for the rs3856806 SNV (CC, CT, and TT).

Power Analysis and Quality Assessment of the 
Included Studies
Methods for power analysis and quality assessment of the included stud-
ies were based on a previous report.18 For the power analysis, G*Power 
3.1. was used, and the adequacy was set at ≥80%, assuming an odds ra-
tio (OR) of 1.5 and a genotypic risk level of α = 0.05. The quality of the 
included studies was assessed using the tool developed by Clark and 
Baudouin.19 The scores range from 0 (worst) to 10 (best), where <5, 5–7, 
and >7 indicate low, moderate, and high quality, respectively.

Data Analysis
The protocol for the data analysis used was based on the procedures 
done by the same author.20,21 The OR and 95% confidence interval (CI) 
were computed using Review Manager version 5.4 (Nordic Cochrane 
Centre, Cochrane Collaboration). To better determine the association 
of the SNV with T2DM development, 3 genotypic (co-dominant, dom-
inant, and recessive) and an allelic model were used. This was used to 
highlight the effect of the heterozygous genotype in the association. For 
the rs3856806 polymorphism, the T allele is considered the alternative 

allele and the C allele as the reference allele. Consequently, the CC geno-
type is considered the wild type or the reference genotype, the CT geno-
type as the heterozygous genotype, and the TT genotype as the mutant 
genotype.

The fixed- and random-effects model was used to compute the ORs 
and 95% CIs depending on the presence of heterogeneity, as determined 
using the χ 2-based Q test, and I2 statistics were used to determine the 
presence of heterogeneity.22,23 The fixed-effects model was used if heter-
ogeneity was nonsignificant; the random-effects model was used if het-
erogeneity results were significant.24,25 The computed pooled ORs and 
95% CIs were considered significant if the P value obtained was less than 
.05. Heterogeneity was considered significant if the P value obtained was 
less than .10, especially if few studies were present.26

Sensitivity and Publication Bias Analysis
The robustness of the pooled ORs was determined through sensitiv-
ity analysis. This was done by repeating the overall statistical analysis 
while omitting 1 study at a time. This was done to check the influence of 
the individual study in the pooled OR. Finally, publication bias analysis 
was omitted due to the low number (n  <  10) of studies in this meta-
analysis.27

Results

Search Results and Characteristics of the 
Included Studies
A total of 62 studies were screened for their eligibility. From the 62 stud-
ies, only 9 were included in this meta-analysis.14–17,28–32 One study was 
obtained from checking the cited references from each included text. The 
full summary of the literature search is presented in FIGURE 1. A com-
plete summary of the characteristics of the included studies is shown 
in TABLE 1. Overall, a total sample size of 11,811 (4519 DM and 7292 
non-DM) was included in this meta-analysis. All studies were conducted 
in various geographic locations from 2001 to 2014. The Clark-Baudouin 
scores (mean 5.8, median 5.0, interquartile range 5.0–7.0) indicated that 
the methodological quality of the studies was moderate.

Meta-Analysis Results
FIGURE 2 shows the fixed-effects model analysis of the association 
between the rs3856806 polymorphism and T2DM development in the 
allelic model. Homogeneity (I2 =  3%, P =  .41) was achieved for the al-
lelic model with significant outcomes (OR: 0.82; 95% CI: 0.76–0.89; 
P  <  .00001). Forest plot analysis of the genotypic models (FIGURES 
3–5) also yielded significant associations for the co-dominant (OR: 0.64; 
95% CI: 0.51–0.81; P = .0002), dominant (OR: 0.81; 95% CI: 0.74–0.89; 
P < .0001), and recessive (OR: 0.70; 95% CI: 0.56–0.89; P = .003) models. 
All analysis showed homogeneity (I2 = 0-31%, P = .17–.76) of the pooled 
outcomes. On the other hand, sensitivity analysis showed the robust-
ness of the meta-analysis outcomes (data not shown).

Discussion

Summary and Interpretation of Findings
The study outcomes suggest that the rs3856806 polymorphism in the 
PPARG gene is associated with T2DM development. Based on the pooled 
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ORs and 95% CIs generated from the genotypic and allelic models, 
individuals that carry the T allele are less likely to develop T2DM. 
These findings are supported by the homogeneity of the post-outlier 
outcomes, the consistency and high degree of significant associations, 
and the robustness of the outcomes, which enhance the level of evidence 
presented in this meta-analysis.

Protective Role of the SNV in T2DM Development
T2DM is a complex metabolic disorder where susceptibility to the disease 
has been related to various genes localized at different chromosomes. 
The association of SNVs with diseases like cancer, ischemic stroke, 
and sepsis has already been studied. In diabetes, several reports show 

that PPRAG is a key agent in the development and pathophysiology of 
T2DM.33

The PPARG gene codes for a member of the PPAR subfamily of nu-
clear receptors to form heterodimers with retinoid X receptors and in-
fluence the transcription of many target genes. The PPARG is a nuclear 
hormone receptor involved in regulating adipocyte differentiation. It 
also plays a role in enhancing gene expression responsible for encoding 
proteins involved in glucose and lipid metabolism.34 The PPARG has 
many functional roles across all kinds of tissues, such as in macrophages, 
which is said to improve insulin sensitivity.35 The PPARG works in pe-
ripheral tissues by modifying the secretion of adipocytokines.36 Acti-
vation of PPARG may lead to the expansion of adipocyte tissue mass 
by differentiating new adipocytes to release hormones responsible for 
insulin sensitivity. With this beneficial phenomenon, the concentra-
tion of circulating lipid substrates is reduced, and glucose utilization is 
stimulated in insulin-sensitive tissues.37

The SNV rs3856806 is a mutation found at exon 6, and it has been 
shown to produce better predictions of insulin resistance than other 
SNVs. This SNV is also known by another name, C1431T, depicting the 
substitution from a C to T at nucleotide 1431. This silent mutation may 
regulate the expression of PPARG by altering mRNA processing, which 
may lead to increased differentiation of adipocytes. This study showed 
that the presence of the T allele in the SNV rs3856806 demonstrated 
a remarkable association with diabetes and was found to significantly 
reduce the risk of acquiring diabetes.38 It is the polymorphism that may 
affect the balance of energy metabolism and cell differentiation and pre-
sumably alter the susceptibility of T2DM. These results are in accord-
ance with the study conducted by Jaziri et al30 where the T allele in exon 
6 of C1431T was associated with a lower risk of acquiring diabetes. This 
is further proven in previous studies where it was stated that the pres-
ence of the T allele might increase adipocyte differentiation and is as-
sociated with insulin sensitivity.38–40 In the study of Du et al,15 it was 
further indicated that adiponectin might have a significant association 
where their findings suggested that patients with the TT genotype of 
rs3856806 had higher adiponectin levels. Adiponectin increases insulin 
sensitivity and is associated with diabetes, especially at low levels.

Although there are studies that have similar results to ours, there 
are also studies that show otherwise. In a study conducted among 
the Chinese Han population,41 results show that the rs3856806 T al-
lele of PPARG is significantly associated with higher T2DM risk. The 

FIGURE 1. Summary of the literature search.

TABLE 1.  Characteristics of the Included Studies

First Author Year Country T2DM Identification Method of SNV Detection DM Non-DM Total Power (%) HWE maf CB Score 

Doney 2004 Scotland Not mentioned Taqman 1997 983 2980 99 0.4 0.13 4

Du 2011 China WHO criteria Taqman 1105 1107 2212 99 0.09 0.24 8

Evans 2001 Germany WHO criteria SSCP 219 426 645 68 0.58 0.14 4

Jaziri 2006 France 1997 ADA Criteria PCR 43 3213 3256 25 0.85 0.12 5

Lu 2011 China WHO criteria PCR-RFLP 538 601 1139 92 0.31 0.26 8

Tavares 2005 Brazil Santa Casa Hospital criteria PCR 207 170 377 49 0.6 0.09 7

Vergotine 2014 South Africa WHO criteria RT-PCR 222 598 820 72 0.77 0.14 5

Wan 2010 China ADA criteria PCR 86 89 175 26 0.86 0.21 6

Yilmaz-Aydogan 2011 Turkey Not mentioned PCR-RFLP 102 105 207 30 0.75 0.24 5

ADA, American Diabetes Association; CB, Clark-Baudouin score; DM, diabetes mellitus; FBG, fasting blood glucose; HWE, Hardy-Weinberg equilibrium; 
maf, minor allele frequency; PCR, polymerase chain reaction; PCR-RFLP, polymerase chain reaction-restriction fragment length polymorphism; RT-PCR, 
real-time polymerase chain reaction; SNV, single nucleotide variant; SSCP, single-strand conformation polymorphism; T2DM, type 2 diabetes melli-
tus; WHO, World Health Organization .

11_LABMED_lmac095.indd   19511_LABMED_lmac095.indd   195 23-Feb-23   18:13:3523-Feb-23   18:13:35

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/193/6754791 by guest on 23 February 2025



2023;54;193–198  |  https://doi.org/10.1093/labmed/lmac095196

researchers cited explanations such as the genotypes with minor allele 
variants at the rs180592, rs709158, and rs3856806 loci are associated 
with increased low-density lipoprotein cholesterol levels, which was a 
risk factor of T2DM. Furthermore, they also explained that in the co-
dominant and log-additive models, rs1805192 and rs3856806 were 
all associated with increased dyslipidemia risk. The differences in the 

 ethnicity and environment of the participants may have accounted for 
the difference in the results. In the meta-analysis of rs3856806 with ath-
erosclerosis, researchers noted an increased risk among Caucasians and 
decreased risk among Asians.42 This shows the need for further studies 
in a wider and more population-specific setting to better elucidate the 
results.

FIGURE 2. Forest plot analysis for the association of the rs3856806 polymorphism in the PPARG gene with type 2 diabetes 
mellitus (allelic model). CI, confidence interval.

FIGURE 3. Forest plot analysis for the association of the rs3856806 polymorphism in the PPARG gene with type 2 diabetes 
mellitus (co-dominant model). CI, confidence interval.

FIGURE 4. Forest plot analysis for the association of the rs3856806 polymorphism in the PPARG gene with type 2 diabetes 
mellitus (dominant model). CI, confidence interval.

11_LABMED_lmac095.indd   19611_LABMED_lmac095.indd   196 23-Feb-23   18:13:3523-Feb-23   18:13:35

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/193/6754791 by guest on 23 February 2025



197www.labmedicine.com

Limitations of the Study
Even with the promisingly high degree of significant association in this 
study, caution should be taken when interpreting these results, especially 
when applied clinically. Some of the study’s limitations include no repre-
sentation of other ethnic groups in the study, studies included have a large 
gap in the year of publication (from 2001 to 2014), no recent study was 
included in the meta-analysis (the latest was published in 2014), identi-
fication of T2DM across the studies is not standardized, an inconsistent 
method of SNV identification was  used, and some studies failed to de-
scribe the controls they used. Since T2DM is a complex disorder, interac-
tion with other genetic variants, ethnicity, and the environment must be 
considered when applying the results of the study.

Conclusion
In summary, our meta-analysis of 11,811 individuals shows that 
rs3856806 polymorphism in the PPARG gene is associated with T2DM 
development. To our knowledge, this is the first meta-analysis that 
identified the association of the rs3856806 polymorphism with T2DM 
development. However, care should be taken when interpreting these 
findings since the exact mechanism of how the SNV influences T2DM 
development is still in question. Further studies regarding the associa-
tion of the SNV with processes related to T2DM pathophysiologies such 
as insulin resistance and inflammation should be conducted. Also, stud-
ies among the Filipino population may be pursued to determine the ap-
plicability of these findings among various ethnic groups.
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ABSTRACT

Objective: We aimed to evaluate the clinical usefulness of ge-

netic aberration and shorter telomere length (TL) in individuals with 

myelodysplastic syndrome (MDS).

Methods: A targeted sequencing panel with 49 genes and TL meas-

urement by quantitative real-time polymerase chain reaction were 

performed for 46 subjects.

Results: According to the revised International Prognostic Scoring Sys-

tem (IPSS-R) subtypes, the mutation frequency was 33.3%, 57.9%, and 

100% in the very low/low, intermediate, and very high/high risk groups, 

respectively. A  shorter telomere was detected in 43.5%. We defined 

group 1 as IPSS-R-high or -very high risk, group 2 as having 1 or more ge-

netic aberrations, group 3 as having a shorter TL, and group 4 as having a 

longer TL than the age-matched reference. Group 1 and group 2 showed 

an adverse prognosis. The TL was not strongly correlated with MDS prog-

nosis. However, it may be related to a poor long-term prognosis.

Conclusion: Genetic variation and shorter TL may be helpful in 

reclassifying non–high-risk groups.

The revised International Prognostic Scoring System (IPSS-R) is a gold 
standard prognostic model for myelodysplastic syndrome (MDS). It 
classifies patients using cytogenetics, complete blood count, and blast 
percentage into the following 5 risk groups: very low, low, intermedi-
ate, high, and very high.1 This model was validated in patients receiving 
first-line therapy with hypomethylating agents, lenalidomide, or allo-
genic stem cell transplantation.2,3 However, it has clinical utility limita-
tions in the non–high-risk group, unlike in the high- and very high–risk 
groups. The classification of the intermediate-risk group is ambiguous 
owing to risk uncertainty, as clinical outcomes are diverse. Moreover, 
this new model was devised recently based on age, peripheral blood 
percentage, and red blood cell (RBC) transfusion history.4 Additionally, 
the low-risk group is mostly classified as a dysplasia subtype, without 
excess blasts, which can be confusing during differential diagnosis, as 
MDS symptoms overlap with those of syndromes from age-related or 
nonclonal cytopenia.5,6 As the IPSS-R prognostic model concentrates on 
the high-risk groups, a differentiated prognostic model is needed.

Telomeres, which are nucleotide repeats (TTAGGG)n at chromo-
some ends, indicate chromosomal stability.7 Shortening of telomeres 
reflects telomeropathy-related genetic mutations, a physiological result 
of regenerative stress or secondary DNA damage.8 Telomere shortening 
triggers cellular transformation by causing genome instability, which 
plays a key role in tumorigenesis.9 Therefore, telomere length (TL) might 
be a cancer prognostic biomarker and a potential therapeutic target.9,10 
Previous studies have reported that a short telomere predicts a poor 
prognosis in patients with chronic lymphocytic leukemia and colorec-
tal cancer.9 There are several technical methods to measure TL, such as 
terminal restriction fragment analysis, single TL analysis, quantitative 
polymerase chain reaction (PCR), and quantitative fluorescence in situ 
hybridization; however, it is not yet clear which method is the most ap-
propriate.11

Furthermore, as molecular genetic tests are common, a new ap-
proach that uses these results is required. There have been only a few 
studies on whether the prognostic significance of TL in cancers can be 
applied to MDS. In addition, as the molecular characteristics of MDS 
have been gaining importance in terms of diagnosis and prognosis, 
the relationship between genetic mutations and TL should also be 
investigated. Therefore, in this study, we aimed to evaluate whether the 
measurement of TL can compensate for the blind spots of the current 
MDS risk-grouping system.
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and TET2 (n = 4); U2AF1, SETBP1, and SRSF2 (n = 3); ZRSR2, PHF6, 
DNMT3A, EZH2, PTPN11, and CEBPA (n = 2); and STAT3, SF3B1, and 
PPM1D (n = 1). In addition, of the 46 subject samples, 24 (52.1%) had 
no numerical and structural abnormalities in chromosomes, and 14 had 
more than 1 genetic mutation (TABLE 2). Of these 14, 8 subjects were 
in the non–high risk group, and 3 showed adverse prognosis defined as 
death or transformation.

TL tended to be shorter than the reference value in participants un-
der 60 years of age, with a tendency to be higher in older individuals 
(FIGURE 2A). There was no relationship between TL and IPSS-R risk 
groups or WHO subtypes (FIGURE 2B, C). The median TL in each 
group was 6.27 kb for the very low– or low-risk group, 6.29 kb for the 
intermediate-risk group, and 6.22  kb for the very high– or high-risk 
group. The association between individual genetic variation and the to-
tal number of mutations and TL was also not statistically significant.

We defined group 1 as IPSS-R high or very high (FIGURE 3A). As 
expected, these participants were diagnosed in the excess blasts sub-
type and showed adverse prognosis for acute myeloid leukemia (AML). 
Seven participants (38.9%) died or showed transformation to AML. 
Thereafter, we included in group 2 those individuals having 1 or more 
genetic aberrations. Among them, 2 participants died and 1 showed 
transformation to AML (FIGURE 3B). The remaining subjects were 
divided into group 3 or group 4 according to TL, compared with the 
age-matched reference. Neutropenia was more significant in groups 1 
and 2 than in group 4 (median absolute neutrophil count, 0.94 vs 0.90 
vs 2.37 × 103/μL, P = .048, .025). Group 3 had shorter telomeres than 
groups 1, 2, and 4. Furthermore, there was a no significant difference 
between groups 3 and 4 (P = .073) (FIGURE 3C). Four subjects among 
the 7 in group 3 had partial hypocellular marrow compared with their 
age-matched reference. However, the 7 participants who had telomeres 
longer than the age-matched reference showed normal to hypercellular 
marrow. Although there was no significant difference in the initial me-

Materials and Methods

Subjects
Forty-six individuals diagnosed with MDS at Chunbuk National Uni-
versity Hospital between June 2016 and January 2021 were enrolled in 
this study. The study group comprised 34 men and 12 women (median 
age, 73  years). The participants were classified using the 2016 World 
Health Organization (WHO) classification for MDS as excess blasts-1 
(n = 5), excess blasts-2 (n = 15), single lineage dysplasia (n = 3), ring 
sideroblasts with single lineage dysplasia (n = 1), multilineage dyspla-
sia (n = 16), ring sideroblasts with multilineage dysplasia (n = 4), and 
unclassifiable (n = 2). The IPSS-R for MDS is composed of very high– 
(n = 10), high- (n = 8), intermediate- (n = 19), low- (n = 5), and very 

low–risk  (n = 4) groups (TABLE 1). This study was approved by the 
institutional review board of Chunbuk National University Hospital 
(CBNUH 2021-04-017-001), and the requirement of informed consent 
was exempted by the institutional review board.

Next-Generation Sequencing
We performed next-generation sequencing (NGS) with a target panel 
for the 46 participants using Illumina Nextseq 550 Dx (Green Cross 
Laboratories). Genomic DNA was extracted from the bone marrow sam-
ple collected at the time of diagnosis. The NGS panel comprised 49 genes 
related to hematologic neoplasms: ANKRD26, ASXL1, ATRX, BCOR, 
BCORL1, BRAF, CALR, CBL, CBLB, CEBPA, CSF3R, DDX41, DNMT3A, 
ETV6, EZH2, FLT3, GATA1, GATA2, HRAS, IDH1, IDH2, JAK2, JAK3, 
KIT, KDM6A, KRAS, MPL, NOTCH1, NPM1, NRAS, PDGFRA, PHF6, 
PPM1D, PTPN11, RAD21, RUNX1, SETBP1, SF3B1, SMC1A, SMC3, 
SRSF2, STAG1, STAG2, STAT3, TET2, TP53, U2AF1, WT1, and ZRSR2. 
The mean coverage of sequencing depth for the targeted regions was 
674-fold. The percentage of target bases that read more than 50-fold 
was 99.7% in all samples. We selected genes with tier 1 (variants with 
strong clinical significance) and tier 2 (variants with potential clinical 
significance) mutations according to the American Society of Clinical 
Oncology guidelines.12

Measurement of TL
TL was measured using samples of the 46 subjects at the Seoul Clinical 
Laboratory (Seoul, South Korea) with TB green premix Ex Taq II (Takara 
Biomedical Technology) for the 7500 FAST quantitative real-time pol-
ymerase chain system (Applied Biosystems). The samples used for TL 
measurement were bone marrow aspirates at initial diagnosis. The TLs 
determined from the peripheral blood of age-matched normal healthy 
donors, provided by Seoul Clinical Laboratory, were used as a reference. 
The accuracy range was 97.26% to 103.45% and precision range was 
0.23% to 4.44%. Statistical analysis was performed using SPSS version 
21.0 (SPSS).

Statistical Analysis
Mann–Whitney U test was used for continuous variables to compare 2 
groups. Statistical analyses were performed using SS version 21.0 (IBM). 
Results with P < .05 were considered statistically significant.

Results
The median TL of the 46 subjects was 6.26 kilobase (kb) and the differ-
ence compared to age-matched reference was 2.19% (−30.2% to 40.0%). 
Twenty participants had a TL shorter than the aged-matched reference, 
and the difference between these groups was −6.3% (−0.6% to −30.2%). 
On the other hand, 26 subjects had a TL longer than aged-matched ref-
erence value; the difference was +12.9% (0.0% to 40.0%).

As a result of NGS testing, tier 1 or 2 clinical significance variants 
were detected in 32 of the 46 participant samples. According to IPSS-R 
subtypes, no significant mutations were detected in 66.7% (6/9) of 
subjects in the very low– and low-risk groups and in 42.1% (8/19) of 
subjects in the intermediate-risk group. On the contrary, all subjects in 
the high- and very high–risk groups had more than 1 pathogenic variant 
(FIGURE 1). The frequencies of detection of gene mutations were as 
follows: TP53 (n = 14); ASXL1 (n = 6); DDX41 and STAG2 (n = 5); RUNX1 

TABLE 1.  Characteristics of Subjects

Clinical Variable Result 

Sex (male:female) 34:12

Age, median (range), y 73 (31–87)

 <60 8 (17.4%)

 ≥60 38 (82.6%)

CBC, median (range)

 Hemoglobin (g/dL) 8.3 (4.0–14.0)

 White blood cell count (×109/L) 2.9 (0.2–8.0)

 Platelet count (×109/L) 65 (5–446)

WHO 2016 subtype criteria, No. (%)

 EB-1 5 (10.9%)

 EB-2 15 (32.6%)

 SLD 3 (6.5%)

 MLD 16 (34.8%)

 RS-SLD 1 (2.2%)

 RS-MLD 4 (8.7%)

 U 2 (4.3%)

Cytogenetics, No.

 Normal karyotype 24

 Complex 8

 -Y 3

 del(20) 3

 del(5) 2

 del(1) 1

 Others (derivate chromosome, translocation) 3

IPSS-R, No. (%)

 Very low 4 (8.7%)

 Low 5 (10.9%)

 Intermediate 19 (41.3%)

 High 8 (17.4%)

 Very high 10 (21.7%)

Followed up days (median, range) 298 (12–1382)

Survival 26 (56.5%)

CBC, complete blood count; EB, excess blasts; IPSS-R, International 
Prognostic Scoring System-revised; MLD, multilineage dysplasia; RS, ring 
sideroblasts; SLD, single lineage dysplasia; U, unclassifiable; WHO, World 
Health Organization.
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and TET2 (n = 4); U2AF1, SETBP1, and SRSF2 (n = 3); ZRSR2, PHF6, 
DNMT3A, EZH2, PTPN11, and CEBPA (n = 2); and STAT3, SF3B1, and 
PPM1D (n = 1). In addition, of the 46 subject samples, 24 (52.1%) had 
no numerical and structural abnormalities in chromosomes, and 14 had 
more than 1 genetic mutation (TABLE 2). Of these 14, 8 subjects were 
in the non–high risk group, and 3 showed adverse prognosis defined as 
death or transformation.

TL tended to be shorter than the reference value in participants un-
der 60 years of age, with a tendency to be higher in older individuals 
(FIGURE 2A). There was no relationship between TL and IPSS-R risk 
groups or WHO subtypes (FIGURE 2B, C). The median TL in each 
group was 6.27 kb for the very low– or low-risk group, 6.29 kb for the 
intermediate-risk group, and 6.22  kb for the very high– or high-risk 
group. The association between individual genetic variation and the to-
tal number of mutations and TL was also not statistically significant.

We defined group 1 as IPSS-R high or very high (FIGURE 3A). As 
expected, these participants were diagnosed in the excess blasts sub-
type and showed adverse prognosis for acute myeloid leukemia (AML). 
Seven participants (38.9%) died or showed transformation to AML. 
Thereafter, we included in group 2 those individuals having 1 or more 
genetic aberrations. Among them, 2 participants died and 1 showed 
transformation to AML (FIGURE 3B). The remaining subjects were 
divided into group 3 or group 4 according to TL, compared with the 
age-matched reference. Neutropenia was more significant in groups 1 
and 2 than in group 4 (median absolute neutrophil count, 0.94 vs 0.90 
vs 2.37 × 103/μL, P = .048, .025). Group 3 had shorter telomeres than 
groups 1, 2, and 4. Furthermore, there was a no significant difference 
between groups 3 and 4 (P = .073) (FIGURE 3C). Four subjects among 
the 7 in group 3 had partial hypocellular marrow compared with their 
age-matched reference. However, the 7 participants who had telomeres 
longer than the age-matched reference showed normal to hypercellular 
marrow. Although there was no significant difference in the initial me-

dian hemoglobin level between group 3 and group 4 (8.0 vs 7.9 g/dL), 
transfusion dependency, which was defined as the need for recurrent 
RBC transfusion within 60 days, was distinct in group 4. The absolute 
neutrophil count of group 3 was also lower than that of group 4 with 
no statistical significance (1.25 vs 2.37 × 103/μL, P = .383). None of the 
participants in group 3 or 4 died or progressed to AML, and there was a 
no statistically significant difference between groups 3 and 4 (P = .073) 
(FIGURE 3C).

Discussion
Despite being a conventionally used prognostic tool, the IPSS-R weighted 
scoring system has a limitation; that is, it is difficult to distinguish the 
non–high-risk groups.13 In our study, we aimed to evaluate the clinical 
usefulness of genetic aberration and shorter telomeres in the non–high-
risk groups. Thirty-two of the 46 study participants (69.6%) had tier 1 or 
tier 2 mutations. The frequency appears to be low compared with that in 
previous studies, but it is probably because we excluded tier 3 variants. 
As expected, the number of significant genetic mutations increased as 
the risk increased.

Interestingly, 18 of the 22 participants with abnormal karyotypes 
showed more than 1 mutation. The remaining 4 patients without mu-
tation had nonpoor cytogenetic prognostic subgroups such as loss Y, 
del(20q), and trisomy 8. In the case of normal karyotypes, the subjects 
with more than 1 mutation showed an adverse prognosis. Therefore, 
genetic mutations may have a greater effect on prognosis than good 
prognostic chromosomal abnormalities. Mutations in some specific 
genes, such as TP53, RUNX1, and EZH2, are well correlated with an 
adverse prognosis, but the prognostic effects of the majority of ge-
netic aberrations are controversial.3 Additionally, a few genes, such as 
ASXL1, DNMT3A, and TET2, should also be distinguished from somatic 
mutations found in normal elderly individuals.6,14 However, in this study, 

FIGURE 1. Frequency of tier 1 or 2 variant according to the International Prognostic Scoring System-revised (IPSS-R) risk 
subtypes in 46 subjects.

low–risk  (n = 4) groups (TABLE 1). This study was approved by the 
institutional review board of Chunbuk National University Hospital 
(CBNUH 2021-04-017-001), and the requirement of informed consent 
was exempted by the institutional review board.

Next-Generation Sequencing
We performed next-generation sequencing (NGS) with a target panel 
for the 46 participants using Illumina Nextseq 550 Dx (Green Cross 
Laboratories). Genomic DNA was extracted from the bone marrow sam-
ple collected at the time of diagnosis. The NGS panel comprised 49 genes 
related to hematologic neoplasms: ANKRD26, ASXL1, ATRX, BCOR, 
BCORL1, BRAF, CALR, CBL, CBLB, CEBPA, CSF3R, DDX41, DNMT3A, 
ETV6, EZH2, FLT3, GATA1, GATA2, HRAS, IDH1, IDH2, JAK2, JAK3, 
KIT, KDM6A, KRAS, MPL, NOTCH1, NPM1, NRAS, PDGFRA, PHF6, 
PPM1D, PTPN11, RAD21, RUNX1, SETBP1, SF3B1, SMC1A, SMC3, 
SRSF2, STAG1, STAG2, STAT3, TET2, TP53, U2AF1, WT1, and ZRSR2. 
The mean coverage of sequencing depth for the targeted regions was 
674-fold. The percentage of target bases that read more than 50-fold 
was 99.7% in all samples. We selected genes with tier 1 (variants with 
strong clinical significance) and tier 2 (variants with potential clinical 
significance) mutations according to the American Society of Clinical 
Oncology guidelines.12

Measurement of TL
TL was measured using samples of the 46 subjects at the Seoul Clinical 
Laboratory (Seoul, South Korea) with TB green premix Ex Taq II (Takara 
Biomedical Technology) for the 7500 FAST quantitative real-time pol-
ymerase chain system (Applied Biosystems). The samples used for TL 
measurement were bone marrow aspirates at initial diagnosis. The TLs 
determined from the peripheral blood of age-matched normal healthy 
donors, provided by Seoul Clinical Laboratory, were used as a reference. 
The accuracy range was 97.26% to 103.45% and precision range was 
0.23% to 4.44%. Statistical analysis was performed using SPSS version 
21.0 (SPSS).

