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Serum dithiothreitol-oxidizing Gl

capacity (DOC) is a promising biomarker
for excluding significant liver fibrosis:
a proof-of-concept study
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Ming-Hua Zheng®®" and Jinsong Zhang'"

Abstract

Background APRIand FIB-4 scores are used to exclude clinically significant fibrosis (defined as stage > F2) in patients
with chronic viral hepatitis. However, the cut-offs for these scores (generated by Youden indices) vary between differ-
ent patient cohorts. This study aimed to evaluate whether serum dithiothreitol-oxidizing capacity (DOC), i.e., a sur