Statistical Analysis
Mann–Whitney U test was used for continuous variables to compare 2 
groups. Statistical analyses were performed using SS version 21.0 (IBM). 
Results with P < .05 were considered statistically significant.

Results
The median TL of the 46 subjects was 6.26 kilobase (kb) and the differ-
ence compared to age-matched reference was 2.19% (−30.2% to 40.0%). 
Twenty participants had a TL shorter than the aged-matched reference, 
and the difference between these groups was −6.3% (−0.6% to −30.2%). 
On the other hand, 26 subjects had a TL longer than aged-matched ref-
erence value; the difference was +12.9% (0.0% to 40.0%).

As a result of NGS testing, tier 1 or 2 clinical significance variants 
were detected in 32 of the 46 participant samples. According to IPSS-R 
subtypes, no significant mutations were detected in 66.7% (6/9) of 
subjects in the very low– and low-risk groups and in 42.1% (8/19) of 
subjects in the intermediate-risk group. On the contrary, all subjects in 
the high- and very high–risk groups had more than 1 pathogenic variant 
(FIGURE 1). The frequencies of detection of gene mutations were as 
follows: TP53 (n = 14); ASXL1 (n = 6); DDX41 and STAG2 (n = 5); RUNX1 
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there was no  evidence to show that the genetic variations, including var-
iations in these genes, which are known to be related to aging, are asso-
ciated with TL. It can be speculated that TL and gene mutations function 
in independent domains in the aging process and MDS pathogenesis. In  
addition, in terms of the relationship between TL and the clinical char-
acteristics of MDS revealed in this study, the possibility that the role of 
aging may be limited cannot be excluded. However, as the number of 
subjects in this study was small, additional research is needed to confirm 
this hypothesis. Nevertheless, it appears that the presence of mutations 
is important in determining disease progression and predicting the 
prognosis. In the case of predisposition genes, monoallelic DDX41 mu-
tation was observed in the intermediate risk group (TABLE 2); it is ex-
pected that an additional DDX41 mutation leads to disease progression. 
As biallelic DDX41 mutations in AML are known to lead to a poor prog-
nosis,15 close clinical follow-up may be necessary for persons with these 

mutations. Additionally, 14 subjects in the non–high-risk groups with 
no genetic aberration (groups 3 and 4) did not show disease progression 
during follow-up (median 273 days, range 12 to 973 days).

The TL reflects not only aging but also disease characteristics, 
leading to confusion in interpretation. Müezzinler et al16 estimated 
a mean leukocyte TL loss of 24.7 bp per year using weighted linear 
regression. Therefore, shortening TL is a concern, as it indicates 
that aging influences disease pathophysiology such as cancers and 
neurodegenerative diseases. The prevalence of MDS also increases 
with age, but due to heterogeneity in the disease, previous reports 
on the TL of individuals with MDS are not consistent.17,18 Previous 
studies have reported that progressive shortening of TL reflects 
continuous DNA damage, which leads to progression to AML.19–21 
Nevertheless, Warny et al22 reported that they did not detect any 
prognostic significance through TL at disease diagnosis and during 

TABLE 2.  Fourteen Patients with Genetic Mutations but Normal Karyotype

IPSS-R Patient Sex Age, y WHO Subtype Gene DNA Change Protein Change VAF Tier 

Very high 1 M 80 EB-2 DDX41 c.455T > G p.Val152Gly 46 1

      c.1574G > A p.Arg525His 10 1

High 2 F 77 EB-2 DDX41 c.776A > G p.Tyr259Cys 53 1

      c.1574G > A p.Arg525His 10 1

 3 M 52 EB-2 RUNX1 c.1200dupG p.Pro401Alafs*199 40 1

     PTPN11 c.218C > T p.Thr73Ile 28 2

 4 M 65 EB-2 ASXL1 c.419dupT p.Leu1339Phefs*25 38 1

     PHF6 c.385C > T p.Arg129Ter 19 2

     PTPN11 c.1508G > A p.Gly503Glu 8 2

     STAG2 c.215delG p.Gly72Valfs*11 48 2

     ZRSR2 c.247C > T p.Gln83Ter 85 2

     SETBP1 c.2602G > A p.dAsp868Asn 44 2

 5 M 66 EB-2 TET2 c.2414delG p.Gly805Aspfs*8 85 1

     SRSF2 c.284C > T p.Pro95Leu 50 1

     STAG2 c.1400delT p.Phe467Serfs*3 29 1

     STAG2 c.1840C > T p.Arg614Ter 41 1

     CEBPA c.859dupG p.Val287Glyfs*34 16 1

     CEBPA c.884C > T p.Ala295Val 12 1

 6 M 79 EB-1 SRSF2 c.284C > A p.Pro95His 45 1

     SETBP1 c.2608G > A p.Gly870Ser 34 1

     STAG2 c.2556_2558delins p.Ser853Glufs*20 62 1

Intermediate 7 M 74 MLD DDX41 c.455T > G p.Val152Gly 47 1

 8 M 76 MLD DNMT3A c.1123-2A > G . 5 1

 9 M 81 MLD RUNX1 c.284_285dup p.Asn96Profs*27 7 1

 10 M 52 MLD ASXL1 c.3202C > T p.Arg1068Ter 3 1

     ZRSR2 c.984delT p.Leu329Phefs*? 4 1

     U2AF1 c.101C > T p.Ser34Phe 23 1

 11 M 65 EB-2 TP53 c.517G > A p.Val173Met 35  

Low 12 M 57 U BCOR c.3982C > T p.Gln1328Ter 4 1

Very low 13 M 80 SLD SRSF2 c.284C > A p.Pro95His 45 1

     IDH2 c.419G > A p.Arg140Gln 44 1

 14 F 70 MLD TET2 c.3594 + 1G > A . 40 1

      c.4640_4644delins p.Gln1547Leufs*24 34 1

 
EB, excess blasts; MLD, multilineage dysplasia; SLD, single lineage dysplasia; U, unclassifiable; VAF, variant allele frequency; WHO, World Health 
 Organization.
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treatment even when the disease relapsed. Similarly, in our study, 
TL was not found to be directly related to survival prognosis. How-
ever, some of the clinical features related to TL influence the course 
of a disease or indirectly suggest prognosis. For example, recurrent 
RBC transfusion is known as a risk factor for shorter survival and 
disease progression in MDS.23 In addition, the TL of subjects in 
groups 1 and 2, which were classified as relatively high-risk groups, 
tended to be shorter than that of subjects in group 4.  Except in 
the case of persons with hypoplastic MDS, who were mainly clas-
sified into group 3, this result can be considered to be consistent 
with the results of previous studies that reported telomere short-
ening during disease progression.18,24 Similar to the findings of a 
previous study,25 specific gene mutations did not correlate with 
a shorter telomere, but cells with gene mutations seem to be re-
lated to a short telomere. Therefore, a shorter telomere reflects 
disease progression in the high-risk groups, but differential diag-
nosis from bone marrow failure syndrome should be considered in 
the non–high-risk groups. In addition, even if a short telomere has 
little effect on short-term prognosis, it may indicate a poor long-
term prognosis and predict disease progression.

The subjects classified into groups 1 and 2 showed a high risk 
of progression to AML based on previously well-known prognostic 
factors such as age, sex, and the pattern of genetic mutation. In con-
trast, groups 3 and 4 lacked the aforementioned strong prognostic 
factors but showed differences in clinical features, such as bone mar-

row cellularity and transfusion dependence according to TL. Although 
the possibility that some of the individuals in group 3 may have early-
stage aplastic anemia cannot be excluded, it can be hypothesized that 
short telomere has some association with hypoplastic MDS. In this 
case, the differential diagnosis of hypoplastic MDS or early-phase 
aplastic anemia in individuals with a shorter telomere should be 
considered; this should be followed up with bone marrow examina-
tion even if they do not meet the diagnostic criteria initially.

This study has some limitations. First, the number of participants 
was too small to draw any conclusions. Although our study does not 
draw firm conclusions, the association of TL with the onset and course 
of bone marrow diseases, including MDS, is likely to be elucidated 
through further studies. Second, we did not do enough validation of 
the TL in normal population and a shorter telomere. There is no stand-
ard method to measure TL and there is no standardized definition for a 
shorter telomere in previous reports. The quantitative PCR method is 
preferred for its high throughput, but its variability within and between 
samples remains relatively high.11 Therefore, when interpreting TL, clin-
ical course and additional test results such as complete blood count and 
bone marrow examination must be considered, and it appears that addi-
tional studies are needed to sufficiently verify this.

In conclusion, we showed that genetic variation and a shorter telo-
mere may be helpful in the diagnosis and prognosis of patients in the 
non–high-risk groups. Although our results did not reach statistical sig-
nificance because the number of subjects was very small, they indicate 

FIGURE 2. Measurement of telomere length (TL) using a quantitative real-time polymerase chain system. A, A comparison of 
TL between myelodysplastic syndrome (MDS) and age-matched reference value. B, TL according to the 2016 World Health 
Organization classification. EB, excess blasts; MLD, multilineage dysplasia; SLD, single lineage dysplasia; U, unclassifiable. 
C, TL according to the revised International Prognostic Scoring System subtypes.

EB-1 or
EB-2

mutations. Additionally, 14 subjects in the non–high-risk groups with 
no genetic aberration (groups 3 and 4) did not show disease progression 
during follow-up (median 273 days, range 12 to 973 days).

The TL reflects not only aging but also disease characteristics, 
leading to confusion in interpretation. Müezzinler et al16 estimated 
a mean leukocyte TL loss of 24.7 bp per year using weighted linear 
regression. Therefore, shortening TL is a concern, as it indicates 
that aging influences disease pathophysiology such as cancers and 
neurodegenerative diseases. The prevalence of MDS also increases 
with age, but due to heterogeneity in the disease, previous reports 
on the TL of individuals with MDS are not consistent.17,18 Previous 
studies have reported that progressive shortening of TL reflects 
continuous DNA damage, which leads to progression to AML.19–21 
Nevertheless, Warny et al22 reported that they did not detect any 
prognostic significance through TL at disease diagnosis and during 
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 11. Aubert G, Hills M, Lansdorp PM. Telomere length measurement—
caveats and a critical assessment of the available technologies 
and tools. Mutat Res. 2012;730(1-2):59–67. doi:10.1016/j.
mrfmmm.2011.04.003.

 12. Li MM, Datto M, Duncavage EJ, et al. Standards and guidelines for the 
 interpretation and reporting of sequence variants in cancer: a joint consen-
sus recommendation of the Association for Molecular Pathology, Ameri-
can Society of Clinical Oncology, and College of American Pathologists. J 
Mol Diagn. 2017;19(1):4–23. doi:10.1016/j.jmoldx.2016.10.002.

 13. Mittelman M, Oster HS, Hoffman M, Neumann D. The lower risk MDS 
patient at risk of rapid progression. Leuk Res. 2010;34(12):1551–
1555. doi:10.1016/j.leukres.2010.05.023.

 14. Jaiswal S, Fontanillas P, Flannick J, et al. Age-related clonal he-
matopoiesis associated with adverse outcomes. N Engl J Med. 
2014;371(26):2488–2498. doi:10.1056/NEJMoa1408617.

 15. Maciejewski JP, Padgett RA, Brown AL, Müller-Tidow C. DDX41-
related myeloid neoplasia. Semin Hematol. 2017;94:97.

 16. Müezzinler A, Zaineddin AK, Brenner H. A systematic review of 
leukocyte telomere length and age in adults. Ageing Res Rev. 
2013;12(2):509–519. doi:10.1016/j.arr.2013.01.003.

 17. Wang L, Xiao H, Zhang X, Wang C, Huang H. The role of telomeres 
and telomerase in hematologic malignancies and hematopoietic stem 
cell transplantation. J Hematol Oncol. 2014;7(1):1–10.

 18. Göhring G, Lange K, Hofmann W, et al. Telomere shortening, clonal 
evolution and disease progression in myelodysplastic syndrome 

that these new variables can be meaningful for the prognosis of patients 
with MDS. It is necessary to draw more significant conclusions through 
subsequent validation studies.
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ABSTRACT

Objective: β-thalassemia major (β-TM) is a hemoglobinopathy 

characterized by reduced or absent β-globin production. A balance 

remains between the production of free radicals and suppression of 

increased levels of reactive oxygen species by the antioxidant system. 

This study aimed to examine thiol/disulfide homeostasis (TDH) and 

serum ischemia-modified albumin (IMA) levels to evaluate the oxidant/

antioxidant balance in healthy children and persons with β-TM receiv-

ing and not receiving chelation therapy.

Methods: This prospective study was carried out from January to 

June 2021 among 46 individuals with β-TM and 35 healthy controls. 

A  spectrophotometric method was used to analyze TDH and IMA 

concentrations.

Results: We found that, compared to controls, native thiol (NT) 

(P =  .048) and total thiol (TT) (P =  .027) values were lower in the pa-

tient group, whereas disulfide (P  <  .001), disulfide/native thiol (D/NT) 

(P =  .004), disulfide/total thiol (D/TT) (P =  .005), native thiol/total thiol 

(NT/TT) (P = .004) and IMA (P = .045) values were higher. NT and TT 

levels were significantly lower in the chelation− group compared to the 

chelation+ and control groups (P = .002, P = .001). D/NT, D/TT, and NT/

TT levels were higher in the chelation+ group than the control group 

(P  =  .007), and IMA levels were significantly higher in the chelation+ 

and chelation− groups compared to the control group (P = .002). The 

receiver operating characteristic analysis demonstrated that IMA levels 

were significantly higher in the children with β-TM not taking regular 

chelation therapy.

Conclusion: Thiol/disulfide homeostasis was observed to be 

weakened in children with β-TM in our study. Our findings show that 

when children with β-TM do not receive regular chelation therapy, their 

oxidant imbalance worsens.

Thalassemia is an autosomal recessive inherited disease that presents 
with the hypochromic microcytic anemia. Thalassemia group diseases 
develop as a result of faulty synthesis of 1 or more of the hemoglobin 
(Hb) chains.1 Deficient or no synthesis of the Hb chain or chains de-
fined as α, β, γ, δ causes thalassemia. α-thalassemia results from de-
ficient α chain synthesis, whereas deficient synthesis of β chain leads 
to β thalassemia. β-thalassemia major (β-TM), on the other hand, 
presents a clinical picture where Hb levels are below 7 g/dL, typically 
observed together with excessive iron deficiency, and therefore rou-
tine blood transfusions at intervals of 2 to 5 weeks are performed to 
keep Hb levels above 10  g/dL.2,3 About 3% of the global population 
are β-thalassemia carriers, whereas 5% to 10% of the population in 
Southwest Asia are α-thalassemia carriers. In Turkey, there is a high 
number of thalassemia carriers in the Çukurova, Mediterranean 
coastline, Aegean, and Marmara regions. There are approximately 
1,300,000  β-thalassemia carriers and around 4000  β-thalassemia 
patients in Turkey.4

Regular blood transfusions applied to β-TM patients, hemolysis, and 
increased intestinal iron absorption cause iron overload in the body.5,6 
In an attempt to prevent iron accumulation in the body, reduce existing 
iron accumulation, and thereby prevent complications linked to elevated 
iron accumulation in the body, these patients are treated with chelation 
therapy. Treatments for this purpose employ desferrioxamine (DFO), 
deferiprone (DFP), deferasirox (DFR), and their combinations.7

Generation of reactive oxygen products increases in β-TM patients. 
It has been shown that oxidative stress (OS), caused by the shift of the 
balance between reactive oxygen products and the antioxidant defense 
system towards reactive oxygen products, has a fundamental role in 
the pathogenesis of many diseases, including β-TM.8,9 Some indicators 
express OS levels in the body. Oxidant molecules oxidize the thiols 
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ABSTRACT

Objective: β-thalassemia major (β-TM) is a hemoglobinopathy 

characterized by reduced or absent β-globin production. A balance 

remains between the production of free radicals and suppression of 

increased levels of reactive oxygen species by the antioxidant system. 

This study aimed to examine thiol/disulfide homeostasis (TDH) and 

serum ischemia-modified albumin (IMA) levels to evaluate the oxidant/

antioxidant balance in healthy children and persons with β-TM receiv-

ing and not receiving chelation therapy.

Methods: This prospective study was carried out from January to 

June 2021 among 46 individuals with β-TM and 35 healthy controls. 

A  spectrophotometric method was used to analyze TDH and IMA 

concentrations.

Results: We found that, compared to controls, native thiol (NT) 

(P =  .048) and total thiol (TT) (P =  .027) values were lower in the pa-

tient group, whereas disulfide (P  <  .001), disulfide/native thiol (D/NT) 

(P =  .004), disulfide/total thiol (D/TT) (P =  .005), native thiol/total thiol 

(NT/TT) (P = .004) and IMA (P = .045) values were higher. NT and TT 

levels were significantly lower in the chelation− group compared to the 

chelation+ and control groups (P = .002, P = .001). D/NT, D/TT, and NT/

consisting of sulfhydryl groups to form reversible disulfide bridges, and 
this process forms 1 of the main defense systems against the negative 
effects of reactive oxygen species (ROS).10–12

Although only thiol levels could be evaluated since 1979, a method 
developed by Erel et al13 in 2014 now makes it possible to measure both 
thiol and disulfide levels (thiol-disulfide homeostasis [TDH]), enabling 
better evaluation of OS levels. Recent studies of this method have noticed 
that impaired TDH is related to diverse disorders such as diabetes mel-
litus, chronic kidney failure, asthma, acute malnutrition, obesity, sickle 
cell anemia, familial Mediterranean fever, and cancer. However, it should 
be noted that studies with β-thalassemia patients are very limited.14–20

In this study, we aim to demonstrate potential OS changes between 
healthy individuals and children with β-TM by way of comparison. Ad-
ditionally, this study, where we will compare the TDH of β-TM patients 
receiving and not receiving chelation therapy, will be the first of its kind 
in the literature.

Material and Methods

Study Population and Design
This single-center prospective study was carried out among 46 
individuals with β-TM and 35 healthy controls. Patients were admitted 
from January to June 2021 to the pediatric hematology department of 
the University of Health Sciences City Training and Research Hospital, 
Bursa, Turkey. Ethical approval was obtained from the University Eth-
ics Committee (2011-KAEK-25 2020/12-15). Written informed consent 
was obtained from all parents or legal educators of patients prior to in-
clusion in the study.

The subjects were diagnosed with β-TM on examination of complete 
blood count, peripheral blood smear, and high-performance liquid chro-
matography. The individuals received regular erythrocyte transfusions. 
Chelation was performed as DFR and/or DFP. The DFR was given in a 
dose of 25 to 35 mg/kg/d and DFP in a dose of 75-100/mg/d to those 
over the age of 2 years, at least 1 hour before food orally daily. To in-
vestigate the effect of iron-chelating agents, we categorized the patients 
into 2 groups, those receiving regular chelation therapy and those that 
do not. Individuals with chronic childhood diseases such as thalasse-
mia minor or intermedia, endocrinological, cardiac, neurological, or 
infectious diseases were excluded from the study. The healthy control 
group comprised healthy children who were age- and gender-compatible 
with the patient group, presented to our Pediatric Health and Diseases 
polyclinic for routine examinations, did not have any chronic diseases, 
did not use any medication, and did not have any symptoms or 
complaints in the previous 14 days that would suggest infection.

Blood samples were collected in the early morning from healthy 
controls and β-TM subjects. Blood transfusion of β-TM patients 
was performed after blood samples were collected. We used EDTA-
containing tubes and an automated analyzer for complete blood count 
(Siemens ADVIA 2120i). Serum samples were centrifuged at 1500g for 
10 minutes and stored at −80°C until analysis.

Baseline laboratory tests such as liver-kidney-thyroid function tests, 
vitamins, and albumin were conducted with standard methods. An auto-
matic chemical analyzer (Roche, Cobas 501) with a novel spectrophoto-
metric method was used to test the serum concentrations of native and 
total thiol and ratios of disulfide.13 A colorimetric method described by 

Bar-Or et al21 was used to measure serum IMA concentrations, and the 
obtained results were included in the text as absorbance units.

Statistical Analyses
Categorical variables are expressed as No. (%), and continuous variables 
are presented as mean ± SD or median (minimum-maximum values), 
where appropriate. To compare the qualitative variables, χ 2 or Fisher’s 
exact tests were performed. The difference among three groups was 
measured with 1-way analysis of variance, and the Bonferroni test among 
post hoc tests was used to make binary comparisons. Correlations were 
analyzed using Spearman’s Rho correlation analysis. The independent 
sample test was used to evaluate the differences between the 2 groups 
in the presence of parametric test conditions. When the conditions were 
not met, the Mann-Whitney U test was used.

The performance of TDH parameters in terms of predicting β-TM 
not using chelation therapy was assessed using the receiver operating 
characteristic (ROC). The 95% confidence intervals of the area under the 
curve (AUC) were calculated.

All tests were 2-tailed and P < .05 was considered statistically significant. 
Statistical analyzes were performed by using SPSS version 21.0 (SPSS).

Results
We included 81 children between the ages of 2 and 252  months (46 
children diagnosed with β-TM and 35 healthy controls). There was 
no statistically significant difference between age and gender in both 
groups. Compared to the healthy controls, the patient group had low 
levels of Hb (P < .001) and hematocrit (P < .001) and high serum iron 
(P < .001), ferritin (P < .001), and vitamin D (P = .002). The data related 
to demographic and laboratory characteristics of the study population 
are shown in TABLE 1.

In comparison to the healthy controls, the patient group had lower 
native thiol (NT) (P =  .048) and total thiol (TT) (P =  .027) values and 
showed higher levels of disulfide (P<.001), disulfide/native thiol (D/NT) 
(P = .004), disulfide/total thiol (D/TT) (P = .005), native thiol/total thiol 
(NT/TT) (P = .004), and IMA (P = .045). TDH parameters in the patient 
and control groups are shown in TABLE 2.

We report that 11 (23.9%) of β-TM patients included in the study did 
not receive chelation therapy. When we examined the patient group by 
categorizing them into 2 groups, those taking chelation therapy (chela-
tion+) and those that do not (chelation−), it was determined that NT and 
total TT were significantly lower in the chelation− group than the chela-
tion+ and control groups (P = .002, P = .001). Disulfide levels were higher 
in both patient groups compared to the control group (P <  .001). The 
D/NT and D/TT levels were found to be higher in both patient groups 
compared to the control group (P =  .007). Although IMA levels were 
determined to be significantly higher in the chelation+ and chelation− 
groups than in the control group (P = .002), we observed no differences 
among the patient groups. A detailed comparison of TDH parameters in 
the patient groups and control group is provided in TABLE 3.

The results of correlation analyses performed for OS and other 
parameters are given in TABLE 4. Age (month) has a weak positive 
 correlation with NT and TT, whereas Hb values have a weak positive 
correlation with NT and TT and a moderate positive correlation with 
disulfide levels. Ferritin values have a weak negative correlation with 
disulfide. Vitamin D, on the other hand, has a weak negative correla-
tion with disulfide and D/NT. Aspartate aminotransferase (AST)  values 
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demonstrated a weak negative correlation with NT, TT, and disul-
fide levels.

An ROC analysis was performed to see the utility of the TDH 
parameters for β-TM chelation− group. The cut-off values affording the 
optimum balance between sensitivity and specificity and AUC values are 
given in TABLE 5.

Discussion
Oxidative stress occurs upon disruption of the balance between oxi-
dant and antioxidant mechanisms in the body.18 Thiol groups act as 
antioxidants and regulate the redox system. The thiols containing a 
sulfhydryl group are oxidized by oxidants to form reversible disulfide 
bridges. Oxidation-reduction reactions have a key role in maintaining 
the dynamic TDH.22,23 The TDH balance is crucial in terms of apoptosis, 
antioxidant protection, signal transduction, detoxification, enzyme ac-
tivity, and regulation of cellular signaling mechanisms by the transcrip-
tion factor. Disruption of these vital cellular functions is observed in 
case of an abnormality in the TDH.11,13

Many studies have evaluated OS in adults with β-TM. Higher 
malondialdehyde levels and lower vitamin E and total antioxidant 
capacity in individuals with β-TM compared with controls were 
shown in 1 of these studies.9 On the contrary, Kassab-Chekir24 and 
Kalpravidh et  al25 found that antioxidant mechanisms were more 

dominant. Some studies evaluate OS in those with β-TM by meas-
uring only NT levels. However, these do not provide information 
about the TDH.26,27 Developed by Erel and Neselioğlu,13 the method 
that we used in our study not only measures separate variables but 
also enables both individual and integral evaluations and provides 
an overall picture of the TDH. This method is an easy, cheap, prac-
tical, and fully automated (optionally manual) spectrophotometric 
test. Being the first researchers to use this method, Güzelçiçek et al8 
showed that OS increased in children with β-TM compared to healthy 
children. In our study, we found NT and TT values to be lower in 
the patient group than in the healthy control group, whereas disul-
fide, D/NT, D/TT, NT/TT, and IMA values were higher in the patient 
group. These results indicate that the TDH shifted to the oxidized 
side in our patient group.

As a result of repeating blood transfusions and hemolysis, 
individuals with β-TM suffer from iron overload in their body 
tissues. Iron overload causes increased ROS production and OS in 
these persons.28 Due to these undesirable effects, the need to use 
iron chelators and antioxidants individually or in combination has 
arisen during treatment.29 The chelator DFO, which is the most 
widely used, has significant contributions to morbidity and mortal-
ity rates in persons needing transfusions. The need for daily admin-
istration with a parenteral or portable infusion pump is the biggest 
disadvantage of this chelator. Two new oral chelators, DFP and DFR, 
developed due to these disadvantages, improved the practices, con-
formity, and quality of life for persons needing transfusions. The 
DFP is able to direct and push iron from tissues to the circulation, 
and the iron in circulation binds with DFO, which is then excreted via 
the kidneys. Widely referred to as the “shuttle hypothesis,” this che-
lator combination also manages to eliminate the labile iron pool and 
decrease the level of labile plasma iron.30,31 The quality of chelation 
therapy is directly related to life expectancy. Inadequate adherence to 
treatment increases the risk of complications and shortens survival. 
Measurement of serial serum ferritin is useful for close and frequent 
monitoring to show changes in iron burden and determine current 
treatment needs. In the case of increased ferritin levels, dosage may 
be lowered and the choice of chelator may be better adapted to pa-
tient preference.32

When we examined the patient group by categorizing them into 2 
groups, those taking chelation therapy and those that do not, it was de-
termined that disulfide, D/NT, and D/TT levels were higher in both pa-
tient groups than the control group. The NT and TT levels, on the other 
hand, were significantly lower in the chelation− group than the chela-
tion+ and control groups. We believe that these results support the hy-
pothesis that regular chelation therapy reduces OS in those with β-TM. 
Our study is the first in the literature to test this hypothesis by measur-
ing the TDH in children with β-TM.

Ischemia-modified albumin is produced by ROS that occurs as 
a result of ischemic attacks. A  recent and sensitive marker, IMA is 
used for ischemia and OS to determine several conditions.33–35 Some 
studies with adults showed an increase in IMA levels in patients with 
chronic kidney failure and β-TM.5,36 Although Topal et  al12 found 
a similar level of IMA in the control group in their study in which 
they examined children with iron deficiency anemia, Mengen et al17 
reported that IMA levels increased in children with obesity. In our 
study, IMA levels were significantly higher in the chelation+ and che-
lation−  groups than in  the control group. Performed to further ex-

TABLE 1.  Demographics and Laboratory Characteristics 
Among Study Participantsa

Parameters 
Study Group  

(n = 46) 
Control Group  

(n = 35) 
P Value 

Age, months 34 (2–252) 100 (13–205) .554b

Female/Male 27/19 19/16 .432c

Hemoglobin (g/dL) 9.27 ± 1.61 12.78 ± 0.64 <.001d

Hematocrit (%) 27.36 ± 2.45 38.78 ± 5.54 <.001d

MCV (µg/dL) 79.04 ± 9.46 82.11 ± 4.51 .058d

RDW (%) 17.65 ± 5.07 16.26 ± 4.58 .677d

Serum iron (µg/dL) 226.12 ± 63.38 114.89 ± 36.03 <.001d

TIBC 271 (17–1022) 245 (152–333) .154b

Ferritin (nmol/L) 1333 (115–4012) 54 (8–2029) <.001b

Vitamin B
12

 (ng/L) 358 ± 132 336 ± 123 .461d

Folic acid (ng/mL) 9.82 (2.30–39.68) 10.70  
(3.20–96.40)

.117b

Vitamin D (µg/L) 22.50 (4.52–50.00) 14.55  
(4.70–27.40)

.002b

AST (U/L) 29 (8–52) 24 (11–51) .240b

ALT (U/L) 19 (4–78) 13 (8–232) .139b

TSH (µlU/L) 3.12 ± 1.65 2.60 ± 0.94 .118d

fT4 (ng/dL) 1.19 ± 0.20 1.26 ± 0.39 .360d

Albumin (g/dL) 4.58 (1.30–5.24) 4.70 (4.00–5.30) .156b

ALT, alanine aminotransferase; AST, aspartate aminotransferase; fT4, 
free T4; MCV, mean corpuscular volume; RDW, red cell distribution 
width; TIBC, total iron-binding capacity; TSH, thyroid-stimulating  
hormone.
aData are presented as mean ± standard deviation or median (minimum-
maximum values).
bMann-Whitney U test.
cχ2 test.
dIndependent-samples t test.
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amine this situation, the ROC analysis showed that IMA levels were 
significantly higher in those with β-TM not taking regular chela-
tion therapy. With 0.736 AUC, IMA had the highest rate among all 
parameters. Similarly, NT and TT levels were found to be low in this 

group. In light of these results, we believe that IMA levels are one of 
the important indicators of OS in β-TM.

Ateş et  al37 reported negative correlations between patient age 
and TDH in their study. Another study reported that OS increases 
with age, leading to TDH imbalance.13 In our study, age (month) has a 
weak positive correlation with NT and TT levels. On the other hand, 
Hb demonstrated weak and moderate positive relationship with TDH 
indicators, and ferritin, vitamin D, and AST values showed a weak neg-
ative relationship.

This study was conducted at a single center with a small group of 
patients. Therefore, the limited sample size for some analyses may not 
have allowed us to draw definitive conclusions. Furthermore, we could 
not examine the relationship between TDH and other OS parameters 
and β-TM. To the best of our knowledge, despite these limitations, our 
study is the first in the literature to evaluate TDH and OS in children 
with a diagnosis of β-TM, especially with its focus on the use of chela-
tion therapy.

Conclusion
Our study shows that the TDH deteriorates and OS increases in child-
ren diagnosed with β-TM. The IMA levels, and hence OS, increased 
even more in children diagnosed with β-TM who did not receive regular 

TABLE 2.  Thiol/Disulfide Hemostasis Parameters Among 
Study Participantsa

Parameters 
Study Group 

(n = 46) 
Control Group 

(n = 35) 
P Value 

Native thiol (µmol/L) 490.57 ± 97.92 532.22 ± 49.48 .048

Total thiol (µmol/L) 532.57 ± 103.60 584.31 ± 50.70 .027

Disulfide (µmol/L) 31.00 ± 4.46 26.04 ± 4.31 <.001

Disulfide/native thiol (%) 5.34 ± 0.77 4.94 ± 0.94 .004

Disulfide/total thiol (%) 4.99 ± 0.64 4.48 ± 0.77 .005

Native thiol/total thiol (%) 92.02 ± 1.29 91.04 ± 1.54 .004

IMA (ABSU) 0.81 ± 0.21 0.73 ± 0.06 .045

ABSU, absorbance units; IMA, ischemia-modified albumin.
aThe values are presented as mean ± standard deviation. Mann-Whitney U 
test was performed. P < .05 was considered significant.

TABLE 3.  Thiol/Disulfide Hemostasis Parameters in the Study Groups and Control Groupa

Parameters Chelation+ (n = 35) Chelation− (n = 11) Control Group (n = 35) P Value 

Native thiol (µmol/L) 508.13 ± 98.18b 434.72 ± 76.60c 532.22 ± 49.48 .002

Total thiol (µmol/L) 551.07 ± 104.20b 473.73 ± 79.84c 584.31 ± 50.70 .001

Disulfide (µmol/L) 30.47 ± 4.75c 31.50 ± 3.05c 26.04 ± 4.31 <.001

Disulfide/native thiol (%) 5.32 ± 0.79c 5.38 ± 0.67c 4.94 ± 0.94 .007

Disulfide/total thiol (%) 4.93 ± 0.66c 5.06 ± 0.56c 4.48 ± 0.77 .007

Native thiol/total thiol (%) 92.13 ± 1.33c 91.67 ± 1.13 91.04 ± 1.54 .007

IMA (ABSU) 0.77 ± 0.20b 0.94 ± 0.21c 0.73 ± 0.06 .002

ABSU, absorbance units; IMA, ischemia-modified albumin.
aThe values are presented as mean ± standard deviation. ANOVA test was performed. P < .05 was considered significant.
bDifferent from the chelation− group
cDifferent from the control group

TABLE 4.  Correlation Between Variables in Patients with β-Thalassemia Major

 Native Thiol Total Thiol Disulfide Disulfide/Native Thiol

Variables r Pa r Pa r Pa r Pa 

Age 0.334 .002 0.323 .003 0.153 .172 −0.174 .119

Hemoglobin 0.308 .005 0.336 .002 0.410 .001 0.109 .332

Hematocrit 0.297 .007 0.323 .003 0.431 .001 0.127 .259

Serum iron 0.097 .429 0.073 .552 −0.197 .107 -0.235 .053

Ferritin −0.129 .267 −0.078 .504 −0.328 .004 −0.210 .068

Vitamin B
12

0.173 .131 0.117 .307 −0.013 .912 −0.010 .934

Folic acid 0.074 .523 0.133 .253 0.025 .828 0.002 .988

Vitamin D −0.006 .959 −0.106 .395 −0.391 .001 −0.352 .004

AST −0.343 .002 −0.315 .005 −0.277 .015 0.003 .980

ALT 0.071 .539 0.135 .242 0.088 .445 0.044 .701

TSH −0.002 .986 −0.027 .827 −0.234 .055 −0.116 .177

fT4 0.040 .743 0.033 .740 −0.089 .468 −0.104 .400

Albumin 0.216 .059 0.042 .717 0.059 .202 0.135 .242

ALT, alanine aminotransferase; AST, aspartate aminotransferase; fT4, free T4; TSH, thyroid-stimulating hormone.
aP < .05 was considered significant.
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chelation therapy. We believe that IMA levels are one of the important 
indicators of OS in β-TM.
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ABSTRACT

Objective: Our aim was to study the use of prostatic exosomal protein 

(PSEP) and prostate-specific antigen (PSA) in diagnosis of prostate-

related diseases.

Methods: A total of 54 cases of acute prostatitis (AP), 72 cases of 

chronic prostatitis (CP), and 36 cases of prostate cancer (PCa) were 

enrolled. Levels of PSEP and PSA were analyzed.

Results: The positive rate and level of PSEP in CP was highest (both 

P < .05). The total PSA (tPSA) level in PCa was the highest (P < .05), 

followed by AP and CP. The free PSA (fPSA) level was lowest in CP 

(P < .05); fPSA/tPSA in AP was the highest (P < .05). The PSEP level in 

type II CP was higher than in type IIIa and type IIIb (both P < .05), and it 

was higher in type IIIa than in type IIIb (P < .05). The tPSA level in type 

IIIb was the lowest in the 3 types (both P < .05). The fPSA/tPSA in type 

IIIb was the highest in the 3 types (P < .05).

Conclusion: The PSEP combined with PSA better distinguishes 

prostate-related diseases.

Prostate-related diseases are diseases with a high incidence in men, and 
clinical diagnosis is generally based on clinical symptoms combined 
with the results of routine examinations such as urine routine, pros-
tatic fluid microscopy, urine bacteriological culture, etc. Due to certain 
limitations and difficulty of diagnosis caused by the inconvenience 
of some inspections or individuals’ intolerance, timely and effective 
targeted treatment in some cases has been missed.1,2 With the increase 

in new diagnostic factors, prostatic exosomal protein (PSEP) has 
been gradually applied clinically as a new indicator of prostate-related 
diseases in recent years, but its diagnostic value requires evaluation. 
In this study, we discuss the levels of PSEP of prostate-specific anti-
gen (PSA) in different prostate diseases and the value in distinguishing 
prostate diseases.

Materials and Methods

Study Subjects
A total of 54 cases of acute prostatitis  (AP), 72 cases of chronic pros-
tatitis  (CP), and 36 cases of prostate  cancer (PCa) in patients admitted 
to the First Affiliated Hospital of Nanjing Medical University from 
August 2018 to October 2019 were included in the study. All study 
subjects had relevant clinical symptoms and underwent auxiliary 
examinations. The diagnosis of prostatitis complied with the diag-
nostic criteria in the Guidelines for the Diagnosis and Treatment of  
Prostatitis. All participants were diagnosed by needle biopsy and pathology. 
Participants diagnosed with AP were aged 28 to 65 years, with an average 
age of 34.4 ± 3.2 years; those diagnosed with CP were aged 31 to 65 years 
with an average age of 37.8 ± 5.5 years; subjects diagnosed with PCa were 
aged 35 to 67  years, with an average age of 39.8 ± 5.6 years. There was 
no significant difference in age among the 3 groups. The study had been 
approved by the First Affiliated Hospital of Nanjing Medical University of 
Medicine Institutional Review Board and the consent was informed.

Methods
Morning urine was centrifuged to take the supernatant for use. 
Fasting blood was centrifuged at 3500  rpm for 5  min to take se-
rum for use. The PSEP detection was done using enzyme-linked im-
munosorbent assay with a commercial kit (Angke). All evaluations 
were performed in strict accordance with the manufacturer’s 
instructions. The PSEP concentration of the sample was calculated 
with a standard curve, which was generated according to different 
concentrations of standard products. The normal reference range 
is ≤1.2 ng/mL. The PSA detection were performed using Roche e602 
electrochemiluminescence and its supporting reagents, and the value 
of free to total PSA (fPSA/tPSA) ratio was calculated automatically. 
The reference ranges of the 2 are ≤4 ng/mL and 0.05 to 0.3 ng/mL, 
respectively.

Statistical Analysis
Quantitative data were expressed as medians ± standard deviation  
(± SD) range. Statistical analysis was operated by using Graphpad 

Prism8 software package. One-way analysis of variance and the least 
significant difference method were used to compare data among dif-
ferent groups.

Results

Levels of PSEP, tPSA, fPSA, and the fPSA/tPSA Ratio
The positive rates of PSEP in the AP group, CP group, and PCa group 
were 51.9% (48/54), 88.9% (64/72) and 25% (9/36), respectively. 
The PSEP levels in CP and AP were significantly higher than those in 
PCa (both P < .05), and the PSEP level in CP was higher than that in 
AP as well (P < .05). The tPSA level in PCa was significantly higher 
than that in the CP and AP groups (both P < .05), and tPSA level 
in the AP group was significantly higher than that in CP (P < .05); 
fPSA in the CP group was significantly lower than that in the PCa 
and AP groups (P < .05),but there was no significant difference be-
tween PCa and AP groups; fPSA/tPSA in the PCa and CP groups was 
significantly lower than in the AP group (P < .05), but there was no 
difference between the PCa and CP groups. Results are shown in  
TABLE 1.

Levels of PSEP, tPSA, fPSA, and fPSA/tPSA in Different 
Types of CP
According to the classification criteria of the National Institutes of 
Health, CP was divided into type II (25 cases), type IIIa (31 cases), 
and type IIIb (16 cases), and the positive rates of the 3 were 88.0% 
(21/25), 90.3% (28/31), and 93.8% (14/16), respectively. The PSEP level 
in type II was significantly higher than that in type IIIa and type IIIb (both 
P < .05), and the PSEP level in type IIIa was significantly higher than 
that in type IIIb (P < .05). The tPSA level in type IIIb was significantly 
lower than that in type II and type IIIa (P < .05). The fPSA level showed 
no significant difference among 3 types. The fPSA/tPSA was signifi-
cantly higher in type IIIb than in type II and type IIIa (P < .05), but there 
was no significant difference between the latter 2. Results are shown in  
TABLE 2.

Discussion
Prostate disease is a common disease in men around the world. The 
diagnosis generally is made based on clinical symptoms and results of 
tests such as prostate fluid examination, culture, and urine routine, 
etc. However, a considerable part of the examinations typically cause 
discomfort to individuals, making it difficult to undergo them. More-
over, some tests lack specificity and are easily affected by a variety of 

TABLE 1. Levels of PSEP, tPSA, fPSA, and fPSA/tPSA in Different Prostate-Related Diseases

 Acute Prostatitis Group (n = 54) Chronic Prostatitis Group (n = 72) Prostate Cancer Group (n = 36) 

PSEP 2.69 ± 0.34 5.44 ± 0.72a,b 0.74 ± 0.31b

tPSA 6.47 ± 2.80 3.23 ± 0.56a,b 11.42 ± 2.47b

fPSA 3.53 ± 1.24 1.04 ± 0.48a,b 3.56 ± 1.22

fPSA/t PSA 0.46 ± 0.17 0.33 ± 0.07b 0.30 ± 0.06b

fPSA, free PSA; PSA, prostate specific antigen; PSEP, prostatic exosomal protein; tPSA, total PSA.
aCompared with the prostate cancer group, P < .05.
bCompared with the acute prostatitis group, P < .05. 
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ABSTRACT

Objective: Our aim was to study the use of prostatic exosomal protein 

(PSEP) and prostate-specific antigen (PSA) in diagnosis of prostate-

related diseases.

Methods: A total of 54 cases of acute prostatitis (AP), 72 cases of 

chronic prostatitis (CP), and 36 cases of prostate cancer (PCa) were 

enrolled. Levels of PSEP and PSA were analyzed.

Results: The positive rate and level of PSEP in CP was highest (both 

P < .05). The total PSA (tPSA) level in PCa was the highest (P < .05), 

followed by AP and CP. The free PSA (fPSA) level was lowest in CP 

(P < .05); fPSA/tPSA in AP was the highest (P < .05). The PSEP level in 

type II CP was higher than in type IIIa and type IIIb (both P < .05), and it 

was higher in type IIIa than in type IIIb (P < .05). The tPSA level in type 

IIIb was the lowest in the 3 types (both P < .05). The fPSA/tPSA in type 

IIIb was the highest in the 3 types (P < .05).

Conclusion: The PSEP combined with PSA better distinguishes 

prostate-related diseases.

Prostate-related diseases are diseases with a high incidence in men, and 
clinical diagnosis is generally based on clinical symptoms combined 
with the results of routine examinations such as urine routine, pros-
tatic fluid microscopy, urine bacteriological culture, etc. Due to certain 
limitations and difficulty of diagnosis caused by the inconvenience 
of some inspections or individuals’ intolerance, timely and effective 
targeted treatment in some cases has been missed.1,2 With the increase 

in new diagnostic factors, prostatic exosomal protein (PSEP) has 
been gradually applied clinically as a new indicator of prostate-related 
diseases in recent years, but its diagnostic value requires evaluation. 
In this study, we discuss the levels of PSEP of prostate-specific anti-
gen (PSA) in different prostate diseases and the value in distinguishing 
prostate diseases.

Materials and Methods

Study Subjects
A total of 54 cases of acute prostatitis  (AP), 72 cases of chronic pros-
tatitis  (CP), and 36 cases of prostate  cancer (PCa) in patients admitted 
to the First Affiliated Hospital of Nanjing Medical University from 
August 2018 to October 2019 were included in the study. All study 
subjects had relevant clinical symptoms and underwent auxiliary 
examinations. The diagnosis of prostatitis complied with the diag-
nostic criteria in the Guidelines for the Diagnosis and Treatment of  
Prostatitis. All participants were diagnosed by needle biopsy and pathology. 
Participants diagnosed with AP were aged 28 to 65 years, with an average 
age of 34.4 ± 3.2 years; those diagnosed with CP were aged 31 to 65 years 
with an average age of 37.8 ± 5.5 years; subjects diagnosed with PCa were 
aged 35 to 67  years, with an average age of 39.8 ± 5.6 years. There was 
no significant difference in age among the 3 groups. The study had been 
approved by the First Affiliated Hospital of Nanjing Medical University of 
Medicine Institutional Review Board and the consent was informed.

Methods
Morning urine was centrifuged to take the supernatant for use. 
Fasting blood was centrifuged at 3500  rpm for 5  min to take se-
rum for use. The PSEP detection was done using enzyme-linked im-
munosorbent assay with a commercial kit (Angke). All evaluations 
were performed in strict accordance with the manufacturer’s 
instructions. The PSEP concentration of the sample was calculated 
with a standard curve, which was generated according to different 
concentrations of standard products. The normal reference range 
is ≤1.2 ng/mL. The PSA detection were performed using Roche e602 
electrochemiluminescence and its supporting reagents, and the value 
of free to total PSA (fPSA/tPSA) ratio was calculated automatically. 
The reference ranges of the 2 are ≤4 ng/mL and 0.05 to 0.3 ng/mL, 
respectively.

Statistical Analysis
Quantitative data were expressed as medians ± standard deviation  
(± SD) range. Statistical analysis was operated by using Graphpad 

Prism8 software package. One-way analysis of variance and the least 
significant difference method were used to compare data among dif-
ferent groups.

Results

Levels of PSEP, tPSA, fPSA, and the fPSA/tPSA Ratio
The positive rates of PSEP in the AP group, CP group, and PCa group 
were 51.9% (48/54), 88.9% (64/72) and 25% (9/36), respectively. 
The PSEP levels in CP and AP were significantly higher than those in 
PCa (both P < .05), and the PSEP level in CP was higher than that in 
AP as well (P < .05). The tPSA level in PCa was significantly higher 
than that in the CP and AP groups (both P < .05), and tPSA level 
in the AP group was significantly higher than that in CP (P < .05); 
fPSA in the CP group was significantly lower than that in the PCa 
and AP groups (P < .05),but there was no significant difference be-
tween PCa and AP groups; fPSA/tPSA in the PCa and CP groups was 
significantly lower than in the AP group (P < .05), but there was no 
difference between the PCa and CP groups. Results are shown in  
TABLE 1.

Levels of PSEP, tPSA, fPSA, and fPSA/tPSA in Different 
Types of CP
According to the classification criteria of the National Institutes of 
Health, CP was divided into type II (25 cases), type IIIa (31 cases), 
and type IIIb (16 cases), and the positive rates of the 3 were 88.0% 
(21/25), 90.3% (28/31), and 93.8% (14/16), respectively. The PSEP level 
in type II was significantly higher than that in type IIIa and type IIIb (both 
P < .05), and the PSEP level in type IIIa was significantly higher than 
that in type IIIb (P < .05). The tPSA level in type IIIb was significantly 
lower than that in type II and type IIIa (P < .05). The fPSA level showed 
no significant difference among 3 types. The fPSA/tPSA was signifi-
cantly higher in type IIIb than in type II and type IIIa (P < .05), but there 
was no significant difference between the latter 2. Results are shown in  
TABLE 2.

Discussion
Prostate disease is a common disease in men around the world. The 
diagnosis generally is made based on clinical symptoms and results of 
tests such as prostate fluid examination, culture, and urine routine, 
etc. However, a considerable part of the examinations typically cause 
discomfort to individuals, making it difficult to undergo them. More-
over, some tests lack specificity and are easily affected by a variety of 

factors, so it is necessary to explore suitable noninvasive markers in 
the clinic.

PSA belongs to a kind of prostate tissue-specific marker that is 
synthesized by prostate epithelial cells, including free and bound forms. 
In addition to tumor lesions, studies have also shown that PSA in pe-
ripheral blood abnormally increases when prostate tissue is inflamed, so 
there may be limitations in distinguishing prostate inflammation from 
tumors using PSA only. The prostate corpuscle is a kind of vesicle secreted 
by prostate epithelial cells that secrete PSEP. The PSEP level as an indica-
tor of prostatitis is a method that has been applied in the clinic in recent 
years. Stimulation of prostate tissue in an inflammation state can induce 
increased production of prostatic corpuscles followed by increased secre-
tion of PSEP, which enter the male genitourinary tract and ultimately ap-
pear in the urine.3 Therefore, the degree of inflammation in prostatitis 
can be reflected by the levels of PSEP in urine.4 This study explored the 
value of PSEP and PSA in the diagnosis of prostate-related diseases. It 
was found that the positive rate of PSEP in CP was as high as 88.9%, 
which was significantly higher than that in AP and PCa, and the level was 
also significantly higher than the latter two as well. The PSEP level in PCa 
was the lowest. The tPSA level in PCa was significantly higher than that 
in AP and CP, whereas CP had the lowest tPSA level. The fPSA level in CP 
was lower than that in AP and PCa, but there was no difference between 
AP and PCa. In the different types of CP, the PSEP level in type II was the 
highest, which can be 5 times higher than the upper limit of the refer-
ence, which may be related to type II inflammation caused by bacterial 
infection. The tPSA level in type IIIb was the lowest, but the fPSA among 
the 3 groups showed no difference. The value of the fPSA/tPSA ratio was 
significantly higher in type IIIb than in type II and type IIIa. Therefore, 
the types of CP can be distinguished when PSA was combined with PSEP.

The concentration of PSEP in the normal urine of men is ex-
tremely low,5 and reports have shown that the content of PSEP in 
the urine of men with CP will increase with the increased release of 
prostatic corpuscles in the reproductive channel due to the release 
of  various chemokines and the permeability changes of prostate 
duct epithelial cells caused by inflammation progression.6 In addi-
tion, PSEP will also significantly increase when PCa is accompanied 
by inflammation, although the level will not significantly change 
compared with the male population without inflammation.7  
Therefore, changes in the level of PSEP can also be observed in the 
diagnosis of PCa, allowing clinicians to distinguish the disease and 
provide appropriate treatment.

Conclusion
The combination of PSEP and PSA can be used to discriminate pros-
tatic inflammation from PCa. Further, examination of urine PSEP 

TABLE 1. Levels of PSEP, tPSA, fPSA, and fPSA/tPSA in Different Prostate-Related Diseases

 Acute Prostatitis Group (n = 54) Chronic Prostatitis Group (n = 72) Prostate Cancer Group (n = 36) 

PSEP 2.69 ± 0.34 5.44 ± 0.72a,b 0.74 ± 0.31b

tPSA 6.47 ± 2.80 3.23 ± 0.56a,b 11.42 ± 2.47b

fPSA 3.53 ± 1.24 1.04 ± 0.48a,b 3.56 ± 1.22

fPSA/t PSA 0.46 ± 0.17 0.33 ± 0.07b 0.30 ± 0.06b

fPSA, free PSA; PSA, prostate specific antigen; PSEP, prostatic exosomal protein; tPSA, total PSA.
aCompared with the prostate cancer group, P < .05.
bCompared with the acute prostatitis group, P < .05. 
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using PSA as a simple, noninvasive operation provides a method in 
distinguishing prostate-related diseases,8,9 which is worthy of clinical 
application.
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Different Types of Chronic Prostatitis

 Type II (n = 25) Type IIIa (n = 31) Type IIIb (n = 16) 

PSEP 6.57 ± 0.99 5.65 ± 0.48a 3.26 ± 0.76a,b

tPSA 3.26 ± 1.14 3.43 ± 0.84 2.12 ± 0.89a

fPSA 1.21 ± 0.05 1.56 ± 0.27 1.32 ± 0.14

fPSA/t PSA 0.39 ± 0.06 0.42 ± 0.09 0.66 ± 0.12a

fPSA, free PSA; PSA, prostate-specific antigen; PSEP, prostatic exosomal 
protein; tPSA, total PSA.  
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CASE STUDY
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ABSTRACT

In developing nations, limitations in diagnostic facilities act as a barrier 

for differentiation of hemolytic uremic syndrome (HUS) based on the 

etiology. A sick-looking 18-month-old boy presented to our hospital 

in Bhubaneswar, India, with clinical signs and symptoms of left lobar 

pneumonia, abnormal hematological and renal parameters, no growth 

in blood culture, a negative direct antiglobulin test (DAT) result, and 

low complement levels. A rapid deterioration in his clinical condition 

necessitated intensive care support, blood transfusion, and renal re-

placement therapy (peritoneal dialysis and hemodialysis). Because 

his health  care team suspected atypical HUS, therapeutic plasma 

exchange (TPE) was initiated as soon as possible. In the absence of 

a lectin panel, minor cross-matching confirmed T-antigen exposure. 

With a diagnosis of HUS induced by Streptococcus pneumoniae (sp-

HUS), TPE was stopped immediately, and washed blood components 

were administered. Despite the aforementioned measures, the boy 

died of HUS on day 20 after presentation. This case emphasized the 

role of minor cross-matching in the detecting of polyagglutination in 

resolving the diagnostic dilemma of sp-HUS.

Hemolytic uremic syndrome (HUS) and thrombotic thrombocytopenic 
purpura (TTP) often present a diagnostic dilemma to clinicians due 
to the overlapping clinical features of these conditions. The European 
Paediatric Research Group for HUS has classified HUS arbitrarily based 
on etiology (class 1)  and clinical associations with unknown etiology 
(class 2).1 Accurate diagnosis based on etiology is important in devel-
oping rational approaches to treatment and prognosis. The presence of 
thrombotic microangiopathic hemolytic anemia, thrombocytopenia, 
and acute renal failure is characteristic of HUS. Further evaluation in 
the form of blood culture, stool culture, chest X-ray, direct antiglobulin 
test (DAT), and estimation of serum complements factor H and I and C3 
level are required for differentiation of HUS based on etiology. 

Infection associated with HUS is the major cause of HUS in the 
pediatric age group, mostly due to verocytotoxin.1 HUS induced by 
Streptococcus pneumoniae infections (sp-HUS) is a distinctive disor-
der characterized by Thomsen-Friedenreich antigen (T-Ag) expression 
and is associated with increased mortality. A  report from the United 
Kingdom2 has reported a significant decrease in its incidence with the 
introduction of 13-valent conjugated pneumococcal vaccine (PCV-13) in 
the infant immunization schedule.

The burden of HUS in India is unclear because of the limited access 
to diagnostic and therapeutic facilities in that country. A  consensus 
guideline was developed in India for diagnosis and management of HUS 
in 2019.3 Herein, we report the role of the immunohematological (IH) 
workup in evaluating a case of apparent sp-HUS with negative blood cul-
ture requiring transfusion support.

Patient History
An 18-month-old boy, born to nonconsanguineous parents, was 
presented to a local physician with the chief complaints of fever,  
tachypnea, and cough for the past 6  days. After experiencing no im-
provement in his symptoms despite the treatment he  received, which 
included oral antibiotics and other supportive measures, the child was 
referred to our institute. At admission, he was conscious, sick-looking, 

15_LABMED_lmac092.indd   21515_LABMED_lmac092.indd   215 23-Feb-23   18:15:5823-Feb-23   18:15:58

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/215/6702779 by guest on 23 February 2025



2023;54;215–219  |  https://doi.org/10.1093/labmed/lmac092216

IH Workup and Transfusion Support
Blood grouping was performed by column agglutination testing (CAT) using 
a gel card; the blood type of the patient was determined to be A-positive, 
without any mismatch between forward and reverse grouping. A weak posi-
tive result was found via DAT. Monospecific DAT using IgG and C3d antisera 
was performed via conventional test tube technique; the results were nega-
tive. We perceived no evidence of auto-/allo-antibodies. 

The RBCs of the patient were cross-matched with plasma from the 
A  and AB groups from adult and umbilical  cord  blood specimens at 
room temperature. The presence of agglutination with adult serum and 
absence of agglutination with the cord  blood specimen and with auto-
antibody serum suggested the presence of polyagglutination (T-Ag ac-
tivation), as shown in FIGURE 3. The RBCs of the patient were tested 
against the available lectins (Dolichos biflorus and Ulex europaeus) and 
yielded a positive (4+) reaction. A positive DAT result, along with the pres-
ence of polyagglutination and other features, was suggestive of sp-HUS. 
Washed  blood  component therapy was advised to remove the plasma 
proteins because of polyagglutination.

The repeat sepsis screening result was positive. Despite all support-
ive measures, the toddler developed disseminated intravascular coagula-
tion (DIC) and shock, and he died of sp-HUS on day 20 after admission.

Discussion
sp-HUS is a rare disease and remains an underdiagnosed complica-
tion of invasive pneumococcal disease (IPD). Although more than 200 

and in respiratory distress. Clinical examination revealed pallor and 
generalized edema with periorbital puffiness. Systemic examination re-
vealed crepitations on the left side of the chest. Abdominal examination 
showed an enlarged liver, with a liver span of 12 cm.

There was no history of gastroenteritis or similar illness in the re-
cent past, nor any known history of similar illness in the family. After 
sending the results of relevant investigations, empirically intravenous 
amoxycillin clavulanic acid, nebulization with levosalbutamol, and other 
forms of supportive management were started.

Clinical and Laboratory Information
The results of initial investigations on admission showed anemia, 
thrombocytopenia, the presence of schistocytes in the peripheral blood 
smear, abnormal renal parameters, and raised levels of C-reactive pro-
tein (CRP). There had been no culture report before hospital admission, 
and no growth was noted in blood culture as assayed in this hospital. 
Hence, the antimicrobial susceptibility testing (AST) results could not 
be ascertained. The results of tests for malaria antigen and IgM antibody 
of scrub typhus were negative. Chest X-ray showed bilateral opacities 
and white-out appearance of the left lower lobe of the lung. DAT results 

were negative. Changes in hematological and renal parameters through-
out the period of hospitalization are depicted in FIGURE 1. 

The patient was shifted to the pediatric ICU (PICU) because of 
deteriorating arterial blood-gas levels and multisystem involvement, 
with a provisional diagnosis of atypical hemolytic uremic syndrome 
(aHUS). Subsequent clinical features and the results of clinical manage-
ment (injected doxycycline, injected piperacillin, and IV tazobactam) 
during hospitalization are shown in the timeline graph in FIGURE 2.

Management of the patient in the PICU included peritoneal dialy-
sis, hemodialysis (dialysis equipment malfunction [tubing block]), ther-
apeutic plasma exchange (TPE) using fresh frozen plasma (FFP) instead 
of 5% albumin as replacement fluid, injected methyl prednisolone, and 
transfusion support with 1 unit of RBCs and 2 units of whole-blood–
derived platelets (WBDPs). The condition of the toddler deteriorated 
further as he developed parapneumonic effusion, for which intercos-
tal drainage was required. On day 7 after admission, the patient tested  
positive for urinary C-polysaccharide antigen of Streptococcus 
pneumoniae, via rapid immunochromatographic testing (ICT). This find-
ing, along with the aforementioned features of HUS, raised the suspi-
cion of sp-HUS. As a result, an IH workup was performed.

FIGURE 1. Line graph showing hematological (A) and renal (B) parameters for the patient, an 18-month-old boy, during the 
hospitalization period. Hb, hemoglobin; Sr, serum; TPC, total platelet count.
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IH Workup and Transfusion Support
Blood grouping was performed by column agglutination testing (CAT) using 
a gel card; the blood type of the patient was determined to be A-positive, 
without any mismatch between forward and reverse grouping. A weak posi-
tive result was found via DAT. Monospecific DAT using IgG and C3d antisera 
was performed via conventional test tube technique; the results were nega-
tive. We perceived no evidence of auto-/allo-antibodies. 

The RBCs of the patient were cross-matched with plasma from the 
A  and AB groups from adult and umbilical  cord  blood specimens at 
room temperature. The presence of agglutination with adult serum and 
absence of agglutination with the cord  blood specimen and with auto-
antibody serum suggested the presence of polyagglutination (T-Ag ac-
tivation), as shown in FIGURE 3. The RBCs of the patient were tested 
against the available lectins (Dolichos biflorus and Ulex europaeus) and 
yielded a positive (4+) reaction. A positive DAT result, along with the pres-
ence of polyagglutination and other features, was suggestive of sp-HUS. 
Washed  blood  component therapy was advised to remove the plasma 
proteins because of polyagglutination.

The repeat sepsis screening result was positive. Despite all support-
ive measures, the toddler developed disseminated intravascular coagula-
tion (DIC) and shock, and he died of sp-HUS on day 20 after admission.

Discussion
sp-HUS is a rare disease and remains an underdiagnosed complica-
tion of invasive pneumococcal disease (IPD). Although more than 200 

sp-HUS cases have been reported in the literature, diagnosis of this 
central complication remains challenging.2,4 sp-HUS has been classi-
fied into the following categories: definite, probable, and possible.4 
In this case, the presence of HUS, DIC, invasive S pneumoniae infec-
tion, and T-Ag activation puts the diagnosis of sp-HUS into the probable 
 category. The key pathogenesis occurs due to the exposure of cryptic 

FIGURE 2. Timeline of the condition of our patient, an 18-month-old boy, during the hospitalization period. aHUS, 
atypical hemolytic uremic syndrome; C3, complement 3; DAT, direct antiglobulin testing; DIC, disseminated intravascular 
coagulation; ET, endotracheal; Hb, hemoglobin; MAHA, microangiopathic hemolytic anemia; PICU, pediatric ICU; PRBCs, 
packed RBCs; RDP, random donor platelets; sp-HUS, HUS induced by Streptococcus pneumoniae; TPC, total platelet count; 
T-Ag, Thomsen-Friedenreich antigen; ?, suspected.
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FIGURE 3. Findings from immunohematological workup 
for polyagglutination. DAT, direct antiglobulin test; T-Ag, 
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were negative. Changes in hematological and renal parameters through-
out the period of hospitalization are depicted in FIGURE 1. 

The patient was shifted to the pediatric ICU (PICU) because of 
deteriorating arterial blood-gas levels and multisystem involvement, 
with a provisional diagnosis of atypical hemolytic uremic syndrome 
(aHUS). Subsequent clinical features and the results of clinical manage-
ment (injected doxycycline, injected piperacillin, and IV tazobactam) 
during hospitalization are shown in the timeline graph in FIGURE 2.

Management of the patient in the PICU included peritoneal dialy-
sis, hemodialysis (dialysis equipment malfunction [tubing block]), ther-
apeutic plasma exchange (TPE) using fresh frozen plasma (FFP) instead 
of 5% albumin as replacement fluid, injected methyl prednisolone, and 
transfusion support with 1 unit of RBCs and 2 units of whole-blood–
derived platelets (WBDPs). The condition of the toddler deteriorated 
further as he developed parapneumonic effusion, for which intercos-
tal drainage was required. On day 7 after admission, the patient tested  
positive for urinary C-polysaccharide antigen of Streptococcus 
pneumoniae, via rapid immunochromatographic testing (ICT). This find-
ing, along with the aforementioned features of HUS, raised the suspi-
cion of sp-HUS. As a result, an IH workup was performed.
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T-Ag present on the erythrocytes, platelets, and renal endothelium 
by the neuraminidase-producing S  pneumoniae serotypes.5 A  heavy 
bacterial load leads to S  pneumoniae infiltration of the lung, pleural 
space, or subarachnoid space, with the development of sp-HUS. T-Ag 
is also present on the hepatocytes, which leads to transient hepatic 
dysfunction.

Definite diagnosis of IPD is made by isolating the organism from 
blood culture. The rate of culture positivity is approximately 3% to 8% 
in adults and even lower in children. Many factors are responsible for 
the low positivity rate, including previous administration of antibiotics; 
intermittent bloodstream invasion by pneumococcus; and the release of 
autolysins leading to cell death, which make bacterial growth difficult.6 
Previous antimicrobial therapy could have been the cause of culture-
negative results in our patient, thus delaying the diagnosis of IPD. Rapid 
ICT, developed to detect the C-polysaccharide cell  wall antigen in the 
urine of patients with IPD, has revived interest among scientists in Ag-
detection methods for an early diagnosis with good sensitivity and spec-
ificity.7

Per recent guidelines, confirmation of T-Ag activation has been in-
cluded in the definite diagnosis of sp-HUS. However, approximately 50% 
of the children with IPD who do not have HUS were found to have T-Ag, 
but T-Ag is not detected in all children with HUS.8 It is suggested that 
DAT, polyagglutination testing, and peanut  lectin agglutination assay 
can identify T-Ag.4,5 

DAT is simple, and the positive DAT result yielded in our investi-
gation suggests complement-mediated sensitization of RBCs (T-Ag) by 
the IgM type of anti-T antibody. However, DAT positivity is not spe-
cific for sp-HUS, and the rate of positivity varies from 60% to 90% 
among the sp-HUS cases.4 In our case, DAT was negative on the day 
of admission but came to be weakly positive on day 7, as discovered 
during the IH workup. 

Although guidelines recommend a peanut lectin agglutination assay 
for definite diagnosis, its unavailability causes undue delay in diagno-
sis. Moreover, in-house preparation of lectin is time-consuming, la-
bor-intensive, and has the disadvantage of a lack of standardization. In 
the absence of peanut lectin agglutination assay, the use of polyclonal 
antisera (human serum) or minor cross-matching could simply detect 
T-Ag activation.9 Minor cross-matching with adult human serum and 
cord serum could have helped us to derive an earlier diagnosis and could 
have prevented us from transfusing unwashed blood components and 
undertaking plasma infusion during the plasmapheresis, both of which 
might have worsened the disease progression.

The CDC recommends PCV13 for all infants as a series of 4 
doses given at ages 2 months, 4 months, 6 months, and 12 through 
15  months, to reduce invasive pneumococcal infections and other 
pneumococcal infections worldwide.2 Although pneumonia accounts 
for a major proportion of mortality in children younger than 5 years in 
India (17.1%), only the vaccine that protects against pneumonia due 
to Haemophilus influenzae type B is covered by the universal immuniza-
tion program (UIP). Conjugated pneumococcal vaccine is available only 
in 5 states per the UIP and is optional in the other 23 states, including 
ours. The high cost of this vaccine also acts as a barrier to low-income 
families. In this case, our patient was unvaccinated, making him prone 
to IPD.

In this case, low complement (C3) level and no growth in blood cul-
ture pointed towards atypical HUS. TPE was initiated at the earliest pos-
sible time with FFP as replacement fluid instead of albumin because of 

cost constraints. sp-HUS can also present with low complement levels 
(C3 and/or C4) due to complement dysregulation.10 

In our patient, it is unclear whether a genetic defect in the complement sys-
tem of the host or an acquired complement defect secondary to pneumococcal 
infection contributed to the development of sp-HUS. As soon as the diagnosis 
of sp-HUS was made, plasmapheresis was deferred due to insufficient evidence 
for this form of treatment, which is labeled as category III per the American 
Society for Apheresis (ASFA) guidelines.11 Washed blood components were ad-
vised, to avoid further anti-T–mediated hemolysis.4 Some reports, such as one 
by Spinale et al,5 suggest a beneficial effect with TPE to reduce the anti-T anti-
body and neuraminidase with albumin or low titer anti-T antibody–containing 
plasma as the replacement fluid. A transient improvement in the renal and he-
matological parameters of our patient was observed after initiation of TPE. The 
role of TPE in sp-HUS could not be ascertained due to the lack of randomized 
control trials and merits further evaluation.

Patients with sp-HUS are very sick at presentation and require 
treatment in the PICU for a median duration of 19  days; half of all 
patients with this condition require mechanical ventilation for a me-
dian duration of 6.6  days. Two-thirds of patients with sp-HUS un-
dergo invasive procedures such as tube insertion into the chest,  
lobectomy/pneumonectomy, or thoracoscopic surgical procedures. More 
than half of the patients with sp-HUS undergo renal replacement ther-
apy and washed component therapy, to treat their greater degree and 
longer duration (since presentation) of oligoanuria, anemia, and throm-
bocytopenia.12 Our patient had early PICU admission, was supported 
with renal  replacement therapy and mechanical ventilation, and re-
quired a chest tube placement for the duration of his hospital stay. 

A high mortality rate is observed in sp-HUS complicated with 
pneumococcal meningitis, rather than with isolated pneumonia.4 
Advancements in critical care and early diagnosis have resulted 
in a decline in the mortality rate. Nonlytic antimicrobial therapy 
(quinolones and macrolides) in patients with IPD is recommended by 
the Infectious Diseases Society of America (IDSA) and the  American 
Thoracic Society (ATS), although occasionally, it is used in combina-
tion with lytic regimens (such as β-lactamase). Multidrug resistance 
in half of the isolates of patients with IPD, and the presence of DIC 
along with HUS, makes the disease progression and treatment more 
complicated and increases the mortality risk. In our patient, delayed 
diagnosis of sp-HUS and development of DIC could have been the 
reasons for his death.

IH workup employing minor cross-matching in case of a diagnostic 
dilemma helps to detect polyagglutination and can aid in the differen-
tiation of HUS based on etiology. Universal vaccination when feasible 
and early diagnosis can result in better disease management, with avoid-
ance of FFP and administration of washed blood components to prevent 
anti-T antibody-mediated complications of HUS.
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ABSTRACT

Coronavirus disease 2019 is a serious threat to human life, and early 

diagnosis and screening can help control the COVID-19 pandemic. The 

high sensitivity of reverse transcriptase–polymerase chain reaction (RT-

PCR) assay is the gold standard for the diagnosis of COVID-19, but there 

are still some false-negative results. Rapid antigen detection (RAD) is 

recommended by the World Health Organization (WHO) as a screening 

method for COVID-19. This review analyzed the characteristics of RDT 

and found that although the overall sensitivity of RAD was not as high as 

that of RT-PCR, but RAD was more sensitive in COVID-19 patients within 

5 days of the onset of symptoms and in COVID-19 patients with Ct ≤ 25. 

Therefore, RAD can be used as an adjunct to RT-PCR for screening 

patients with early COVID-19. Finally, this review provides a combined 

diagnostic protocol for RAD and nucleic acid testing with the aim of pro-

viding a feasible approach for COVID-19 screening.

As of March 6, 2022, more than 433 million confirmed cases and more 
than 5.9 million deaths have been reported worldwide for COVID-19 
caused by SARS-CoV-2.1 The spread of COVID-19 can be effectively 
controlled by extensive screening, close contact tracing, and isolation 

of infected individuals. Currently, the nucleic acid amplification test 
(NAAT) is still the gold standard for COVID-19 diagnosis, and RT-PCR 
is mostly used2; however, NAAT has some disadvantages, such as strict 
testing environment, high personnel and technical requirements, ex-
pensive instruments and reagents, and long testing time, etc. Moreover, 
NAAT has false negatives and false positives, which may lead to a cer-
tain probability of wrong and missed tests. The World Health Organ-
ization (WHO) and some countries have issued guidelines for the use 
of rapid antigen detection (RAD).3–5 The RAD is relatively simple and 
inexpensive to perform, can be performed without trained specialists 
or specialized instruments, and can report and interpret results in less 
than 30 minutes. However, RAD also has shortcomings, such as lower 
sensitivity. Therefore, either method alone cannot simultaneously max-
imize the accuracy or efficiency or minimize the cost of SARS-CoV-2 
detection. The RAD, if used as an adjunct to COVID-19 diagnosis, will 
contribute to the accurate diagnosis of COVID-19 in combination with 
NAAT methods and play a crucial role in the control of the COVID-19 
pandemic. This review analyzes the characteristics of RAD and RT-PCR 
testing and provides a combined testing protocol intending to provide a 
feasible method for COVID-19 screening in different populations.

Nucleic Acid Testing
About two-thirds of the 5’-terminal of the SARS-CoV-2 genome is com-
posed of overlapping open reading frames (ORFs) ORF1a and ORF1b, 
which are mainly responsible for encoding nonstructural proteins such 
as enzymes related to viral replication and transcription. The other one-
third of the genome encodes major structural proteins such as spike (S) 
protein, envelope (E) membrane protein, membrane protein, and nucle-
ocapsid (N) protein. The structural proteins determine the replication, 
stability, and invasiveness of the virus.6 The S protein on the surface of 
SARS-CoV-2 specifically recognizes the angiotensin-converting enzyme 
2 receptor on the host cell membrane and mediates the binding of the 
virus to the host cell membrane. The SARS-CoV-2 stimulates the body’s 
defense system during viral replication, amplification, and release. Per-
sons with COVID-19 fight the virus through autoimmune function and 
adjuvant therapy against inflammation.7 However, an over-activated in-
flammatory response and cytokine storm may trigger viral pneumonia. 
There is no specific treatment for COVID-19; therefore, early diagnosis 
and timely prevention are the keys to controlling the outbreak. The gold 
standard for SARS-CoV-2 diagnosis is RT-PCR, the principle of which is 
to monitor the growth of the number of products in real time by specific 
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fluorescent-labeled probes and calculate the initial template amount 
based on the amplification curve. The kits are designed with specific 
primers for the detection of SARS-CoV-2 against the ORF1ab fragment 
and the N gene, and the diagnosis of positive cases requires 2 positive 
targets in the same specimen. A study optimizing the detection of SARS-
CoV-2 suggested the use of PCR targeting the E gene followed by confir-
mation using RNA-dependent RNA polymerase primers in combination 
with SARS-CoV-2-specific probes.8

The number of copy amplification cycles recorded by RT-PCR is the 
cycle threshold (Ct) value, and the critical level for Ct value for RT-PCR 
is generally set at 37 to 40 globally and results greater than the critical 
value are considered negative.9 The Ct value threshold for RT-PCR var-
ies from laboratory to laboratory due to differences in population, geog-
raphy, instrumentation, and reagents. The Ct value is widely used as a 
semi-quantitative indicator of SARS-CoV-2 viral load; a lower Ct value 
corresponds to higher severity of the disease.10 In contrast, asymp-
tomatic infected patients may have higher Ct values leading to false-
negative results.11 Therefore, the sensitivity of RT-PCR in asymptomatic 
infected patients needs to be improved. The RNA count of COVID-19 
pharyngeal virus peaks on the fourth day of symptom onset,12 One 
study found that the false-negative rate of RT-PCR decreased gradually 
to a minimum from the day of infection to the third day of symptom 
onset and then increased gradually on the fourth day of symptom on-
set.13 In addition, RT-PCR assay results are also susceptible to sampling 
site effects, with the following viral loads for different specimen types: 
 alveolar lavage >deep cough sputum  >nasopharyngeal swab >oropha-
ryngeal swab >blood.14 Currently, nasopharyngeal swabs and oropha-
ryngeal swab sampling methods are most common. Therefore, early in 
the patient’s infection, low nasopharyngeal and oropharyngeal viral 
loads lead to an increased likelihood of false-negative RT-PCR results.

The RT-PCR method also has some obvious disadvantages: (i) the 
test requires sophisticated instruments, which are usually expensive and 
limited in number, and the population in need cannot perform point-of-
care testing (POCT) on their own; (ii) testing personnel and the popula-
tion in need must go to a designated location for professional specimen 
collection, which may lead to clustering of infections; (iii) the assay takes 
longer, the experiment itself requires a certain amount of cycle time, 
and in the case of relatively large numbers of samples, the test needs to 
be performed in batches. In addition, patients with the virus may still 
spread the virus while the results are not reported. During the SARS-
CoV-2 pandemic, new variants of the virus have emerged, such as the 
Delta and Omicron variants. The Delta variant is more transmissible, 
has an increased viral load, is more pathogenic, and has a longer dura-
tion of the transmission.15 The Omicron variant was first identified in 
southern Africa in November 2021. The Omicron variant has a greatly 
enhanced immune escape and infectious ability, resulting in the rapid 
global spread of the Omicron variant.16 Due to the emergence of variant 
strains such as these, existing probes may be insensitive, resulting in 
false-negative results. Numerous reports have evaluated nucleotide se-
quence variants in RT-PCR primers and probes that produce mismatches 
and may lead to false-negative results.17

RAD
The WHO recommends RAD that meets the minimum performance 
requirements of ≥ 80% sensitivity and ≥ 97% specificity. Antigen detec-
tion mainly targets the N-protein antigen locus of SARS-COV-2, and the 
overall sensitivity of RAD is lower than RT-PCR, so RAD cannot replace 

RT-PCR as a diagnostic method for COVID-19. However, RAD also has 
certain advantages, such as short detection time and the possibility of 
POCT. Therefore, RAD can be used as an auxiliary method to improve 
the diagnostic efficiency of COVID-19 in combination with RT-PCR. 
Most of the RAD tests are performed using nasopharyngeal swabs, oro-
pharyngeal swabs, or bilateral anterior nasal swabs, and the detection 
methods include both qualitative and quantitative assays. Qualitative 
assays are mainly performed by lateral flow immunoassay (LFIA): 2 
horizontal lines appear on the membrane, 1 in the quality control (QC) 
area and the other in the test area. The color intensity of the horizon-
tal lines in the test area may vary depending on the concentration of 
SARS-CoV-2 antigen in the sample. The presence of a horizontal line in 
both the test and QC areas is considered a positive result, and the pres-
ence of a horizontal line in the QC area only is considered a negative 
result. If no horizontal line appears in the QC area, it is an invalid result. 
Generally, the test result can be determined as negative or positive by 
visual inspection within 15 to 20 minutes, and the test method is easy 
to learn. Quantitative assays mainly use automated antigen detection, 
which requires specific detection instruments and platforms that can 
detect specific antigen content.

LFIA
LFIA Sensitivity and Number of Days to Symptom Onset in 
Persons with COVID-19
Patients with COVID-19 often present with symptoms such as fever, 
cough, and weakness at the beginning of the infection. Many studies 
have performed LFIA tests on patients with COVID-19 at different days 
after the onset of symptoms and tracked the sensitivity of the tests on 
different periods. Various LFIA kits were used to test persons infected 
with SARS-CoV-2 and found that the sensitivity was generally lower 
than that of RT-PCR assays, with the highest sensitivity occurring 
at 1 to 3  days,18,191 to 4  days,201 to 5  days,21,22 and 1 to 7  days.23 As 
shown in FIGURE 1A, the first time-inflection point of the decrease 
in LFIA sensitivity occurred mostly within 5  days of symptom onset, 
the second time inflection point was on day 7 of symptom onset, and 
the third time inflection point was around 11 days after symptom on-
set. The results of the included studies were fitted to a curve showing 
that the sensitivity of LFIA was higher in the first 5 days and decreased 
significantly after 5 days. Therefore, the use of LFIA during this period 
has a high SARS-CoV-2 detection rate and can be used for self-testing 
and mass screening of COVID-19 when the person initially feels unwell; 
however, this method is not suitable for disease surveillance of persons 
with COVID-19 1 week after the onset of symptoms. In addition, a large 
proportion of persons with COVID-19 do not show any symptoms but 
are infectious. Frequent screening for SARS-CoV-2 in asymptomatic 
populations using antigen-based POCT has a very low detection rate 
and a high false-alarm rate.24 Therefore, before using LFIA for COVID-19 
screening, the characteristic distribution of the infected population, the 
accuracy of the LFIA kit, and the variation in sensitivity over time need 
to be carefully evaluated. When using LFIA for COVID-19 screening, it 
is necessary to increase the number of LFIA tests or combine LFIA with 
NAAT tests, especially in asymptomatic people and persons with symp-
tomatic episodes >5 days.

LFIA Sensitivity and Ct Values in Different Ranges of RT-PCR 
in COVID-19 Diagnosis
Ct value is inversely proportional to viral RNA copy number25; a lower Ct 
value means a higher viral load. Subjects with COVID-19 were classified 

17_LABMED_lmac089.indd   3817_LABMED_lmac089.indd   38 23-Feb-23   18:35:5723-Feb-23   18:35:57

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/e37/6650765 by guest on 23 February 2025



e39www.labmedicine.com

and categorized according to Ct values derived from RT-PCR, and subjects 
with different Ct values were tested by LFIA. The study showed that the 
sensitivity of RAD detection varied at different viral loads. The phases with 

higher sensitivity occurred in Ct < 15,26–28 Ct ≤ 18,29,30 Ct < 20,18,31–33 and 
Ct < 25.31,34 As shown in FIGURE 1B, the sensitivity of LFIA is highest 
when the Ct value is ≤ 20. The first inflection point of sensitivity decrease 

FIGURE 1 A, Sensitivity of different LFIA kits in COVID-19 patients at different days after the onset of symptoms. B, Sensitivity 
of different LFIA kits for Ct values in different ranges of RT-PCR. The legend indicates the types of kits used in the different 
references.
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occurs at the Ct value of 19 to 20, the second inflection point occurs at the 
Ct value of 24 to 26, and the third inflection point occurs at the Ct value of 
29 to 31. Fitting the results of the included studies to a curve showed that 
LFIA has good sensitivity in detecting COVID-19 in those with Ct ≤ 25, 
whereas persons with Ct values between 30 and 35 receive a high false neg-
ative. In a study testing 31 RAD kits, 26 of the 31 RAD kits had sensitivities 
above 80% for viral loads above 106 genomic copies/mL (Ct < 25); 10 of 
the 31 RAD kits had sensitivities of 80% or higher for Ct values between 
25 and 30, and the other 5 RAD kits had sensitivities only slightly below 
80%; for viral loads ≤ 106 genomic copies/mL (Ct ≥ 25), all tests evaluated 
had sensitivities below 80%35; this demonstrates the dependence of RAD 
on viral load. The LFIA is more suitable for detecting COVID-19 in persons 
with high viral load at the beginning of SARS-CoV-2 infection when there 
is a large amount of upper respiratory virus shedding. The sensitivity of 
the LFIA was reduced in asymptomatic infected individuals relative to the 
symptomatic population, but the sensitivity was significantly higher at 
Ct < 20,36 with sensitivity of 86% at Ct value < 25.37 In general, the use of 
LFIA in late presentation individuals and the asymptomatic infected pop-
ulation should take into account its lower sensitivity by using RT-PCR as a 
co-diagnostic method.

The LFIA has good recognition of high SARS-COV-2 load, and the 
severity of COVID-19 determines the viral load.38 Therefore, LFIA helps 
to identify and predict the severity of the disease.

Automated Antigen Assays
Currently, automated antigen assays are mainly used for the quantita-
tive detection of the N antigen of SARS-CoV-2, and the detection princi-
ples can be broadly classified into four types: electrochemiluminescence 
immunoassay (ECLIA), chemiluminescence immunoassay (CLIA), chem-
iluminescence enzyme immunoassay (CLEIA), and enzyme-linked im-
munosorbent assay (ELISA).

The Roche Elecsys SARS-CoV-2 antigen assay uses ECLIA to quantify 
the N antigen in the sample. Roche Elecsys SARS-CoV-2 antigen detects 
nasopharyngeal swab specimens for SARS-CoV-2 infection status with 
an overall sensitivity of 65.85% and a specificity of 100%. When the cut-
off value for antigen determination was set to >0.673, the sensitivity 
could be increased to 74.8%.39 Using RT-PCR as a reference, the sensitiv-
ity was over 90% at Ct ≤ 30, and the sensitivity of the assay was higher 
within the first week of onset than after 1 week.40

The LIAISON SARS-CoV-2 antigen assay uses CLIA to quantify the 
N antigen in the sample. The overall sensitivity and specificity of the 
LIAISON SARS-CoV-2 antigen assay, using RT-PCR as a reference, were 
75.33% and 100%, respectively. The overall sensitivity increased to 
96.55% with high viral load (Ct < 18.57),41 and sensitivity was 91.1% 
for Ct ≤ 23, 89.8% for Ct ≤ 25, and 67.9% for Ct ≤ 33.42 The LIAISON 
SARS-CoV-2 antigen assay has shown good performance in identifying 
SARS-CoV-2 infection in individuals with medium to high viral loads.

The VITROS SARS-CoV-2 antigen test uses CLEIA to quantify the N 
antigen in the sample. The sensitivity of VITROS SARS-CoV-2 antigen 
for detecting SARS-CoV-2 samples ranged from 72.0% to 100% within 
1 week of symptom onset and decreased from 25% to 75% after 1 week, 
from 93.8% to 100% for Ct ≤ 30 and from 15.4% to 72.7% for Ct > 30.43 
The Lumipulse G SARS-CoV-2 antigen assay provides another platform 
for quantification of N antigens in samples using ECLIA. The over-
all sensitivity and specificity of the Lumipulse G SARS-CoV-2 antigen 
assay were 84.0% and 89.1%, respectively, compared to the molecular 
assay, and showed 86.4% agreement with RT-PCR results.44 In a study 
comparing the Roche and Lumipulse automated assays,45 both antigen 

tests were shown to accurately detect SARS-CoV-2 antigen in RT-PCR–
positive samples with high viral loads. In addition, antigen levels were 
correlated with viral load and Ct values determined by RT-PCR. The per-
formance of the Roche and Lumipulse antigen tests was nearly identical, 
indicating that both tests have high diagnostic accuracy up to 9 days af-
ter symptom onset, with a gradual decline after 9 days.

The N-antigen SARS-CoV-2 antigen test uses ELISA to quantify the 
N antigen in the sample. The overall sensitivity was 90.1% compared to 
RT-PCR and showed high agreement with RT-PCR results, with a nega-
tive correlation between antigen concentration and Ct values.46

Automated antigen detection is more sensitive than LFIA but the de-
tection speed is not as fast as LFIA, and automated antigen detection 
requires specific instruments that cannot perform POCT; automated 
antigen testing is faster than NAAT and gives a specific viral load, but is 
still not as sensitive as NAAT and can be used as a prescreening tool but 
not as a replacement for NAAT.

Sensitivity of RAD Detection in SARS-COV-2 
Variants
The COVID-19 mutation occurs mainly in the S protein of the virus, so 
other structural proteins, especially the N protein, can be better targets 
for detection due to the lower mutation rate. The newly detected Omicron 
variant contains only 2 mutations in the region encoding the N protein, 
whereas it contains more than 30 mutations in the S protein.47 One study 
found reduced sensitivity of 9 antigen detection kits for both Delta and 
Omicron variants.48 However, despite the slight difference in sensitivity, 
RAD is, in principle, effective in detecting Delta variants.49 BinaxNOW 
detects high SARS-CoV-2 carriage during Omicron surge but should be 
repeated in high-risk populations with negative BinaxNOW results.50 The 
RAD detected significantly fewer cases of COVID-19 with the Alpha variant 
than the Alpha nonvariant. This implies that the efficiency of antigen de-
tection needs to be reevaluated in other areas where SARS-CoV-2 variants 
are predominant.51 In the detection of nonvariant SARS-CoV-2, RAD 
showed a sensitivity of 90% (20 ≤ Ct < 25) and 10% (25 ≤ Ct < 30); In Beta 
or Gamma-associated SARS-CoV-2 variants, RAD has a detection sensitiv-
ity of 42.8% in samples with 20 ≤ Ct < 25.52 The marked decrease in sen-
sitivity in SARS-CoV-2 variants suggests that special care must be taken 
when using RAD at the large-scale diagnostic level, especially in the current 
context of the emergence of several new SARS-CoV-2 variants that may 
produce false-negatives. The use of either RAD or RT-PCR alone increases 
false-negatives in the detection of SARS-CoV-2 variants, and the use of 
both RAD and nucleic acid diagnostics for SARS-CoV-2 can rapidly correct 
false-negative results and control and prevent COVID-19 outbreaks.

Combined RAD and RT-PCR Protocol
The RAD detection site contains the bilateral anterior nostrils, and stud-
ies have shown that bilateral anterior nasal swabs have slightly lower 
or similar sensitivity than nasopharyngeal swabs.53,54 The bilateral ante-
rior nostril collection method caused significantly less severe coughing, 
sneezing, and pain and was more acceptable to the subjects than if the 
NAAT test site was the nasopharynx or oropharynx.55 In addition, the 
combination of the 2 assays will increase the number of sites tested and 
reduce the number of missed diagnoses due to differences in viral load 
at the sampling site.

Different assays for RAD have different sensitivities, so the choice 
of a RAD as a prescreen for COVID-19 requires a thorough clinical 

17_LABMED_lmac089.indd   4017_LABMED_lmac089.indd   40 23-Feb-23   18:36:0023-Feb-23   18:36:00

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/e37/6650765 by guest on 23 February 2025



e41www.labmedicine.com

 evaluation in advance. The COVID-19 Outbreak Screening Centre in 
Hong Kong used a combination of RAD and RT-PCR methods to screen 
asymptomatic individuals through 2 processes.56 In the first process, 
individual with initial positive RADs accelerated the testing of RT-PCR 
samples for these individuals by their laboratories, reducing the average 
time to confirm results from 10.85 hours to 7.0 hours. In the second 
process, individuals with an initial positive RAD undergo on-site rapid 
RT-PCR testing, reducing the average time to confirm results to less than 
1 hour.

The population currently undergoing mass screening falls into 3 
broad categories: (i) persons who visit primary health care institutions 
with respiratory and fever symptoms and have symptoms for 5  days 
or less; (ii) isolation observation personnel, including home isolation 
observation, close contact and subclose contact, inbound isolation ob-
servation, sealing control area, and control area personnel; (iii) com-
munity residents who have a need for antigen self-testing. Nucleic acid 
testing, when available, is preferred in the first category because of the 
presence of symptoms of COVID-19. The second and third categories 
are suitable for 5 consecutive days of self-testing with RAD. The testing 
process is shown in FIGURE 2. The RAD can play an important role 
in prescreening, and a positive RAD result must be confirmed with the 
gold standard (RT-PCR). Although using the 2 methods will improve the 
diagnostic efficiency and accuracy of COVID-19, the detection method 
should be continuously improved with probes and N-protein antibodies 
in response to the due to the continuous mutation of the strain.

Conclusion
Due to some limitations of RT-PCR for SARS-CoV-2 detection, RAD 
can be used as an adjunct to RT-PCR. The overall sensitivity of RAD is 

lower than that of RT-PCR, but it has high sensitivity and specificity in 
the early stage of SARS-CoV-2 infection. Therefore, RAD can be used as 
a screening tool for early SARS-CoV-2 infection, and RT-PCR used to 
confirm the diagnosis when the result is positive. There are many types 
of RADs on the market with varying test quality, and a thorough clin-
ical evaluation should be performed before use. This review provides a 
flow chart for the combined application of RAD and NAAT to screen 
COVID-19 in the population, and it is believed that this protocol can ef-
fectively shorten the screening time for COVID-19 in a large base popu-
lation and provide assistance in the control of the COVID-19 pandemic.
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ABSTRACT

Objective: The purpose of this study was to compare Quidel’s rapid 

antigen test Sofia SARS antigen Fluorescent Immunoassay (FIA) (So-

fia) with the real-time reverse transcription–polymerase chain reaction 

(rRT-PCR) test.

Methods: Two samples were taken from each test subject—1 for test-

ing with the Sofia test and 1 for testing with the rRT-PCR test. In to-

tal, swabs were taken from 146 subjects who presented symptoms 

of infection (group 1) and 672 subjects who were tested regardless of 

symptoms (group 2).

Results: In group 1, the sensitivity of the antigen test was 90.0% 

and its specificity 97.5%. In group 2, however, the sensitivity of the 

antigen test was 81.4% and the specificity 98.9%. In addition to 

asymptomatic patients, false-negative results of rapid antigen tests 

also occurred in subjects with high threshold values (cycle thresh-

old > 30).

Conclusion: Our results show that the Sofia test meets the 

standards for diagnostic tests according to the criteria of the World 

Health Organization, as they show high sensitivity and specificity, 

and perhaps most importantly, a high negative predictive value  

(> 95%).

Frequent and rapid diagnostic testing is crucial to limit the spread of 
SARS-CoV-2 in the community, as it allows timely identification and iso-
lation of infected individuals and thus breaks the transmission chain.1 
The quantitative detection of viral RNA in nasal swab or saliva samples 
based on the rRT-PCR test is the gold standard for sensitivity in detecting 
the presence of SARS-CoV-2. However, the lack of reagent supply, signif-
icant costs, and infrastructure constraints make it difficult to test suf-
ficiently and report results quickly.1,2 These conditions encouraged the 
development of rapid diagnostic tests, which are based on the detection 
of viral antigens. Their main advantages lie in the rapid availability of 
results and the possibility to perform point-of-care testing, which also 
relieves the burden on staff in diagnostic laboratories. According to the 
literature, however, the performance of these tests remains uncertain.3

Rapid antigen detection kits have so far been described as suboptimally 
sensitive and specific. Nevertheless, the unique protein domains of the 
virus can be used to develop kits with higher sensitivity.4

Sofia SARS Antigen Fluorescent Immunoassay (FIA) (hereafter So-
fia) is a type of antigen test. These tests are designed to detect viral 
proteins in respiratory samples of persons with COVID-19.5 Sofia is an 
FIA that uses advanced immunofluorescence-based lateral flow tech-
nology. It uses the so-called “sandwich method” for qualitative detec-
tion of the virus’s nucleocapsid proteins. Sofia, in combination with the 
Sofia 2 and Sofia analyzers, provides automated and objective results 
in 15 min, which also allows for the testing of persons with suspected 
COVID-19 in the person’s immediate environment.6 The FIAs are mod-
ern fluorescence-based tests that use a fluorescent component (a fluo-
rescent dye-labelled antibody) as a detection reagent.7 The Sofia test 
uses europium in the form of a chelate complex as the fluorescent com-
ponent for detection.8 The wavelength of the excitation light of these 
complexes is usually about 335 nm, and the wavelength of the emitted 
light is about 616  nm.9 From this data, we can infer the interference 
caused by molecules that may appear in the sample. Hemoglobin, which 
absorbs light very efficiently at wavelengths below 600 nm, is the most 
common potential interferant in samples.10 The molecule absorbs light 
and thus weakens the intensity of the excitation or the emission light of 
the test. The quenching efficiency also depends on the extinction coeffi-
cient of the molecule and its concentration in the sample. This can lead 
to false-negative results.11 Some medicines can cause interference as 
well, but they are not specifically listed by the manufacturers. The accu-
racy of the result can be affected not only by interfering molecules that 
can cause autofluorescence or signal quenching but also by the volume of 
the sample—insufficient sample volume can give false-negative results.5
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ABSTRACT

Objective: The purpose of this study was to compare Quidel’s rapid 

antigen test Sofia SARS antigen Fluorescent Immunoassay (FIA) (So-

fia) with the real-time reverse transcription–polymerase chain reaction 

(rRT-PCR) test.

Methods: Two samples were taken from each test subject—1 for test-

ing with the Sofia test and 1 for testing with the rRT-PCR test. In to-

tal, swabs were taken from 146 subjects who presented symptoms 

of infection (group 1) and 672 subjects who were tested regardless of 

symptoms (group 2).

Results: In group 1, the sensitivity of the antigen test was 90.0% 

and its specificity 97.5%. In group 2, however, the sensitivity of the 

antigen test was 81.4% and the specificity 98.9%. In addition to 

asymptomatic patients, false-negative results of rapid antigen tests 

also occurred in subjects with high threshold values (cycle thresh-

old > 30).

Conclusion: Our results show that the Sofia test meets the 

standards for diagnostic tests according to the criteria of the World 

Health Organization, as they show high sensitivity and specificity, 

and perhaps most importantly, a high negative predictive value  

(> 95%).

Materials and Methods

Participants and Samples
The experimental use of the Sofia test and its evaluation began in August 
2020 at the Department of Infectious Diseases of the University Medi-
cal Centre Ljubljana. It was used on all symptomatic patients who were 
admitted and hospitalized in the grey zone (hereafter referred to as 
group 1). As the results were satisfactory, the use of the rapid test was 
extended to other locations of the University Clinical Centre Ljubljana in 
November. The results were also monitored and collected at the Internist 
First Aid of the University Medical Centre Ljubljana, where both symp-
tomatic and asymptomatic patients (hereafter group 2)  were tested. 
Prior to collecting the samples, we obtained the permission of the Com-
mission for Medical Ethics (numbers 0120-211/ 2020/7 and 0120-60/ 
2021/2), which allowed us to use the data for research purposes if the 
patient gave their verbal consent.

Laboratory Analysis
Two samples were taken from each patient using a nasopharyngeal swab. 
The first sample was used to detect viral antigen using the Sofia test, 
which was performed at the site of sampling. We used the Sofia SARS an-
tigen FIA (Quidel, San Diego, CA, US) test kit and the fluorimeter SOFIA 
2 (Quidel). The “walk away” method was selected in the device, so that 
the device incubated the plate itself and read the result after 15 min. The 
result was displayed as + (positive) or − (negative). If the control was 
valid, that was shown by a green tick mark. Otherwise, the device indi-
cated an error and did not display the test result. In this case, the test 
must be repeated. The second sample was immersed in 2 to 3 mL virus 
transport medium and transported to the Institute of Microbiology and 
Immunology, where it was used for rRT-PCR testing. The transport was 
made in less than 2 hours and at room temperature.

Statistical Analysis
For the statistical analysis of the data, we used Excel (Microsoft Corp, 
Redmond, WA, US) to form contingency tables, the MedCalc Software 
Ltd statistical program to perform the analyses of sensitivity, specific-
ity, positive and negative predictive values, and accuracy, and finally, the 
IBM SPSS statistical program was used to compare the tested methods 
with the McNemar and Kappa tests (α = .05).

Results
In total, we tested 818 people who were divided into 2 groups. Group 1 in-
cluded 146 individuals who showed symptoms of the SARS-CoV-2 infec-
tion. Group 2, on the other hand, included 674 subjects who were tested 
regardless of whether they showed any symptoms of infection. In group 1, 
we only used the results of 132 symptomatic persons in our analysis—3 of 
the point-of-care testing (POCT) results showed an invalid result and the 
remaining 11 were excluded due to lack of data. The results of the screen-
ing test compared with the gold standard are presented in TABLE 1.

Among the 672 patients in group 2, 2 of the tests were not included 
in the analysis due to lack of data. Those tests with an invalid result were 
repeated, as further treatment of patients depended on the result of the 
tests. The results of the screening test compared with the gold standard 
are presented in TABLE 2.

The sensitivity and specificity of the tests were calculated using the 
data in TABLES 1 and 2 (TABLES 3 and 4).

The results differ between the 2 tested groups. In addition, the val-
ues of diagnostic sensitivity and specificity, calculated from our results, 
also differ from the values stated by the manufacturer. The sensitivity 
stated by the manufacturer is slightly higher—87.5%, and the speci-
ficity is stated as more than 99.9%. It is important to note, that the 
manufacturer obtained these values when testing frozen samples, so 
the values of fresh samples may vary. Moreover, we do not have the 
data on the cycle threshold (Ct) values of the samples tested by the 
manufacturer.5

The values of sensitivity and specificity stated by the manufac-
turer are high and indicate a good diagnostic reliability of the tests. We 
observed, however, that the diagnostic reliability of the tests is signif-
icantly higher when testing symptomatic persons. The reasons for the 
differences in test performance may vary. Diagnostic efficiency can be 
affected, among other things, by the analytical sensitivity of the tests. 
For this purpose, we analyzed the data further to determine the analyt-
ical sensitivity of the tests with the help of the Ct value. In group 1, we 
only observed 1 false-negative result. The measured Ct value was 15.3, 
indicating a high concentration of viral RNA in the sample. It is impor-
tant to note, however, that in this case, the subject had been tested and 
confirmed positive with the rRT-PCR test 6 weeks before the Sofia test 
was performed. The negative result was therefore most likely due to the 
low concentration of the virus in the upper respiratory tract as the dis-
ease had progressed.

TABLE 1.  Presentation of the Screening Test Results for 
Group 1 Compared with the Gold Standard

Test Results 
Positive Results   

rRT-PCR   
n (percentage) 

Negative Results   
rRT-PCR   

n (percentage) 
Total 

Positive results  

Sofia  

n (percentage)

9 (6.8 %) 3 (2.3 %) 12

Negative results  

Sofia  

n (percentage)

1 (0.8 %) 119 (90.1 %) 120

Total 10 122 132

Sofia, Sofia SARS antigen Fluorescent Immunoassay; rRT-PCR, real-time 
reverse transcription–polymerase chain reaction.

TABLE 2.  Presentation of the Screening Test Results for 
Group 2 Compared with the Gold Standard.

Test Results 
Positive Results   

rRT-PCR   
 n (percentage) 

Negative Results   
rRT-PCR   

n (percentage) 
Total 

Positive results  

Sofia  

n (percentage)

524 (78.2 %) 6 (0.9 %) 530

Negative results  

Sofia  

n (percentage)

29 (3.8 %) 113 (17.0 %) 142

Total 553 119 672
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In group 2, we observed a higher number of false-negative results. 
These results are presented in FIGURE 1. In this figure, a signifi-
cantly higher number of false negative values at higher Ct values can 
be observed. Nevertheless, these values are not extremely low, as the 
rRT-PCR test classifies Ct values below 29 as strongly positive or having 
high concentrations of the target nucleic acids, values from 30 to 37 as 
moderate amounts of the target nucleic acids, and values from 38 to 40 
as extremely low amounts, which could also represent a state of infec-
tion or contamination of the sample.12

It is important to note that there were only 7 truly positive Sofia test 
results at Ct values greater than 30, as opposed to the 18 false-negative 
results. We can therefore conclude that the Sofia test only detects very 
high concentrations of the virus in the sample reliably (Ct values 10–25), 
whereas at low concentrations, it is significantly less reliable. However, 
the Ct values must be interpreted carefully as they are affected by sam-
ple type, sample collection timing, and assay design.13

Statistical Comparison of the Diagnostic Accuracy of 
the Tests
To compare the diagnostic accuracy of the Sofia test with the rRT-PCR 
test, we first performed the McNemar test. The result of the 2-way test 
in group 1 was 0.625. Since this value is higher than 0.05, we cannot 
reject the null hypothesis. Thus, there was no statistically significant dif-
ference between the Sofia and rRT-PCR tests in group 1. However, the 
result of the 2-way test in group 2 was less than 0.05, so we can reject 
the null hypothesis and accept the alternative hypothesis. Therefore, a 
statistically significant difference can be observed between the 2 tests 
in group 2.

Cohen’s Kappa test was also performed for comparison purposes. 
The Kappa value in group 1 was 0.802, which shows a strong correspond-
ence between the Sofia test and the rRT-PCR test. Additionally, our re-
sult confirms the correctness of the McNemar test result. The same 

analysis was performed for group 2.  The Kappa value in group 2 was 
also higher than 0.8, which indicates a strong agreement of the tests. 
Using the McNemar test, however, we proved a disagreement in the case 
of group 2, which, according to the data used by the test for analysis, 
indicates a low level of disagreement.

It can be concluded that the clinical sensitivity and specificity of the 
Sofia test in the case of symptomatic subject testing are comparable 
to the values of the rRT-PCR test. However, in the case of testing both 
asymptomatic and symptomatic patients, the Sofia test is clinically less 
reliable than the rRT-PCR test in terms of the number of false-positive 
results.

As already observed with analytical sensitivity, most false-negative 
results occurred in samples where Ct values were higher than 30. We 
were interested in the extent to which these results affect the statistical 
comparability of tests. For this purpose, we also performed a statistical 
comparison of the results of group 2, which did not include the results 
of samples with Ct values higher than 30.

The results of both the McNemar test (p = .332) and the Kappa test 
(K = 0.914) show a strong correspondence between the methods. We 
can therefore conclude that the Sofia test is comparable to the rRT-PCR 
method in the case of testing samples with high analyte concentration 
and significantly less reliable at lower concentrations (Ct > 30). This can 
pose an obstacle, especially when testing patients in the early stages of 
infection when the virus concentration in the sample may be low.

Sensitivity and specificity determine the operational character-
istics of the test, but the predictive value (positive or negative) of the 
test is of great diagnostic importance to the physician and patient.14 In  
TABLES 3 and 4, it can be observed that in group 1, the probability 
that a person with a positive test result has the disease is 75.0% (the 
probability of a person with a negative result not having the disease is 
99.2%). Negative results can therefore be trusted in group 1, but regard-
ing a positive result, there is a 25.0% probability that the positive result 
does not show the presence of an actual disease. This result would not be 
favorable in a disease where confirmatory tests are invasive or may even 
worsen the patient’s health. In the case of COVID-19, all patients with a 
positive Sofia test can be tested with the rRT-PCR test to confirm their  

TABLE 3.  Sensitivity, Specificity, Positive and Negative 
Predictive Values, and Accuracy for Group 1.

Statistic Value 95% Confidence Interval 

Sensitivity 90.00% 55.50%–99.75%

Specificity 97.52% 92.93%–99.49%

Disease Prevalence 7.63% 3.72%–13.59%

Positive Predictive Value 75.00% 49.05%–90.34%

Negative Predictive Value 99.16% 94.84%–99.87%

Accuracy 96.95% 92.34%–99.16%

TABLE 4.  Calculated Values of Sensitivity, Specificity, 
Positive and Negative Predictive Values, and Accuracy for 
Group 2.

Statistic Value 95% Confidence Interval 

Sensitivity 81.43% 73.98%–87.50%

Specificity 98.87% 97.55%–99.58%

Disease Prevalence 20.90% 17.88%–24.17%

Positive Predictive Value 95.00% 89.52%–97.69%

Negative Predictive Value 95.27% 93.44%–96.61%

Accuracy 95.22% 93.32%–96.71%

FIGURE 1 Presentation of the false-negative results in testing 
with the Sofia test with respect to the Ct values of the rRT-
PCR test in group 2. Sofia, Sofia SARS Antigen Fluorescent 
Immunoassay; rRT-PCR, real-time reverse transcription–
polymerase chain reaction; Ct, cycle threshold.
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infection. Significantly more important in SARS-CoV-2 infection is a 
good negative prognostic value, as any patient with a negative result 
that is actually positive remains unrecognized and consequently un-
knowingly spreads the infection. The negative predictive value in group 
1 was 99.2% and 95.0% in group 2.

Positive and negative predictive values also depend, among other 
things, on the prevalence of the disease in the tested population.15 This 
is the reason for the low positive predictive value in group 1, although 
the sensitivity and specificity values are high. However, it should also 
be emphasized that the prevalence of the disease differs between the 2 
groups as the sampling period was completely different.

Discussion
The purpose of the study was to compare the Sofia test with the rRT-PCR 
test intended for the detection of SARS-CoV-2 virus. During the analysis 
of the data, we showed that there is no statistically significant difference 
in the diagnostic accuracy between the Sofia test and the rRT-PCR test 
when testing symptomatic subjects. However, the same is not true for 
asymptomatic persons. The concentration of the virus in the sample had 
a significant effect on the efficiency of the test, as we observed a sig-
nificantly higher number of false-negative results in the samples with 
higher Ct values. The tests also differ in the way they are performed. 
The Sofia test is designed to be performed as POCT.5 Its implementa-
tion is therefore less demanding and does not require specially trained 
staff. It can be performed by medical staff to whom the method and its 
proper implementation have been presented by an expert. The correct 
performance of the rRT-PCR test, however, is much more demanding 
and requires a high level of accuracy and precision of trained staff.16 It 
should also be emphasized that the rRT-PCR test is significantly more 
expensive and time-consuming than the Sofia test due to its complexity.

Fundamentally, the analytical specificity of both methods is high. 
Antibodies to immune methods are capable of very specific recognition 
of a particular antigen.17 The analytical specificity of PCR methods is 
based on the fact that specific nucleotide sequences can be determined 
in the viral RNA sequence, and specific oligonucleotide primers can be 
designed accordingly.18 The analytical specificity of the Sofia test was 
not specifically defined by the manufacturers, nor could we define it in 
our research. However, we can compare data from the literature on the 
cross-reactivity of both tests. The cross-reactivity of the Sofia test was 
assessed by the manufacturer by testing various microbes, 16 viruses, 
and 3 negative matrices. All viruses and microbes were tested in the pres-
ence and absence of heat-inactivated SARS-CoV-2. The manufacturers 
demonstrated the absence of cross-reactivity with all tested microbes.

We can also infer the robustness of the methods. The robustness 
of the rRT-PCR assay stems from the fact that oligonucleotide primers 
are capable of close and specific binding to complementary nucleic acid 
sequences. The method itself is sensitive to contamination and the pres-
ence of inhibitors, but good optimization of the method significantly 
improves its robustness.16 Automation can also help increase the robust-
ness of the method. The Sofia test is intended for use with a patient, so 
it is important for the success of the test and the reliability of its results 
that the method is very robust. The device is portable and analysis can 
be performed by suitably qualified medical personnel. In the case of the 
Sofia test, the antibodies of the immune test are capable of close and 
specific binding to antigens, which significantly contributes to the ro-
bustness of the method itself.

The pitfall of both tests is that they are no longer reliable after the con-
centration of viral RNA and viral antigens falls below the detection limit.19 
The severity of the disease, the timing of sample collection, the types of 
sample, and sample handling techniques all influence antigen levels in 
samples.13 The results discussed in this article were obtained as part of the 
testing of patients who were brought to 2 different departments of the Uni-
versity Medical Centre Ljubljana. Due to the nature of the testing, sampling 
and analysis were performed by several different individuals, so the possi-
bility of errors in sample handling cannot be completely ruled out. We also 
do not possess the information on antigen levels in the samples; therefore, 
it is also hard to determine whether the difference in observed sensitivity is 
due to the test performance or the qualities of the samples used in the test.

Despite its shortcomings, rRT-PCR is still considered the gold standard 
for the diagnosis of SARS-CoV 2. Sources, however, point to shortcomings 
in diagnostics that rely solely on the detection of nucleic acids, mainly the 
large inconsistencies and a high rate of false-negative values. As a solu-
tion, they suggest combining testing with imaging of thoracic organs and 
other clinical signs.19 We wondered whether combining the Sofia test with 
the rRT-PCR test would reduce these shortcomings. Due to the low detec-
tion limit of the Sofia test, combining these 2 methods would probably 
not significantly help to improve these deficiencies; however, the Sofia 
test can serve as a rapid screening test, as it can be performed at the point 
of care in significantly less time than rRT-PCR.

Our results therefore show that the Sofia test meets the standards 
of a reliable screening test according to the World Health Organization 
criteria. It shows high sensitivity and specificity, and perhaps most im-
portantly, a high negative predictive value. This study confirms that the 
Sofia test can be used as a screening test, especially in circumstances 
that require rapid treatment and triage of patients, as the test can be 
quickly carried out at the point of care.
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ABSTRACT

Objective: Measurement of cardiac biomarker troponin T plays a vital 

role in the diagnosis of myocardial infarction. A quick turnaround time 

(TAT) for cardiac troponin T is crucial in managing patients in the emer-

gency department and critical care unit. The goal of the study was to 

implement Lean Six Sigma methods to improve stat troponin T TAT 

compliance rate (the time specimen received in the laboratory to the 

reporting of results through the laboratory information system [LIS]) 

from 86% to 95% in an 8-month period.

Methods: We conducted a quality and process improvement project to 

reduce stat troponin T TAT in the core laboratory. We used a 5-stage 

Six Sigma methodology to simplify the laboratory work process and de-

crease the TAT by eliminating non-value-added steps. Data from April 

2021 (baseline) and January 2022 (improved) are included in the analysis.

Results: In the core laboratory, we improved the TAT for the 

preanalytical and analytical process by eliminating the batch proc-

essing and prioritizing the stat samples. We improved the TAT for the 

postanalytical process by replacing manual result verification with 

auto result verification via an LIS. Improved stat troponin T TAT com-

pliance rate has the potential to enhance the overall quality of patient 

care, especially in the emergency and critical care departments.

Conclusion: Using Lean Six Sigma methodologies in the core labora-

tory, we successfully improved the stat troponin T TAT compliance rate 

from 86% to 95% in an 8-month period.

Troponin T is used as a diagnostic marker for myocardial injury. Tropo-
nin T is frequently ordered as a stat priority test to manage patients in 
the emergency department or critical care unit. Delay in troponin test 
results may be harmful to critically ill patients. Every year, our core lab-
oratory processes around 20,000 stat troponin T samples through all 3 
shifts. One of the main quality indicators for our core laboratory is to 
monitor the TAT for stat troponin T. According to physician and national 
standard recommendations, the TAT target for Troponin is <60 min. At 
our facility, the troponin TAT target is set to 45 min from the time of 
specimen received in the laboratory to the reporting of results through 
the LIS. In the present study, using Lean Six Sigma methodology, we aim 
to improve the stat troponin T TAT compliance rate from 86% to 95% in 
an 8-month time period.

Materials and Methods
The 5-stage Six Sigma DMAIC methodology known as define 
(define the project), measure (collect the baseline data), ana-
lyze (analyze the measured data to reveal and confirm the possi-
ble root causes), improve (complete the test run of the solution 
implemented), and control (monitor the improvement) is used to 
simplify the project.

Define
We conducted a process walk to simplify and understand the  entire 
process from specimen received in the laboratory to result verifi-
cation. Based on our observation during the process walk, we di-
vided the entire process into 3 phases: preanalytical, analytical, and 
postanalytical. The preanalytical phase includes sample collection, 
sample transportation, sample processing, and preparation. The an-
alytical phase includes loading and running samples on the analyzer. 
The postanalytical phase includes result verification and releasing of 
results to the LIS. The process walk showed a potential for removing 
wasted time during the preanalytical, analytical, and postanalytical 
processes (FIGURE 1).
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Measure
In the measure phase, we established baseline data for the current stat 
troponin T TAT compliance rate. Baseline TAT data was collected based 
on the time of stat troponin T specimen received in the laboratory to 
the reporting of results to the LIS. Using the LIS, we collected baseline 
troponin TAT data for April 2021 (FIGURE 2). The average TAT for stat 
troponin T was 37.5  min. The total number of stat troponin T we re-
ceived in the laboratory was 1413. Out of 1413, 1220 troponin results 
were released within 45 min and 193 results were delayed over 45 min, 
which makes a baseline TAT compliance rate of 86%. The baseline stat 
troponin T TAT compliance rate was calculated using a formula where 
the number of the stat troponin T results (1220) released within 45 min 

is divided by the total number of stat troponin T received in the lab 
(1413), multiplied by 100.

Analyze
We used a fishbone diagram to further analyze the stat troponin T 
compliance rate. The 5-Why technique was used in combination with 
a fishbone diagram to discover and organize potential root causes for 
delayed TAT during preanalytical, analytical, and postanalytical phases 
of the process (FIGURE 3). Based on the fishbone diagram and 5 Why 
analysis, we derived root-cause hypotheses for each process phase (TA-
BLE 1). For the preanalytical phase, we discovered a delay in the load-
ing of stat troponin on the instrument (target 5 min). For the analytical 

FIGURE 1 Process walk from specimen received in the laboratory to result verification.

FIGURE 2 Baseline TAT for stat Troponin T (April 2021).
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phase, we discovered a delay in stat troponin because routine and stat 
tests are loaded at the same time onto the analyzer. In the postanalytical 
phase, we revealed delays in result verification because technologists 
required manual verification of the results. Using the LIS, we collected 
baseline data for 100 random stat troponin T samples for preanalytical, 
analytical, and postanalytical processes. For the preanalytical baseline 
measure, TAT data from the specimen received to loading on the ana-
lyzer time was derived using the LIS system. For the analytical baseline 
measure, the troponin sample-loading process was monitored visually 
based on whether the sample was loaded on the stat lane or with routine 
tests. For the postanalytical baseline measure, TAT data from test com-
pletion on the analyzer to releasing results to the LIS was derived using 

the LIS system. Based on collected baseline data, all 3 hypotheses were 
created and validated using bar and box plots (FIGURES 4–6). The bar 
chart shows a delay in loading stat troponin T on the analyzer where 
the majority of samples have a loading time of 8  min (target 5  min) 
(FIGURE 4). The box plot shows the delay in sample run when stat and 
routine samples are loaded together in the same lane (FIGURE 5). The 
box plot shows a result delay due to manual verification of results by 
technologists (FIGURE 6).

Improve
The improvement includes the determination of solutions for problems 
identified in the analysis phase. Based on the analyzed hypothesis, 

FIGURE 3 Fishbone diagram and derived hypothesis.

TABLE 1.  Root Cause Hypotheses

Possible  
Root Cause Hypothesis  

Root Cause

Preanalytical 1. Delay in loading of  stat troponin on the instrument (Target 5 min)

Analytical 2. Delay in stat troponin TAT because routine and stat tests are loaded at the same time on the 
 analyzer

Postanalytical 3. Delay in final result report due to manual verification of results

FIGURE 4 Hypothesis 1: delay in loading of stat troponin T on 
the instrument (Target 5 min) – true.

FIGURE 5 Hypothesis 2: delay in stat troponin T run because 
routine and stat tests are loaded at the same time on the 
analyzer – true.
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solutions were implemented for each phase of the process. For the 
preanalytical phase, samples were no longer processed in batches in the 
processing area. The processing technologist began to prioritize stat 
samples during sample processing. For the analytical phase, stat samples 
were no longer loaded with routine tests; stat samples were loaded on the 
analyzer in the stat lane only. For the postanalytical phase, technologists 
were no longer required to perform manual verification of test results. 
A complete result auto-verification system was implemented using the 
LIS.

Control
After implementing solutions to ensure improvement, TAT data was col-
lected based on the time of stat troponin T specimen received in the 
laboratory to the reporting of results to the LIS.

Using the LIS, we collected stat troponin T TAT data for Janu-
ary 2022. The average TAT for stat troponin was 35.55 min. The to-
tal number of stat troponin T samples we received in the laboratory 
was 1568. Out of 1568, 1499 troponin results were released within 
45 min and 69 results were delayed over 45 min, a TAT compliance 
rate of 95%. Improved stat troponin T TAT compliance rate was cal-
culated using the formula where the number of the stat troponin 
results (1499) released within 45 min was divided by the total num-
ber of stat troponin T received in the laboratory (1568), multiplied 
by 100. A run chart was created to display the overall improvement 
in the process (FIGURE 7).

Conclusion
Using Lean Six Sigma methodologies in the core laboratory, we suc-
cessfully improved the stat troponin T TAT compliance rate from 
86% to 95% by January 2022 (FIGURE 7). With this process im-
provement in the core laboratory, we were able to meet the qual-
ity indicator TAT goals for stat troponin T.  Teamwork is certainly 
the key to the entire improvement process. We had no further 
complaints from healthcare professionals about the delay in tro-
ponin results. The improvement in the processing of stat samples 
helped to improve overall patient care as well as increasing physi-
cian satisfaction, especially in the emergency department and criti-
cal care unit. Lean Six Sigma is an approach for future consideration 
to improve other areas of the laboratory. 
High-sensitive cardiac troponin (hs-cTn) is a novel biomarker of myocar-
dial injury and can be used to expedite patient evaluation in the emergency 
department. Some hs-cTn assays have a total assay run-time of 9–11 min, 
whereas other contemporary troponin assays have up to 20-min assay 
run-time. Currently, we do not perform hs-cTn in our core laboratory and 

FIGURE 6 Hypothesis 3: delay in final result report due to 
manual verification of results – true.

FIGURE 7 Run chart shows an improvement in the overall stat troponin T compliance rate.
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implementing hs-cTn may not be beneficial in terms of improving TAT, 
since our current troponin T assay also has 9 min total assay runtime on 
the Roche analyzer. However, considering that hscTn assays are more pre-
cise in their analytical sensitivity and can detect a lower level of cTn in 
the blood compared with other contemporary assays, it is a test for future 
consideration for expediting patient evaluation.
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ABSTRACT

Objective: Independent assessment of SARS-CoV-2 antigen (COV2Ag) 

tests remains important as varying performance between assays is com-

mon. We assessed the performance of a new high-throughput COV2Ag 

test compared to SARS-CoV-2 nucleic acid amplification tests (NAAT).

Methods: A total of 347 nasopharyngeal samples collected from Jan-

uary to October 2021 were assessed by NAAT as part of standard-of-

care testing (CDC LDT or GeneXpert System, Cepheid) and COV2Ag 

using the ADVIA Centaur CoV2Ag assay (Siemens Healthineers).

Results: Among NAAT positive specimens we found 82.4% agree-

ment and in NAAT negative specimens we found 97.3% agreement 

(overall agreement 85.6%). In symptomatic persons, COV2Ag agreed 

with NAAT 90.0% (n = 291), and in asymptomatic persons, 62.5% 

(n = 56). Agreement between positive NAAT and COV2Ag increased at 

lower cycle threshold (Ct) values.

Conclusion: The COV2Ag assay exceeded the World Health Or-

ganization minimum performance requirements of ≥ 80% sensitivity 

and ≥ 97% specificity. The COV2Ag assay is helpful for large scale 

screening efforts due to high-throughput and reduced wait times.

Consistent emergence of new variants of concern in the COVID-19 
pandemic requires clinical laboratories to continue SARS-CoV-2 clini-
cal testing even in the face of widespread vaccine availability in many 
countries. Nucleic acid amplification tests (NAAT) remain the most sen-
sitive testing clinically available for the detection of SARS-CoV-2 infec-
tion. The SARS-CoV-2 antigen (COV2Ag) tests are critical in supporting 
efforts to identify infections and control the transmission of the virus. 
They are generally more portable, faster, easier to perform, and tend to 
detect infection in people most likely to have transmittible infection.1,2 
These COV2Ag tests are an important component of a comprehensive 
mitigation strategy for SARS-CoV-2 spread as they offer the ability to 
quickly screen people participating in activities with high transmissibil-
ity risk, protect immune compromised populations, and mitigate risk in 
health care settings.1–4 High-throughput COV2Ag tests allow maximiza-
tion of resources for many of these risk mitigation strategies.1,5

Independent assessment of SARS-CoV-2 antigen tests remains im-
portant as varying sensitivity and specificity between assays is common 
and standard regulatory assessments have not been possible in the face 
of the COVID-19 pandemic.1,2,5 Additionally, clinical laboratory-based 
COV2Ag tests allow for better analytic control and improved sensitivity 
and specificity.5 We leveraged banked samples to assess the performance 
and understand the limitations of a new high-throughput COV2Ag test 
compared to SARS-CoV-2 nucleic acid tests in a large urban hospital sys-
tem.

Materials and Methods

Cohort
Remnant nasal and nasopharyngeal swabs in viral transport media fol-
lowing NAAT for SARS-CoV-2 were stored at −80°C until use (the long-
est storage time was 1 year). The NAAT-positive samples were collected 
from 3 time periods representing distinct variants of SARS-CoV-2 as 
determined in our patient population: January 1 to 20, 2021 (pre-alpha 
variant predominance; n = 136; pre-alpha), April 30 to June 7, 2021 (al-
pha variant B.1.1.7 predominance; n = 35; alpha), and September 14 to 
October 24, 2021 (delta variant predominance; n = 101; delta). Negative 
cases were collected from December 5 to 9, 2021 (n = 75) as negative 
cases were not banked as part of our institutional protocol. The SARS-
CoV-2 NAAT was performed as part of standard-of-care testing on the 
CDC LDT as previously described6 or the GeneXpert System using either 

the Xpert Xpress SARS-CoV-2 or SARS-CoV-2/Flu A/Flu B/RSV (Ce-
pheid, Sunnyvale, CA, USA). In cases where more than 1 cycle threshold 
(Ct) value was produced by the NAAT, the lowest value was considered 
for comparison purposes.

Minimum necessary clinical variables were obtained via chart re-
view. The electronic medical record at our institution includes a required 
field for SARS-CoV-2 testing purpose. This field was used to distinguish 
symptomatic from asymptomatic as many patients did not have suffi-
cient documentation to further stratify by disease severity, outcomes, or 
specific symptomatology. Available choices for this SARS-CoV-2 testing 
purpose field include preprocedural, test required for facility transfer, 
symptomatic patient, test required prior to inpatient hospice, testing 
required prior to returning to work, close contact with COVID-19 pa-
tient, and unknown. Demographic and applicable disease information 
are summarized in TABLE 1. This work was performed under the 
auspices of the University of Pittsburgh Institutional Review Board 
Study #20040220.

Testing
All testing was performed in the College of American Pathologists-
accredited University of Pittsburgh Medical Center Clinical Laboratories 
in compliance with local regulations for patient testing. Specimens 
were thawed, aliquoted, and neutralized per manufacturer instructions. 
Briefly, 1 mL of sample was incubated with 2 drops of lysis reagent for 15 
minutes before storage at −20°C for 3 weeks prior to testing.

The ADVIA Centaur CoV2Ag assay is an automated sandwich 
 immunoassay that uses mouse monoclonal antibodies to detect SARS-
CoV-2 nucleocapsid antigen and provides an index value with a thresh-
old of > 1.0 being reactive. All samples were thawed and tested on 
the same day. Calibration and quality control materials were within 
manufacturer’s specifications. Precision was verified using 10 replicates 
of standard material at 2 levels with a resulting coefficient of variation 
of 30.1% (mean 0.150) for negative and 0.6% (mean 204.46) for high 
materials.

Analysis
Data was collected and collated using Excel (Microsoft Corporation, 
Redmond, WA, USA), and R Studio 2021.09.0 Build 351 with R version 
4.1.1. Analyses were performed in Excel, R Studio, and GraphPad Prism 
7 (GraphPad Software, San Diego, CA, USA). Subgroup comparisons 
were analyzed using the Mann-Whitney nonparametric rank sum test. 
Box-and-whisker plots are plotted using the Tukey method.

Results
We found that overall COV2Ag had 85.6% agreement with NAAT 
(n = 347; 95% confidence interval [CI] 81.5–89.1). Agreement between 
COV2Ag and NAAT among time periods sampled had overlapping CIs. 
Specifically, pre-alpha 82.4%(95%CI 74.9–88.3), alpha 65.7% (95%CI 
47.8–80.9), and delta 88.1% (95%CI 80.2–93.7). Among NAAT pos-
itive patients we found 82.4% agreement (n = 272; 95%CI 77.3–86.7) 
and in NAAT negative patients, we found 97.3% agreement (n = 75; 
90.7–99.7). In the 2 COV2Ag-positive and NAAT-negative specimens, 
the COV2Ag index values were < 1.4 (positive threshold > 0.99).

Among symptomatic subjects, COV2Ag agreed with NAAT 90.0% 
(n = 291; 95%CI 86.0–93.2), and among asymptomatic subjects, there 
was 62.5% (n = 56; 95%CI 48.5–75.1) agreement. The Ct values for 
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the Xpert Xpress SARS-CoV-2 or SARS-CoV-2/Flu A/Flu B/RSV (Ce-
pheid, Sunnyvale, CA, USA). In cases where more than 1 cycle threshold 
(Ct) value was produced by the NAAT, the lowest value was considered 
for comparison purposes.

Minimum necessary clinical variables were obtained via chart re-
view. The electronic medical record at our institution includes a required 
field for SARS-CoV-2 testing purpose. This field was used to distinguish 
symptomatic from asymptomatic as many patients did not have suffi-
cient documentation to further stratify by disease severity, outcomes, or 
specific symptomatology. Available choices for this SARS-CoV-2 testing 
purpose field include preprocedural, test required for facility transfer, 
symptomatic patient, test required prior to inpatient hospice, testing 
required prior to returning to work, close contact with COVID-19 pa-
tient, and unknown. Demographic and applicable disease information 
are summarized in TABLE 1. This work was performed under the 
auspices of the University of Pittsburgh Institutional Review Board 
Study #20040220.

Testing
All testing was performed in the College of American Pathologists-
accredited University of Pittsburgh Medical Center Clinical Laboratories 
in compliance with local regulations for patient testing. Specimens 
were thawed, aliquoted, and neutralized per manufacturer instructions. 
Briefly, 1 mL of sample was incubated with 2 drops of lysis reagent for 15 
minutes before storage at −20°C for 3 weeks prior to testing.

The ADVIA Centaur CoV2Ag assay is an automated sandwich 
 immunoassay that uses mouse monoclonal antibodies to detect SARS-
CoV-2 nucleocapsid antigen and provides an index value with a thresh-
old of > 1.0 being reactive. All samples were thawed and tested on 
the same day. Calibration and quality control materials were within 
manufacturer’s specifications. Precision was verified using 10 replicates 
of standard material at 2 levels with a resulting coefficient of variation 
of 30.1% (mean 0.150) for negative and 0.6% (mean 204.46) for high 
materials.

Analysis
Data was collected and collated using Excel (Microsoft Corporation, 
Redmond, WA, USA), and R Studio 2021.09.0 Build 351 with R version 
4.1.1. Analyses were performed in Excel, R Studio, and GraphPad Prism 
7 (GraphPad Software, San Diego, CA, USA). Subgroup comparisons 
were analyzed using the Mann-Whitney nonparametric rank sum test. 
Box-and-whisker plots are plotted using the Tukey method.

Results
We found that overall COV2Ag had 85.6% agreement with NAAT 
(n = 347; 95% confidence interval [CI] 81.5–89.1). Agreement between 
COV2Ag and NAAT among time periods sampled had overlapping CIs. 
Specifically, pre-alpha 82.4%(95%CI 74.9–88.3), alpha 65.7% (95%CI 
47.8–80.9), and delta 88.1% (95%CI 80.2–93.7). Among NAAT pos-
itive patients we found 82.4% agreement (n = 272; 95%CI 77.3–86.7) 
and in NAAT negative patients, we found 97.3% agreement (n = 75; 
90.7–99.7). In the 2 COV2Ag-positive and NAAT-negative specimens, 
the COV2Ag index values were < 1.4 (positive threshold > 0.99).

Among symptomatic subjects, COV2Ag agreed with NAAT 90.0% 
(n = 291; 95%CI 86.0–93.2), and among asymptomatic subjects, there 
was 62.5% (n = 56; 95%CI 48.5–75.1) agreement. The Ct values for 

NAAT positive samples were significantly different between sympto-
matic and asymptomatic subjects, with mean values of 22.6 (n = 232) 
and 31.3 (n = 40), respectively (P = 9.03E-08, FIGURE 1A). Agree-
ment between positive NAAT and COV2Ag increased at lower Ct val-
ues (FIGURE 1B). There was 90.8% agreement for Ct values < 35 
(n = 240; 95%CI 86.5–94.2), 98.1% agreement for < 30 cycles (n = 213; 
95%CI 95.3–99.5), and 100% agreement for < 25 cycles (n = 177; 95%CI 
97.9–100). Concordance between positive NAAT and COV2Ag was low 
at higher Ct values, with 25.4% agreement for Ct values > 30 cycles 
(n = 59, 95% CI 15.0–38.4) and 19.4% agreement for Ct values > 35 
cycles (n = 31, 95% CI 7.5–37.5).

Concordance between COV2Ag and NAAT, when assessed for days 
from symptom onset, demonstrated insignificant variation between 
days with overlapping confidence intervals (FIGURE 1C). Median Ct 
values among NAAT positive symptomatic patients had little varia-
tion between days −1 (1 patient tested positive before a procedure with 
symptom onset the following day) and day 7. The increase after day 7 
may be due to the small sample number collected after day 7, as reflected 
in the wide confidence interval (FIGURE 1C).

Discussion
We found that the COV2Ag assay exceeded the WHO minimum per-
formance requirements of ≥ 80% sensitivity and ≥ 97% specificity for 
SARS-CoV-2 antigen assays.7 The overlapping confidence intervals be-
tween variant collection times indicated reasonably comparable detec-
tion between variants, likely due to the multiple monoclonal antibody 
nature of the assay. The data also reassured us that at −80°C, the banked 
samples were stable for over 1 year. The alpha portion of our cohort was 
underrepresented with approximately one-third the sample size of the 
pre-alpha and delta collection time periods. This is reflected in the large 
confidence interval, and there may be differences in detection between 
these variants that our study was not sufficiently powered to observe.

As with other groups, we found that antigen assay agreement with 
NAAT was higher at lower Ct values.2,4,5,8 There is ongoing debate around 
the use of high Ct values in SARS-COV-2 NAAT to indicate current SARS-
COV-2 positivity because high Ct values can persist for months follow-
ing SARS-COV-2 infection, potentially reflecting detection of viral RNA 
but not infectious viral particles.9–12 We found no significant differences 
in percent agreement between COV2Ag and NAAT in symptomatic 

TABLE 1.  Demographics and clinical characteristics

 Total Cohort  NAAT Positive NAAT Negative 

Total number (%) 347 (100%) 272 (78%) 75 (22%)

Female, n (%) 207 (60%) 172 (63%) 35 (47%) a

Male, n (%) 139 (40%) 100 (37%) 39 (52%) a

Age median (IQR) 51 (32–66) 47 (31–62) 64 (49–73)

Symptomatic, n (%) 291 (84%) 232 (85%) 59 (79%)

Asymptomatic, n (%) 56 (16%)  40 (15%) 16 (21%)

Transfers, n (%) 42 (12%) 31 (11%) 11 (15%)

pre-alpha, n (%) 136 (39%) 136 (50%) NA

alpha, n (%) 35 (10%) 35 (13%) NA

delta, n (%) 101 (29%) 101 (37%) NA

NA, not applicable.
aOne NAAT Negative subject was of unknown gender.
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patients when assessing by days from symptom onset. This is likely a 
reflection of the similar median Ct values for each of these groups.

The COV2Ag assay has been considered helpful for large scale screen-
ing efforts due to high-throughput and reduced wait times as well as for 
procedural screening prior to patient surgery or care facility transfers, 
which benefit from faster turnaround times to free hospital space. For 
screening efforts in asymptomatic persons, it is notable that agreement 
with NAAT is reduced in our and other’s studies,5,13 which may reflect 
the higher Ct values noted in these cases (FIGURE 1A). Ultimate imple-
mentation with appropriate utility should be determined by local labora-
tory and clinical medical directors.
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ABSTRACT

A 48-question survey was developed and disseminated to laboratory 

professionals. This survey sought the perspective of clinical educators 

on a variety of topics, including two open-ended questions on the 

impact COVID-19 had on student clinical rotations and the ensuing 

policy changes. Of 207 clinical sites that participated in the survey., 

Some terminated student clinical rotations without offering any other 

training alternative. Others employed a number of strategies such 

as shortening the length of clinical rotations, taking fewer students, 

transitioning to an online learning platform, or delaying training un-

til a future date. Some mandated regular illness checks, symptom 

checks, and COVID-19 testing when available. Clinical educators 

expressed concern over the lack of continuity of student clinical train-

ing, policy changes related to COVID-19 and student training that were 

deemed to diminish the quality of the students’ clinical education. With 

terminated, delayed or shortened clinical rotations at many sites, in 

combination with staff and supply shortages, clinical educators were 

concerned about the overall quality of clinical education the students 

were receiving. In addition to these concerns, the reduction of student 

graduates during the pandemic decreased the number of applicants 

for job vacancies exasperating a pre-pandemic problem.

As the COVID-19 pandemic has overwhelmed healthcare systems glob-
ally over the past 2 years, shortages of healthcare workers in every sector 
have reached crisis levels. Lazenby1 notes that world trends such as an ag-
ing population, globalization, and urbanization indicate that fast-moving 
outbreaks of novel viruses will increase in number, and health service 
providers will not be able to meet the patient-care demands this portends. 
As educational institutions endeavor to meet the demands of the health-
care workforce by graduating qualified practitioners in medical laboratory 
science (MLS), respiratory therapy, radiologic technology, and nursing, 
the pandemic has presented many challenges. Across the spectrum of 
allied health training programs, hands-on practice in a suitable health-
care environment is seen as a core component of producing well-rounded 
practitioners in any healthcare field, as Dario and Simic2 emphasized.

During the pandemic, clinical placements were disrupted or delayed due 
to many contributing factors, which negatively affected students’ learning 
and the readiness of graduates to join the healthcare workforce. As Dewart3 
discussed, educational programs had to make difficult decisions about 
whether or not to continue clinical courses in consideration of student 
safety. Dario and Simic2 highlighted that for other programs, the decision 
was forced on the educational program as clinical sites paused or cancelled 
student placements in clinical sites and attributed this reaction to patient 
load, the shortage of personal protective equipment (PPE), and concerns 
that students might contract and spread the virus. As the pandemic spread, 
educators were faced with adapting quickly to the new realities associated 
with the pandemic, and much of the current literature that addresses the 
impact of the pandemic is focused on the adaptations to the classroom 
learning environment, with less attention given to the impact on clinical 
placement and experiences. This article is focused on the challenges to clin-
ical education from the perspective of the clinical educators and seeks to 
identify the sources of the challenges and the short-term and long-term 
effects on medical laboratory professionals.

Materials and Methods
Detailed methodology can be found in “Establishing the Need for Clini-
cal Educator Training for Laboratory Professionals” in Laboratory Medi-
cine. This is the second publication from this dataset.

Research Design
There were 48 questions developed by our research team and placed 
on an electronic questionnaire. The questions originated from clinical 
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ABSTRACT

A 48-question survey was developed and disseminated to laboratory 

professionals. This survey sought the perspective of clinical educators 

on a variety of topics, including two open-ended questions on the 

impact COVID-19 had on student clinical rotations and the ensuing 

policy changes. Of 207 clinical sites that participated in the survey., 

Some terminated student clinical rotations without offering any other 

training alternative. Others employed a number of strategies such 

as shortening the length of clinical rotations, taking fewer students, 

transitioning to an online learning platform, or delaying training un-

til a future date. Some mandated regular illness checks, symptom 

checks, and COVID-19 testing when available. Clinical educators 

expressed concern over the lack of continuity of student clinical train-

ing, policy changes related to COVID-19 and student training that were 

deemed to diminish the quality of the students’ clinical education. With 

terminated, delayed or shortened clinical rotations at many sites, in 

combination with staff and supply shortages, clinical educators were 

concerned about the overall quality of clinical education the students 

were receiving. In addition to these concerns, the reduction of student 

graduates during the pandemic decreased the number of applicants 

for job vacancies exasperating a pre-pandemic problem.

As the COVID-19 pandemic has overwhelmed healthcare systems glob-
ally over the past 2 years, shortages of healthcare workers in every sector 
have reached crisis levels. Lazenby1 notes that world trends such as an ag-
ing population, globalization, and urbanization indicate that fast-moving 
outbreaks of novel viruses will increase in number, and health service 
providers will not be able to meet the patient-care demands this portends. 
As educational institutions endeavor to meet the demands of the health-
care workforce by graduating qualified practitioners in medical laboratory 
science (MLS), respiratory therapy, radiologic technology, and nursing, 
the pandemic has presented many challenges. Across the spectrum of 
allied health training programs, hands-on practice in a suitable health-
care environment is seen as a core component of producing well-rounded 
practitioners in any healthcare field, as Dario and Simic2 emphasized.

During the pandemic, clinical placements were disrupted or delayed due 
to many contributing factors, which negatively affected students’ learning 
and the readiness of graduates to join the healthcare workforce. As Dewart3 
discussed, educational programs had to make difficult decisions about 
whether or not to continue clinical courses in consideration of student 
safety. Dario and Simic2 highlighted that for other programs, the decision 
was forced on the educational program as clinical sites paused or cancelled 
student placements in clinical sites and attributed this reaction to patient 
load, the shortage of personal protective equipment (PPE), and concerns 
that students might contract and spread the virus. As the pandemic spread, 
educators were faced with adapting quickly to the new realities associated 
with the pandemic, and much of the current literature that addresses the 
impact of the pandemic is focused on the adaptations to the classroom 
learning environment, with less attention given to the impact on clinical 
placement and experiences. This article is focused on the challenges to clin-
ical education from the perspective of the clinical educators and seeks to 
identify the sources of the challenges and the short-term and long-term 
effects on medical laboratory professionals.

Materials and Methods
Detailed methodology can be found in “Establishing the Need for Clini-
cal Educator Training for Laboratory Professionals” in Laboratory Medi-
cine. This is the second publication from this dataset.

Research Design
There were 48 questions developed by our research team and placed 
on an electronic questionnaire. The questions originated from clinical 

educator and student questions and concerns as well as a literature 
review. The questionnaire was validated before its electronic distribu-
tion. The American Society for Clinical Pathology (ASCP) distributed 
the survey electronically to laboratory professionals. The survey was 
distributed on March 8, 2021, and was closed 6 weeks later on April 
16, 2021. The data was then compiled and analyzed to find common 
themes and categories.

Data Analysis
Reliability of the questionnaire was determined by calculating Cronbach’s 
alpha (0.935), which is used to measure the internal consistency among 
questions. Two open-ended questions were analyzed:

What impact has the COVID-19 pandemic had on your ability to 
train students?

What is your hospital’s policy on accepting students for clinical train-
ing during the COVID-19 pandemic?

A thematic analysis was performed as described by Braun and Clarke4 
for the open-ended questions. Dummy codes initially assigned to the 
data were used to identify themes and subthemes or categories. Validity 
of final themes were enhanced with communication between research 
team members. The Institutional Review Board at Austin Peay State Uni-
versity approved this research under IRB # 0-066.

Results
Of the 207 participants, 110 responded to 2 open-ended questions. 
From these open-ended questions, 3 common themes emerged: clini-
cal facilities’ continuity of student training during the COVID-19 pan-
demic, policy changes that were changed or implemented for students 
during the COVID-19 pandemic, and concerns for the quality of the clin-
ical education provided.

Fifty-nine clinical sites and associated MLS programs explained the 
greatest hindrance to a student’s clinical education during COVID-19 
was the termination of clinical rotations. The other 148 clinical sites 
worked to keep students either attending or involved in their clinical 
rotations. Common categories were noted by the participants who con-
tinued to work with students through the COVID-19 pandemic along 
with their frequencies (FIGURE 1).

Another theme that presented among participant responses was 
policy changes regarding students as a result of the COVID-19 pan-
demic. There were common categories noted by the responses to pol-
icy changes listed by participants. These can be found in TABLE 1. 
A majority of participants explained the main policy changes involved 
requiring students to adhere to infectious disease safety protocols, 
such as wearing a mask. Other practices implemented by policy in-
cluded face shields, social distancing, daily temperature checks, and 
symptom questionnaires.

The last theme noted was that many clinical educators had concerns 
for students who attended their clinical education in person during the 
COVID-19 pandemic. The most frequently cited concern among clini-
cal educators was the impact of the pandemic on the quality of train-
ing the students received due to staff shortages and limited supplies, 
among other things. Other clinical educators expressed concern for the 
shortened clinical rotations. A full list of the categories of concerns can 
be found in TABLE 2.

Discussion
Fifty-nine participants explained the greatest hindrance during the 
COVID-19 pandemic was that students were not allowed to attend clini-
cal training and in these cases, participants did not provide an alternate 
training solution for the students. According to Lazenby,1 some health-
care providers closed their doors to students due to overwhelming pa-
tient demand and critical shortage of personal protective equipment. 
One participant indicated that students were given the ability to test 
out of clinicals when their program was shut down. This provided an 
easy solution where students who had the required knowledge were ex-
empt. The participant did not explain what happened if a student’s pro-
gram was shut down and the student was not able to test out of their 
clinical training. As explained many times by clinical educators in this 
survey, face-to-face training is an important part of medical laboratory 
professional education and outside of the COVID-19 pandemic, this 
would likely not be an acceptable course of action. Dario and colleagues2 
indicate that clinical experience is a core component of the healthcare 
curriculum. Another clinical educator stated, “students were still able to 
come to the [clinical laboratory] during lock down because the students 
were considered essential.” One clinical educator indicated that their 
students dropped from their medical laboratory program during the 
COVID-19 pandemic. This is an unfortunate and extreme course of ac-
tion, but perhaps for those clinical sites who still required student at-
tendance, this may have been a request some students could not meet. 
This may have been due to personal fears regarding the pandemic, in-
ability to find childcare, or the inability to afford to drive to a nonpaid 
clinical rotation during the pandemic. The cause was not disclosed by 
the clinical educator, but this is a reminder of the life-altering effects 
the COVID-19 pandemic had on students at the onset or during times of 
lockdown. Lazenby1 expanded on another approach, that of healthcare 
providers hiring students to battle overwhelming staffing shortages, al-
though none of the participants in this survey referenced that practice.

Of the 10 participants who stated that their clinical sites accepted 
fewer students during the COVID-19 pandemic, two participants de-
tailed their student reduction. One participant indicated that their clini-
cal site reduced their student intake by 75%. Another participant stated 
that before the pandemic, their clinical site took 3 students. After the 
COVID-19 pandemic began, their employer reduced this number to 1 
student. Many clinical sites have several open and ready-to-fill medical 
laboratory professional positions. By reducing the number of students 
trained at their facility, ultimately the clinical site is reducing the num-
ber of graduates that could apply for those open positions. One partici-
pant reported an increase in requests to take students but provided no 
rationale. This is likely due to the reduced number of clinical sites willing 
to take students during the COVID-19 pandemic resulting in students 
being reassigned to sites able to continue their training.

Three participants stated that student training was delayed at their 
clinical site without providing additional information. Anderson5 states 
that the theoretical and practical learning separation due to delays in 
real-world experience can adversely affect student learning and reten-
tion. However, 1 participant noted that students who tested positive 
for COVID-19 required a delay in clinical training until the next clinical 
rotation of students. This prevented the clinical educator and the MLS 
academic program from the need to track lost clinical training hours 
and coordinate make-up time. Although this was true for this clinical 
site, 1 participant indicated that the [clinical educators] were required 
to be flexible with the student’s make-up hours if the student contracted 
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COVID-19. Another clinical educator had an entirely different perspec-
tive. This individual’s clinical site forbade the student from making up 
hours, regardless of whether the absence was related to a COVID-19 ill-
ness or not.

Seven participants reported the amount of time each student 
trained was reduced. One participant further elaborated by explaining 
that before the COVID-19 pandemic, students stayed in each clini-
cal rotation for 6 weeks. During COVID-19, rotations were reduced 
to 3 weeks. One clinical educator stated that student training was 

changed to an alternate shift. A  different clinical educator reported 
requesting a student be moved to either second shift or a weekend 
shift for training. Often the idea behind moving students to an al-
ternate shift is that the student can receive more individual atten-
tion from the assigned clinical educator. Given the desperate need for 
clinical laboratory staff and shortages of supplies, these problems are 
likely encountered on any shift. There may be some benefits to the 
student training on an alternate shift, but at this time no data in the 
literature exists.

FIGURE 1. Student attendance and clinical site’s pandemic return policy
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TABLE 1.  Student Related Policy Changes Caused by COVID-19 Pandemic

Theme Subthemes Participant Response Number of Participants 

Policy changes Illness screening  

• Frequency

Require daily temperature check, symptom questionnaire, etc., to attend 12

Safety protocols  

• PPE  

• Patient contact

Require masking, eye protection or face shield, and social distancing to attend 18

Students are no longer allowed patient contact 1

Students are no longer afforded the ability for make-up days 1

COVID vaccination Require COVID-19 vaccination to attend 2

COVID testing  

• Frequency

Require regularly scheduled COVID-19 testing to attend 2

TABLE 2.  Clinical Educator Concerns When Students Attended During COVID-19 Pandemic

Theme Subtheme Participant Response Number of Participants 

Concerns 
about 
quality of 
education

Staff and supply shortages  

• Trainers  

• PPE  

• Lab supplies

Significant impacts to training quality due to staff shortages, limited supplies, and additional 
COVID-19 related responsibilities

9

Not enough personal protective equipment for students 2

Shortened rotations Shortening student’s time in clinical laboratory decreases the quality of their education 3

COVID-19 policy-related 
hindrances to education  

• Nonverbal communication  

• Proximity

Mask wearing inhibits non-verbal communication with the student (Example: The mask inhibits 
the approving smiles from the clinical educator.)

2

Unable to effectively adhere to social distancing policies while training 4
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Fourteen clinical sites transitioned to an online learning plat-
form during the COVID-19 pandemic. This was accomplished by sev-
eral modalities. Many clinical educators livestreamed their work while 
 performing testing. Students would watch their clinical educators 
perform patient testing, quality control, calibration, and instrument 
maintenance during their daily routine. When the opportunities arose, 
the clinical educators would provide theoretical concepts or a de-
tailed response to the testing they were performing. Sometimes clin-
ical educators would record short segments of examples from patient 
testing they found critical to student success. Some clinical educators 
also created a compilation of instrument maintenance videos and pro-
cedure videos accessed using online resources. Often, these livestreams 
and video segments were accompanied by patient case studies. Some 
clinical educators were quick to point out that this type of training signif-
icantly affects the quality of education the MLS student receives and  often 
 further commented on the importance of face-to-face training. One par-
ticipant stated that they only performed online clinical training for mi-
crobiology. This is likely due to the limited availability of clinical sites 
that have full clinical microbiology departments.

Two of the thirteen participants who indicated that there was no im-
pact to MLS clinical education provided further evidence of their oper-
ations to maintain student attendance. One participant stated that the 
university the students attended required all clinical students to receive 
COVID-19 testing regularly. The clinical site allowed student attendance 
based on this COVID-19 testing schedule implemented by the univer-
sity and proof of a negative test result. One participant indicated that 
the clinical site required regular testing of the students and further 
explained that students were prioritized for COVID-19 vaccination once 
the vaccine was made available. Implementing these policies prevented 
the interruption of student attendance at their clinical site during the 
COVID-19 pandemic.

Another challenge clinical educators encountered was lack of PPE 
for students. Although the students were practicing in the same envi-
ronment as clinical laboratory professionals and their clinical educators, 
the students were not provided the same protections as clinical staff. 
National PPE shortages and exorbitant costs caused clinical sites to 
implement policies to reduce the usage of PPE. Lazenby1 referenced 
the shortage of PPE and how it negatively affected clinical placement 
availability for nursing students. Two participants stated there was not 
enough PPE for students. Another participant said that students were 
deployed to patient floors to help prevent clinical staff from doffing 
PPE. Participants indicated that students took on the role of “runners 
and messengers.” In addition to these personal protection deficiencies, 
4 participants indicated that it was difficult to maintain the social 
distancing required by policies while attempting to train students. Al-
though these clinical educator comments focused on concerns over 
protecting the students, one clinical educator explained “students did 
not take the infectious disease [protocols] seriously” and had concerns 
about his or her own wellbeing as well as the students’. A different clin-
ical educator whose clinical site continued to take students during the 
COVID-19 pandemic stated, “the school prefers [students] not to go 
into COVID-19 rooms, but our [students] do anyway because they’re 
not worried about [contracting COVID-19]. They know it comes with 
the job when they get a COVID-19 patient and the fact that we run the 
COVID tests, as well.” Two clinical educators were not supportive of 
wearing masks as they felt the masks inhibited nonverbal communica-
tion with the students. In other words, students could not tell if their 
clinical educators were smiling in approval or simply observing their 

student’s work. Another clinical educator said, “Observing social dis-
tance and mask wearing has made it more difficult to be ‘hands-on’ and 
ensure the student understands effectively.” Students are present and 
handling samples in the same environment as their clinical educators. 
Students should be provided the same protections through either their 
clinical sites or through their academic institutions.

One clinical educator stated that the quality of the student was di-
minished. This is not seen only in medical laboratory professionals but 
also in multiple other levels of education and specialties. The United 
States Department of Education defended the return of students from 
online learning during the COVID-19 pandemic to brick-and-mortar 
learning by referencing a substantial 10-point drop in math improve-
ment scores across the United States.6 After the COVID-19 pandemic 
concludes, it is likely institutional cohort studies will reflect a similar 
effect caused by the rapid and unprepared transition from in-person 
learning to online learning. Clinical educators also pointed out the qual-
ity of clinical education students were receiving was diminished. Three 
clinical educators felt this was due to their clinical site’s reduced time in 
a clinical rotation. One participant indicated this is happening because 
there are not enough medical laboratory professionals to train students 
on the bench. Two clinical educators said that being a clinical educa-
tor adds to the workload and there is not enough time to focus on the 
student. Nine other clinical educators stated that it is not only staffing 
shortages but also the limited ability to get supplies for the clinical lab-
oratory. The COVID-19 pandemic affected supply chains and coupled 
with the increased demand, many materials were difficult to obtain for 
the laboratory. It was risky to use additional supplies for examples or to 
perform repeat testing while training a student because there was no 
guarantee that supply orders would arrive on time or at all. As 1 par-
ticipant succinctly expressed, “everything” affected training a student 
during COVID-19.

Most participants indicated that they did not allow student attend-
ance early in the pandemic but have recently modified their course of 
action to allow student attendance. Most participants who recently 
allowed students to attend their clinical sites further noted that students 
are required to be screened for COVID-19 or other illnesses before entry. 
Students are also required to follow the clinical site’s infectious disease 
protocols for COVID-19. This includes wearing a mask, social distancing, 
and wearing goggles or eye protection.

Clinical sites varied with student expectations regarding attendance 
and infection control policies. It was cumbersome to keep up with con-
stantly changing Centers for Disease Control (CDC) recommendations 
in an academic setting.

Limitations
Many clinical educators expressed concerns over the quality of clinical 
training students were receiving during the COVID-19 pandemic. Cur-
rently, there is no data that suggests the clinical education students re-
ceived was poorer than the education received prior to the pandemic. 
Future research should correlate student ASCP scores obtained during 
the course of the pandemic to those scores obtained by students both 
before and after the pandemic. Weaker ASCP examination scores may 
indicate a need for a longer new employee training or orientation period 
for students who graduate during times when abnormally high volumes 
of stressors are present in the clinical laboratory, such as pandemics and 
extreme staffing shortages.

Another limitation was that this survey was distributed to per-
sons who hold an ASCP membership. This survey does not take into  
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consideration those practicing laboratory professionals who do not hold 
a ASCP membership.

Conclusion
It is clear there was no consistency among clinical educators, clinical 
sites, or academic programs when trying to navigate the COVID-19 
pandemic. Clinical sites either did not allow students to attend clinical 
training, reduced the number of students who went to clinicals, reduced 
the time students were at clinicals, or performed online clinical training. 
Many clinical educators believe these choices came at the expense of the 
students’ clinical education.

Furthermore, students should be provided the same protections as 
their clinical educators. Students do perform patient testing in the same 
environment and under the same conditions as their clinical educators. 
Those protections should be provided by the clinical site as governmen-
tal regulations prevent entities that are not clinical in nature from pur-
chasing PPE, such as N-95 masks, when supplies are in high demand. 
These regulations restricted academic institutions from purchasing 
supplies such as nitrile gloves and N-95 masks for academic laboratory 
programs. Ultimately, without changing these policies to allow academic 
institutions access to these materials for clinical students, students 
will not be able to be successfully complete their clinical internships, 
preventing the graduation of students in a field that is already extremely 
understaffed.

Most of the clinical educators who participated in this study 
worked at clinical sites that did not allow student attendance dur-
ing the COVID-19 pandemic, limited rotation hours, or decreased 
the number of students in their laboratory. Many of those clinical 
sites also have multiple vacant laboratory professional positions. 
Obtaining clinical sites for students enrolled in a medical labora-
tory academic program where the students complete their clinical 
rotations is a requirement for student graduation. Decreasing the 
number of students training in the field ultimately decreases the 
number of graduated professionals able to apply for those vacant 
positions. As Holmes and Hogg7 emphasized in their compilation of 
reflections on the pandemic, the limitations of clinical experiences 
for students will have a profound impact on the future supply of 
healthcare providers and can weaken healthcare systems in the 
future. Students going into the field of medicine should continue 
to perform clinical internships during pandemics and in times 
with other stressors. Clinical educators concerned about liabil-
ities should develop a contractual agreement to release the clini-
cal facility from responsibilities, such as infection, as opposed to 
not allowing students to attend their clinical rotation at the clin-
ical site. Contracts should also state clearly the expectations for 
students who are completing their internship at a clinical facility 
during the pandemic or other clinical stressors. Contracts should 
state student vaccine requirements, SARS-CoV-2 testing or other 
testing requirements, when the student should and should not at-
tend their clinical rotation, whether or how the student will make 
up hours missed, and explanations as to their role in the laboratory 
during their clinical rotation. Contracts can circumvent problems 
when expectations are clearly defined before clinicals start for 
students.

Part of the problem with this pandemic was limited defined 
expectations for students as there has not been a pandemic of 

this scale in decades, and there were times where regulations 
from the (CDC were changing daily. Expectations for students 
during the pandemic should be defined now to avoid reduc-
tion in students at clinical sites when the next pandemic or clini-
cal stressor presents itself. Preventing students from completing 
their clinical sites exasperated preexisting staffing issues in the 
clinical laboratory. Reducing the number of laboratory profes-
sional graduates ultimately reduced the number of applicants for  
vacant positions in laboratory medicine.

Other areas of medicine, such a radiography’s accrediting agency, 
allow clinical sites to provide students with employment opportunities 
during times of high demand or during stressful situations that put 
significant pressure on the department. Clinical sites may consider 
creating a student clinical/medical laboratory assistant position, 
where students may work 2 to 3 hours a day, in addition to their clin-
ical hours, to relieve some of the stress from their clinical site. Al-
though vacant phlebotomy and clinical laboratory assistant positions 
may exist at students’ clinical sites, most require long 8-to-12-hour 
working times. Many students will not entertain the idea of working 8 
to 12 hours in addition to their clinical rotation hourly requirements. 
This prevents students from applying for such positions and causes 
students to work in areas other than the clinical laboratory to earn 
wages, whereas students could be working a more manageable 2 to 3 
additional hours in a working position to relieve stress on the clinical 
laboratory.

It is important to keep in mind that these were occurrences noted 
during the SARS-CoV-2 pandemic (2020 to 2021)  and many clinical 
facilities have resumed taking students for clinical rotations, as staffing 
has allowed.
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ABSTRACT

Backround: There is minimal, if any, training for clinical educators in 

medical laboratory professions.  This leads to challenges with teach-

ing, assessment and workload/training balance. Hence, the need for 

standardized clinical educator training.

Method: A survey was developed, validated and deployed to medical lab-

oratory professionals. Responses were analyzed using SPSS. Responses 

from two open-ended questions—is clinical educators’ training important 

and how is this training beneficial?—were analyzed using  thematic analysis.

Results: Most participants indicated that clinical educator train-

ing is important (99.4%).  However, 72.4% received no formal 

training prior to training student. Themes from the importance of  

training include: Equip clinical educators, body of knowledge, 

standardize training and quality of training.  Themes that emerged 

from the benefits of clinical educators training involve Training con-

tent, logistics, professional behavior and technical skills.

Conclusion: Clinical educators’ training is crucial and valuable. 

Standardized training on pedagogy and other success strategies are 

warranted for successful clinical experiences.

Medical laboratory education comprises theoretical and the invaluable 
clinical phases. The clinical phase of a program is where students have 
the opportunity to apply theory, reinforce critical thinking skills, build 
confidence, improve competency, enhance effective communication, 
and refine psychomotor skills and professionalism.1–3 Clinical education 
allows students to learn how to become practicing medical laboratory 
professionals. One of the key factors for the success of the clinical expe-
rience is skilled clinical instructors.3,4 Typically, students in the medical 
laboratory professions are paired with clinical educators on a 1-to-1 ra-
tio or 2-to-1 ratio. Clinical educators are also referred to as preceptors or 
clinical instructors; they may volunteer to train or be assigned students 
to train, often based on availability and seniority rather than compe-
tence.5,6 These clinical educators may or may not have received any for-
mal training or guidance on student instruction,7 and they also train 
students while performing their regular bench responsibilities.

Clinical educators not only train but also serve as role models, 
evaluators, supervisors, confidence boosters, professional relation-
ship builders, protectors, critical-thinking stimulators, organizers, 
facilitators, knowledge enhancers, experts, and positive attitude 
promoters.5,8–10 They are knowledgeable and skilled at what they do, but 
some may be limited in their abilities to transfer or share their knowledge 
and skills with students11; hence, educating clinical educators prepares 
them to be better educators, assessors, evaluators, facilitators.12 Clinical 
educators feel empowered that they are making an impact on the med-
ical laboratory profession when they train students. They derive great 
satisfaction in seeing that they are carrying the torch to keep the pro-
fession alive,7 but many need to be equipped for that role. According to 
L’Ecuyer, Hyde, and Shatto in 2018,5 it should not be assumed that all 
staff are equipped to train students.

The concept of training clinical educators in different allied health 
programs varies. In some cases, clinical educators or preceptors receive 
training before training students and in others, they do not.11 Some 
disciplines, such as nursing, physical therapy, and pharmacy, have struc-
tured training programs or guidelines for clinical educators. Clinical ed-
ucator training is necessary and beneficial for both students and clinical 
educators.5,8,13 A study that evaluated the effectiveness of a preceptor 
program reported that the participants not only gained more informa-
tion on learning and teaching but they also enhanced their training 
skills, which translated to increased confidence. Participants reported 
that they would be able to incorporate student teaching in their work 
duties.13 Another study on preceptorship also reported that clinical 
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The questions were developed after literature review of multiple studies 
on preceptorship, clinical educators and clinical education.1,7,11 Some 
questions were developed from students’ comments and questions asked 
during or after their clinical experiences. The questionnaire consists of 
seven sections which includes demographics, clinical educator experience, 
support or limitations to training students, the training methods, eval-
uation techniques, benefits to clinical training, and overall characteris-
tics embodied by clinical educators. A 5-point Likert scale was utilized as 
well as open ended and yes/no questions. The questions were validated 
upon review by a mix of medical directors, laboratory managers, clinical 
educators, other laboratory professionals, academic faculty and non-lab 
individuals; changes were made based on their feedback.

A pilot study was conducted to determine the time of completion 
and to verify comprehension of questions. Three laboratory managers 
and ten laboratory professionals participated in the pilot. Data collec-
tion for this collaborative study employed the help of the American So-
ciety for Clinical Pathology (ASCP). This organization distributed the 
link to the self-reported survey to its members and responses were col-
lected using Key Survey software. The survey link was emailed to po-
tential participants using pertinent categories of medical laboratory 
professionals within ASCP’s membership database. These categories 
included Clinical Laboratory Assistant/Medical Laboratory Assistant, 
Medical Laboratory Technician /Clinical Laboratory Technician, Medi-
cal Technologist (MT)/Medical Laboratory Scientist (MLS)/Clinical Lab-
oratory Scientist, Molecular Biologist, Phlebotomist, and Specialist in 
Blood Banking.

The survey link was accessible for 6 consecutive weeks from March 
8 to April 16, 2021. A reminder email to complete the survey was sent 
periodically. To avoid duplication, a statement in the informed consent 
asked participants to respond only to the first invitation and not to take 
the survey more than once. The survey was discontinued if participants 
had never trained students. Participants who are currently training 
students or who had trained students in the past were allowed to com-
plete the survey. This paper is 1 of many using the same dataset. The In-
stitutional Review Board of Austin Peay State University approved this 
research (IRB # 0-066).

Data Analysis
Responses were analyzed using the Statistical Package for the Social Sci-
ences (SPSS 16.0). Reliability was determined by calculating Cronbach’s 
alpha, which is used to measure internal consistency (0.935). Descrip-
tive statistics and χ 2 analysis were performed with the P-value set at 
0.05. Two open-ended questions were analyzed in this study: why is 
clinical educator training important and how is the training that you 
received beneficial? For the open-ended questions, thematic analysis 
was used as described by Braun and Clarke.24 Thematic analysis involves 
familiarity with data, initial data coding, searching data for themes, 
reviewing themes, defining and naming themes, and reporting findings. 
Initial codes were assigned to the data after which themes, subthemes, 
and categories were developed. Final themes, subthemes, and categories 
were then compared between 3 research team members to enhance va-
lidity.

Results
The survey had a response rate of 6.33% (n = 207). A  total of 5675 
individuals opened the email they received from ASCP. A  total of 359 

educators acquired teaching and learning skills, enhanced evaluation 
skills, gained effective communication skills, and contributed to a con-
ducive learning environment.1

A typical training program encompasses effective communication, 
evaluation, giving feedback, teaching, providing support and guiding 
students, interprofessional communication, and relationships.14 It is 
no surprise that clinical educators’ relationships with students affect 
competency building, professionalism, and learning outcomes.1 These 
relationships are regarded as a very important and influential element 
in the learning process.1,4,10,15,16 Preceptors want to know their trainees 
better to facilitate tailored training.11

Some national healthcare professional organizations and/or ac-
creditation agencies for nursing, pharmacy, and physical therapy have 
structured preceptor training programs or guidelines that govern the 
requirements and qualifications of clinical educators or preceptors who 
train students. For example, in the Accreditation Council for Pharmacy 
Education Guidance for the Accreditation Standards document for 
PharmD programs, it is suggested that evaluations assess preceptors' 
competence in educating students, their interactions, how the profes-
sion is promoted.17 American Society of Health-System Pharmacists 
(ASHP), an accrediting body for Pharmacy residencies, outlines pre-
ceptor responsibilities, to include among others:   being able to display  
educator capabilities; deliver clear instruction and possess seasoned 
practitioner skills.

In addition, ASHP state that preceptor qualifications entail a range 
of effective instructing methods and skills depending on the circum-
stance; some of these include: tutoring, guidance, and training.18

The American Physical Therapy Association Guidelines and Self-
Assessments for Clinical Education document states that clinical 
instructors demonstrate that they are proficient practitioners, of moral 
conduct, exhibit professionalism, exemplary teaching and management 
abilities, excellent assessment oversight and communication skills.19 The 
American Physical Therapy Association provides a two-level voluntary, 
continuing education, clinical instructor training course for individuals 
precepting in a clinical setting.20 Level one training is focused on learn-
ing in a clinical setting while level two focuses on developing a clinical 
program of study among other skills.20

Recognizing that clinical education requires essential skills to pro-
vide a quality clinical experience for students, health care programs such 
as nursing use a number of tools. For guidance and direction in develop-
ing a competency-based program, nursing educators rely on the Nurse 
Educator Core Competencies made available by the World Health Or-
ganization.21 The core competencies address desired cognitive, affective, 
and psychomotor domains. These core competencies address aspects of 
knowledge of adult education, research skills, experience with program 
curriculum design and application, practical aspects of nursing as well 
as communication, professional and ethical behavior, assessment, ad-
ministration and supervision.21 The core competencies help organize 
and standardize clinical experience for the students while providing an 
organized structure for developing, directly overseeing, and evaluating 
the clinical experience.

The American Academy for Preceptor Advancement offers a precep-
tor certification at cost.22 A 3-part precepting course covers topics such 
practice principles, preceptor aptitudes, pedagogy, preceptor duties, pro-
fessionalism, and how to interact and collaborate effectively.22 The cer-
tification attests to the proficiency of nurse preceptors, which prepares 
them for their instructional roles.

In the medical laboratory professions, there are no standardized clin-
ical educator training or guidelines to follow. This leaves clinical affiliates 
with variable ways of equipping clinical educators for their students’ in-
structional roles. Some clinical affiliates may provide minimal training 
to clinical educators and others do not provide any training. This leads 
to variability in students’ clinical experiences, clinical educators’ assess-
ment of students, and training performance. It is not unusual to have 
recent graduates with very little work experience train students with-
out any formal orientation, guidance, or training on pedagogy. Although 
many factors contribute to a successful training experience for students, 
clinical educators have pivotal roles when it comes to training students.

Training with clinical educators who are confident in their aptitudes 
and knowledge and are familiar with training expectations results in a 
better clinical experience. These clinical educators tend to be more will-
ing to teach students. A study by McCullough, Maron, and Ramnanan23 
on optimizing clinical educator training programs to match motivations 
and concerns reported on the lack of confidence of some physicians in 
teaching students and others who did not teach due to lack of train-
ing. The authors recommended that experienced clinical educators 
and novices should participate in a faculty development program that 
would serve as a refresher for the experienced clinical educators or an 
opportunity to acquire new skills as evaluators, mentors, and teachers 
for the inexperienced.23 Competence building and enhancement in clin-
ical educators should be an ongoing process that include traits classified 
under  attitudes, knowledge, and skills.5 Lack of understanding of the 
expectations of the role of clinical educator has the potential to cause 
stress and feelings of unpreparedness and inadequacy11,14 in those who 
train students. It can be especially daunting for the clinical educator be-
cause training students is an additional responsibility of their employ-
ment.7 This can easily result in fatigue, frustration, and burnout15 as 
well as an unsatisfactory clinical experience for students.

Very limited studies have been published on training clinical educators 
in the medical laboratory professions. It is highly recommended to in-
clude the art of preceptorship in guidance or orientation programs, 
which has the potential to enhance confidence and a sense of satisfac-
tion in both the preceptors and students.8 Standardizing such programs 
provides a framework that ensures some equivalence in training.4

Investing in clinical educators through training, guidance, or ori-
entation is an effective way to maximize student learning experiences. 
Clinical experience does not replace formal training or guidance in clin-
ical education6,14 as formal training includes aspects of communica-
tion, role expectations, teaching techniques, and assessment methods. 
A standardized clinical educator training program, orientation, or pro-
tocol for medical laboratory professionals is nonexistent, to the best of 
the authors’ knowledge. Not surprisingly, few if any studies on clinical 
educator training programs, orientation, or protocols in medical labora-
tory science have been published, which leads to the goal of this study. 
The study seeks to explore the need for clinical educator training from 
the perspective of laboratory professionals and makes the case to stand-
ardize training modules/programs.

Materials and Methods

Research Design
A 48-question survey was developed, validated, and distributed to labo-
ratory personnel by the American Society for Clinical Pathology (ASCP). 
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The questions were developed after literature review of multiple studies 
on preceptorship, clinical educators and clinical education.1,7,11 Some 
questions were developed from students’ comments and questions asked 
during or after their clinical experiences. The questionnaire consists of 
seven sections which includes demographics, clinical educator experience, 
support or limitations to training students, the training methods, eval-
uation techniques, benefits to clinical training, and overall characteris-
tics embodied by clinical educators. A 5-point Likert scale was utilized as 
well as open ended and yes/no questions. The questions were validated 
upon review by a mix of medical directors, laboratory managers, clinical 
educators, other laboratory professionals, academic faculty and non-lab 
individuals; changes were made based on their feedback.

A pilot study was conducted to determine the time of completion 
and to verify comprehension of questions. Three laboratory managers 
and ten laboratory professionals participated in the pilot. Data collec-
tion for this collaborative study employed the help of the American So-
ciety for Clinical Pathology (ASCP). This organization distributed the 
link to the self-reported survey to its members and responses were col-
lected using Key Survey software. The survey link was emailed to po-
tential participants using pertinent categories of medical laboratory 
professionals within ASCP’s membership database. These categories 
included Clinical Laboratory Assistant/Medical Laboratory Assistant, 
Medical Laboratory Technician /Clinical Laboratory Technician, Medi-
cal Technologist (MT)/Medical Laboratory Scientist (MLS)/Clinical Lab-
oratory Scientist, Molecular Biologist, Phlebotomist, and Specialist in 
Blood Banking.

The survey link was accessible for 6 consecutive weeks from March 
8 to April 16, 2021. A reminder email to complete the survey was sent 
periodically. To avoid duplication, a statement in the informed consent 
asked participants to respond only to the first invitation and not to take 
the survey more than once. The survey was discontinued if participants 
had never trained students. Participants who are currently training 
students or who had trained students in the past were allowed to com-
plete the survey. This paper is 1 of many using the same dataset. The In-
stitutional Review Board of Austin Peay State University approved this 
research (IRB # 0-066).

Data Analysis
Responses were analyzed using the Statistical Package for the Social Sci-
ences (SPSS 16.0). Reliability was determined by calculating Cronbach’s 
alpha, which is used to measure internal consistency (0.935). Descrip-
tive statistics and χ 2 analysis were performed with the P-value set at 
0.05. Two open-ended questions were analyzed in this study: why is 
clinical educator training important and how is the training that you 
received beneficial? For the open-ended questions, thematic analysis 
was used as described by Braun and Clarke.24 Thematic analysis involves 
familiarity with data, initial data coding, searching data for themes, 
reviewing themes, defining and naming themes, and reporting findings. 
Initial codes were assigned to the data after which themes, subthemes, 
and categories were developed. Final themes, subthemes, and categories 
were then compared between 3 research team members to enhance va-
lidity.

Results
The survey had a response rate of 6.33% (n = 207). A  total of 5675 
individuals opened the email they received from ASCP. A  total of 359 

individuals clicked on the survey link, although not all of these clicks 
resulted in a completed survey. Participants were asked if they believed 
it is important to train clinical educators. Nearly all, 99.4%, responded 
in the affirmative. Those responding in the affirmative were asked a fol-
low-up question regarding why they thought clinical educator training 
is important. Four themes were identified from the 34% of participants 
who provided open-ended responses (TABLE 1). These 4 themes in-
clude (i) equip clinical educators (63%); (ii) enhance body of knowledge 
and emerging technologies (20%); (iii) provide standardized training 
(14%); and (iv) improve quality of training (3%). Examples of partici-
pant responses can be seen in TABLE 1. Three percent of participants 
felt providing students with a high-quality clinical training experience 
was best accomplished by training the clinical educators. Sixty-three 
percent of participants felt clinical educator training was a great oppor-
tunity to equip clinical educators. This is to ensure that only appropri-
ately trained and credentialed professionals train students.

Most participants (72.4%) reported no education, training, orien-
tation, or clinical instruction prior to becoming a clinical educator. For 
those reporting no prior training, a follow-up question asked if they 
would appreciate receiving formal clinical educator training. The vast 
majority of participants without prior training, 82.1%, indicated that 
they would appreciate clinical educator training. When all participants 
(those with prior training and those without), were asked if they would 
appreciate a formalized training process or protocol to follow while 
training students, 79.5% answered in the affirmative.

Of the 27.6% of clinical educators who had received clinical train-
ing prior to becoming a clinical educator, 92.6% valued the training they 
received. Participants were then asked, in an open-ended format, to ex-
plain how the clinical education they received before training students 
was beneficial. The responses to this question varied greatly. Comments 
regarding the benefits of clinical educator training from those who had 
received training (27.6%) could be grouped into 4 themes (TABLE 2). 
Those clinical educators who found their training beneficial remarked 
favorably about the training content covered regarding curriculum de-
velopment and organization and objective writing in a clinical labora-
tory setting. Logistical matters such as creating schedules for students 
and setting appropriate entry-level goals and guidance on how to eval-
uate student performance were also considered helpful topics. Clinical 
educators also benefited from clinical educator training that emphasized 
their role as professional role model. Soft skills and aspects of profes-
sional deportment were commented on by participants as well. Clinical 
educator training was also beneficial because it refined technical skills 
and offered laboratory technique best practices. The most common 
themes can be seen in TABLE 2.

Participants were also asked which type of facility they were em-
ployed at as a clinical educator. The percentage of participants at each fa-
cility type is shown in FIGURE 1. Most participants worked at critical/
acute care hospitals (43%) or privately owned/not for profit hospitals 
(both at 32.4%). A  χ 2 analysis was performed using participants’ 
responses for the facility type they worked at as a clinical educator and 
whether they had received clinical educator training. The results indi-
cated a lack of clinical educator training for all facility types. No associ-
ation (P > .05) was found between the type of facility and the likelihood 
of clinical educator training.

Participants were asked about their training methods and evalu-
ation techniques. Comparing students, when done properly, can be 
used as an evaluation tool. When the clinical educators were asked 

In the medical laboratory professions, there are no standardized clin-
ical educator training or guidelines to follow. This leaves clinical affiliates 
with variable ways of equipping clinical educators for their students’ in-
structional roles. Some clinical affiliates may provide minimal training 
to clinical educators and others do not provide any training. This leads 
to variability in students’ clinical experiences, clinical educators’ assess-
ment of students, and training performance. It is not unusual to have 
recent graduates with very little work experience train students with-
out any formal orientation, guidance, or training on pedagogy. Although 
many factors contribute to a successful training experience for students, 
clinical educators have pivotal roles when it comes to training students.

Training with clinical educators who are confident in their aptitudes 
and knowledge and are familiar with training expectations results in a 
better clinical experience. These clinical educators tend to be more will-
ing to teach students. A study by McCullough, Maron, and Ramnanan23 
on optimizing clinical educator training programs to match motivations 
and concerns reported on the lack of confidence of some physicians in 
teaching students and others who did not teach due to lack of train-
ing. The authors recommended that experienced clinical educators 
and novices should participate in a faculty development program that 
would serve as a refresher for the experienced clinical educators or an 
opportunity to acquire new skills as evaluators, mentors, and teachers 
for the inexperienced.23 Competence building and enhancement in clin-
ical educators should be an ongoing process that include traits classified 
under  attitudes, knowledge, and skills.5 Lack of understanding of the 
expectations of the role of clinical educator has the potential to cause 
stress and feelings of unpreparedness and inadequacy11,14 in those who 
train students. It can be especially daunting for the clinical educator be-
cause training students is an additional responsibility of their employ-
ment.7 This can easily result in fatigue, frustration, and burnout15 as 
well as an unsatisfactory clinical experience for students.

Very limited studies have been published on training clinical educators 
in the medical laboratory professions. It is highly recommended to in-
clude the art of preceptorship in guidance or orientation programs, 
which has the potential to enhance confidence and a sense of satisfac-
tion in both the preceptors and students.8 Standardizing such programs 
provides a framework that ensures some equivalence in training.4

Investing in clinical educators through training, guidance, or ori-
entation is an effective way to maximize student learning experiences. 
Clinical experience does not replace formal training or guidance in clin-
ical education6,14 as formal training includes aspects of communica-
tion, role expectations, teaching techniques, and assessment methods. 
A standardized clinical educator training program, orientation, or pro-
tocol for medical laboratory professionals is nonexistent, to the best of 
the authors’ knowledge. Not surprisingly, few if any studies on clinical 
educator training programs, orientation, or protocols in medical labora-
tory science have been published, which leads to the goal of this study. 
The study seeks to explore the need for clinical educator training from 
the perspective of laboratory professionals and makes the case to stand-
ardize training modules/programs.

Materials and Methods

Research Design
A 48-question survey was developed, validated, and distributed to labo-
ratory personnel by the American Society for Clinical Pathology (ASCP). 
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whether they found themselves comparing current students to previ-
ous students, 61% of participants stated “yes.” Clinical educators were 
also asked whether they changed their approach to teaching based on 
their students’ performance. Eighty-two percent of clinical educators 
explained they did change their approach. Ninety-six percent of clinical 
educators stated that student mistakes and errors are used as a teaching 
tool. Ninety-nine percent of clinical educators indicated that they give 
verbal instructions when demonstrating procedures and 97% state they 
explain the theory or principles behind what they are demonstrating. 
Clinical educators were then asked whether they provided a comprehen-
sive picture of diseases processes by integrating laboratory results from 
other departments. Thirty percent of clinical educators stated they al-
ways did this. Fifty-nine percent stated they sometimes do this and 10% 
state they never did this.

Discussion
The results of this study agree with other studies in confirming that 
most clinical educators or preceptors do not receive formal training or 

guidance before training students or that the training received is inad-
equate.25,26 Clinical educators who participated in this survey indicated 
they would appreciate training prior to training students. Clinical ed-
ucator training in other allied health science programs address topics 
relevant to and necessary for an optimal clinical training experience for 
the student such as assessments, communication, feedback, teaching, 
and learning skills.25 Although years of clinical experience translate to 
increase in knowledge and skills, it is still beneficial to provide training 
to clinical educators. Wong et al14 stated that clinical educator training 
has been shown to enhance the perception of desired clinical teaching 
behaviors among preceptors. The study participants who, having been 
made aware of their roles as role models, were conscious of their behav-
ior, which affected the learning process. They also highlighted the im-
portance of the appropriate use of soft skills when training students.14 
Clinical educator training has an enormous impact on the educator’s 
confidence and abilities,5,8,13 which aligns with the current findings 
in which participants who received training prior to training students 
indicated that their knowledge on developing the curriculum, teach-
ing abilities, grading, technical skills were enhanced. They also stated 

TABLE 1.  Why Clinical Educator Training Is Important

Themes Subthemes and Categories Selected Participant Responses Participant % 

  “Students need experienced techs to help them develop not only technical skills but empiri-
cal thinking skills so they understand how our jobs impact patient outcomes.”(participant 
AQ189)

 

“Training is not just performing the job while a student observes, but requires the clinical 
educator to connect with the subject matter and provide opportunities for problem solving 
and decision making.”(participant AQ169)

Equip clinical 
educators

Pedagogy  

• Teaching skills  

• Critical thinking skills  

• Assessment  

• Feedback/Communication  

• Learning styles

“We all should know how to best relate to our students, be updated with new issues, and 
be able to access training on how to be effective educators. Like how teachers are trained, 
lab educators should also be trained.” (participant AQ175)

63%

“They also should be educating in the methods of education delivery.”(participant AQ196)

Clinical educator training teaches soft skills, understanding learning styles . . .”(participant 
AQ 98)

“Also, learning how to teach, write exam questions, . . .”(participant AQ59)

“The person who is educating new employees or students must be someone who has more 
knowledge about the topic than your average MT who has just been assigned to do the 
task.” (participant AQ196)

Body of knowl-
edge/emerging 
technologies

Professional development  

•  Enhanced knowledge on new tech-
nology/techniques  

•  Knowledge on developing laboratory 
issues

“.... be updated with new issues . . .” (AQ175) 20%

“It may have given me some added information to present to the students while I am train-
ing them on the lab procedures.” (participant AQ188)

“. . . and time to really learn the material in depth would be highly 
advantageous.”(participant AQ59)

Standardized 
training

Variability in training  

• Lack of consistency  

• Lack of structure

“I recall some of my rotations as a student many years ago. Some of them weren’t very 
good. Others were great. However, there was too much inconsistency. If individuals were 
trained, perhaps this would be remedied.” (participant AQ210)

14%

“. . . teaching how to provide structured training.” (participant AQ98)

“How to be an effective educator is a skill —- while some people may have these skills as 
a natural ability, most do not. Providing some training about how to do this helps ensure the 
clinical experience is beneficial.” (participant AQ90)

Quality of 
training

Training abilities of clinical educators  

• Attributes of clinical educators  

•  Training/work responsibilities of 
clinical educators

“If just anybody trains, it can make it harder for the student later on if they start off with 
a bad trainer who is teaching them wrong, or isn’t making it interesting or exciting. It is 
probably the students first hands on experience of the lab, and you don’t want them to be 
turned off from the start.” (participant AQ117)

3%

“In a hospital setting, it is difficult for an instructor to manage her responsibilities to her 
patients and her students. These priorities are often conflicting. Any training that may be 
available would be beneficial.”(participant AQ59)

This table contains themes, subthemes, and categories that emerged from the open-ended responses of participants who indicated that clinical educator 
training is important.
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TABLE 2.  Benefits to Clinical Educator Training.

Themes 
Subthemes 
and Categories 

Selected Participant Responses 
Participant %  

 

 Curriculum 
development  

•  Organize 
and prepare 
materials

“Helped to organize information and look at best ways to impart this information to students.”(participant AY54)  

“Practicing . . . to develop instructional materials.”(participant AY27)

“I have been through train the trainer programs, orientation for onsite f147151aculty for MLS programs, and precep-
tor trainings, each with a different scope. Most beneficial take away is to be organized, understand that each person 
is unique and will learn at a different speed and rate. There are multiple different learning styles and can take pa-
tience when training if someone is struggling. Check in regularly with the trainee, closed loop feedback is ideal with 
the trainee to ensure that they are retaining the information.”(participant AY140)

Training 
content

Objective 
writing

“Showed me how to plan and group learning objectives. Helped with learning how to make ‘test’ patients for students 
to work with . . . .” (participant AY81)

56%

“I learned about objectives, curriculum, and different domains of learning - more structured approach.” (participant 
AY95)

“It taught me . . . how to first list the learning objectives for better presentations. It also taught me about individual 
learning styles.” (participant AY98)

“I learned how to develop objectives and what pedagogy is best suited for different clinical environments.”(participant 
AY123)

“I studied education as part of my master’s degree program. We learned the important of behavioral objectives and 
their role in the process of assessing student achievement.” (participant AY147)

“It allowed me to understand . . . the best way to present the lecture material using objectives.” (participant AY151)

“It helped me to develop a lesson plan, objectives, and measure effectiveness of the training.” (participant AY177)

Teaching skills “I learn best by watching and listening to demonstrations before trying the skill myself. The most beneficial thing 
I got from my trainers was their experience with events and circumstances that I might have to handle in the future. 
This one-on-one time in a guided practical experience is the most valuable thing you can share with your learners.” 
(participant AY191)

“I find hands on experience to be the best way to test learned knowledge.” (participant AY135)

“It showed me different ways to teach things as all people learn differently.” (participant AY3)

“Helped to become a better educator. Also qualified for preceptor pay.” (participant AY65)

“It made me a better educator. I believe in hands on training.” (participant AY28)

“I feel that training how increases your confidence and that leads to better teaching.” (participant AY176)

“It helps me to train my students in real world situations that I experienced in the field.”(participant AY25)

“Trained you to adapt to different learning preferences.” (participant AY154)

“Training helps you see the big picture. You need to set goals, and training gives you the tools to set those goals in 
place and how to measure outcomes to see if the goals were reached.”(participant AY82)

“It allowed me to understand how to put together a clinical rotation . . .” (participant AY151)

Logistics Scheduling and 
goal setting

“To be able to determine a schedule and focus on goals that the student should have accomplished in a certain time 
frame. A guide for ways to help with certain learning situations and for dealing with different learning strategies.” 
(participant AY171)

9%

Evaluating  

•  Grading 
rubric

“Instruction on how to grade students. Helped to standardize process.”(AY106)

Modeling “I was made aware of how positive role-modeling and good training can affect students, so I try to apply that each 
time I am with a student or new hire.”(participant AY175)

Profes-
sional 
behavior

Attitude/soft 
skills

“.... reminded me that when you are just starting out it can be overwhelming and that keeps you humble and more 
understanding to new trainees.” (participant AY81)

3%

“It taught me about soft skills . . .” (participant AY98)

Enhanced 
techniques

Technical skills “When a tech senses that the student is receptive to learning, they pass on their work efficiency skills/techniques 
that they themselves have learned through experience. One tech taught me how to prevent the forceps from getting 
contaminated by bacteria growing on an agar plate when performing a biochemical paper disc test.” (participant 
AY116)

9%

“Yes it was the work shop, and learn some or all the factors with storing blood and why is it to separate red blood cell 
from serum, hematoma when drawing how significant drawing blood is so important in so many ways.” (participant 
AY211)

“Understanding in-depth an instrument is paramount to teaching others.”(participant AY190)

Other   23%

This table contains themes, subthemes, and categories that emerged from the open-ended responses of participants who indicated that they had received 
clinical educator training and found the training beneficial. Selected participant responses to the open-ended question can be seen in the table.
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participants with prior training in education found it easier to train 
students because of their background. This demonstrates that there is 
a need for clinical educators to receive some training in aspects of ped-
agogy for a successful clinical experience. To provide students with an 
excellent and consistent clinical experience, clinical educators need to be 
equipped for the role. An organized clinical educator training program, 
workshop, or orientation is needed to support clinical education. Vari-
ous modalities can be used to train clinical educators, including face-to-
face, online, or hybrid formats.6 Blueprints for training modules can be 
developed by national professional organizations for academic units and 
clinical affiliates to build on, thereby equipping clinical educators.

As McSharry and Lathlean16 called for the development of national 
competency-based standards for preceptor preparation, we recommend 
the formation of a task force by professional and/or accrediting organi-
zations such as the ASCP, the American Society for Clinical Laboratory 
Science, and the National Accrediting Agency for Clinical Laboratory Sci-
ences to consider the development of a standardized approach to clinical 
educator training. Medical laboratory professional organizations under-
score the importance of quality clinical training, but the guidance for 
clinical educator training is not as structured as those of some health-
care professions.
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that they are more aware, patient and understanding, especially when 
students are struggling and are overwhelmed.

A study by McSharry and Lathlean16 on clinical teaching and learn-
ing within a preceptorship model in an acute care hospital in Ireland 
called for preceptors to undergo preceptor educational preparation to 
equip them with pedagogical skills, which are required to foster learn-
ing. Multiples studies have reported that preceptors who participated in 
preparatory programs indicated increased teaching abilities, willingness 
to train, and self confidence, among other attributes.1,13,23 Similarly, this 
study’s participants who received training prior to training students 
stated that they learned how to develop objectives and adjust teach-
ing style to match students’ learning styles. Participants also indicated 
that they learned to be more organized and provide timely feedback to 
foster learning. This reiterates the debatable assumption that practicing 
clinicians need lessons on pedagogy.

Having a blueprint for training clinical educators has its benefits. 
Variability in the content of training programs and subjectivity among 
clinical educators would be reduced, resulting in more pleasant clin-
ical experiences. When asked why clinical educator training is impor-
tant, study participants who had not received training prior to training 
students indicated that the inconsistency in training made some clini-
cal rotations unpleasant and they stated that having standard training 
protocols would lessen these occurrences. Participants also indicated 
that clinical educator training would help to facilitate examination 
writing, assessments, teaching styles, and delivery modalities. In ad-
dition, educators would enhance critical thinking and communication 
skills, keep abreast of emerging issues, and increase their knowledge of 
certain laboratory techniques and how to balance daily workload and 
still provide quality training. Interestingly, these elements are typical 
components of preceptor and clinical educator training programs. A typ-
ical program or module includes communication, prioritizing, teaching 
techniques, critical thinking, learning styles, teamwork, conflict man-
agement, assessment, giving feedback, and familiarity with roles and 
responsibilities.11,15 These elements are comparable to those wanted by 
this study’s participants.

This study indicated a lack of standardization in the clinical train-
ing and evaluations of students in laboratory medicine. This could 
be seen in the assessment of responses to questions about training 
methods and evaluation techniques. Results indicated less than one-
third of participants provided students with a comprehensive picture 
of disease processes by integrating laboratory results obtained from 
other departments. This prevents students from obtaining a complete 

diagnostic picture of a patient. Training provided to clinical educators 
should equip them with the tools to provide a comprehensive picture of 
a patient’s laboratory results. Almost 20% of clinical educators stated 
they did not change their approach to training based on student per-
formance. Educator training should provide strategies to implement 
change based on a student’s performance, supply methods to measure 
a student’s performance, and provide information for interpreting the 
results of performance measures.4 Questions revolving around student 
performance measurement tools and performance result interpreta-
tion were not asked by this survey. Future studies focusing on clinical 
educators should consider this as focus for further research.

Few responses to questions regarding technique and evaluation 
provided greater than 90% favorable responses. It is clear that clinical 
educators use errors made by students as a teaching tool. They indi-
cated that they explain the theories and principles behind the testing 
performed and provide clear instructions when they were demonstrating 
procedures and techniques. However, currently there is no tool used to 
evaluate clinical educators in their ability to communicate information. 
Future research should focus on the student’s perception of their clin-
ical instructor’s ability to deliver such information. Comparisons of 
students not done in such a way to reduce confidence but to appreciate 
success can be used as a guide for future students.

Ultimately, the goal of clinical education is to allow students to ac-
quire and enhance skills to become competent practitioners. To make 
this experience a positive one, the clinical educator or preceptor needs 
to have adequate abilities and attributes to successfully serve as a bridge 
between academics and professional practice.10

Limitations
The low response rate to the survey may be due to the exclusive use of 
the ASCP’s membership database to distribute the survey. This implies 
that some laboratory professionals who are not members of the ASCP 
have not been included. This survey was also distributed approximately 
1  year into the COVID-19 pandemic, which may have influenced the 
level of responses received.

Conclusion
This study sought to establish the need for standardized medical lab-
oratory professional clinical educator training programs. Overwhelm-
ingly, study participants agreed that having some formal training would 
be beneficial prior to training students. We note that some survey 
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participants with prior training in education found it easier to train 
students because of their background. This demonstrates that there is 
a need for clinical educators to receive some training in aspects of ped-
agogy for a successful clinical experience. To provide students with an 
excellent and consistent clinical experience, clinical educators need to be 
equipped for the role. An organized clinical educator training program, 
workshop, or orientation is needed to support clinical education. Vari-
ous modalities can be used to train clinical educators, including face-to-
face, online, or hybrid formats.6 Blueprints for training modules can be 
developed by national professional organizations for academic units and 
clinical affiliates to build on, thereby equipping clinical educators.

As McSharry and Lathlean16 called for the development of national 
competency-based standards for preceptor preparation, we recommend 
the formation of a task force by professional and/or accrediting organi-
zations such as the ASCP, the American Society for Clinical Laboratory 
Science, and the National Accrediting Agency for Clinical Laboratory Sci-
ences to consider the development of a standardized approach to clinical 
educator training. Medical laboratory professional organizations under-
score the importance of quality clinical training, but the guidance for 
clinical educator training is not as structured as those of some health-
care professions.
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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 Vasani et al detailing 

Six Sigma methodologies to reduce troponin turnaround times. 

In “The Impact of COVID-19 on the Laboratory Professionals’ 

Clinical Education: A Qualitative Study,” Phillips et al discuss 

clinical laboratory science education during the COVID-19 

pandemic. Jator et al continue the conversation in “Establishing 

the Need for Standardized Clinical Educator Training Programs for 

Medical Laboratory Professionals.” In addition, several online-only 

papers discussing SARS-CoV-2 diagnostics are listed in this 

month’s table of contents. 

Check out these articles and more on labmedicine.com.

Lablogatory

Recent contributions to the blog for medical laboratory 

professionals include case studies and laboratory safety. To see 

why over half a million readers visit Lablogatory each year, visit 

labmedicineblog.com.
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Comprehensive and Inclusive Leadership Training  
for the Laboratory Medicine Team

Hone your leadership skills at your own pace with 18 on-demand courses 
offering CME/CMLE credit! This program teaches participants to adapt their 
behavior, communication skills, and leadership styles to be effective in a variety 
of workplace situations through an advanced self-assessment program.

Use promo code LI23JA to save $50.

The Most Complete Pathology Informatics  
Education Program You Will Find

Take the lead to improve lab productivity and move your lab to the next level 
with this unique self-paced online certificate program. The program is designed 
for individuals participating in laboratory informatics initiatives to enhance 
quality diagnosis, throughput and patient safety.

Use promo code UPI23JA to save $100.

The Best Training Resource in  
Laboratory Management Today

LMU is a customizable program for pathologists, laboratory professions and 
residents planning on moving into management positions or seeking to advance 
their management skills. With this comprehensive education resource you can 
achieve your career goals and improve the performance of your lab.

Use promo code LMU23JA to save $150.

ASCP Continuous Quality Improvement (CQI):  
Assuring Patient and Laboratory Team Safety

ASCP CQI aids laboratory teams to assess their practice operations and improve 
performance, with the objective of increasing both patient and laboratory team 
member safety. This guided curriculum includes on-demand courses split 
between five modules, including a suite of downloadable tools for use in the lab.

Use promo code CQI23JA to save $100.

A JOINT COLLABORATION BETWEEN ASCP AND APF

CONTINUOUS QUALITY IMPROVEMENT

CQI

Advance Your 
Career and 
Improve Your 
Skills with the 
ASCP Certificate 
Programs Sale!

Pathologists, Laboratory 
Professionals, Residents—
ASCP offers you a broad 
selection of online certificate 
programs developed to 
support your ongoing 
professional needs!

Visit www.ascp.org/cert-programs to enroll today!

All certificate 
programs  
on sale through  
March 15, 2023.

00A_LABMED_lmac163.indd   11400A_LABMED_lmac163.indd   114 04-Mar-23   16:22:2804-Mar-23   16:22:28

D
ow

nloaded from
 https://academ

ic.oup.com
/labm

ed/article/54/2/113/7071675 by guest on 23 February 2025


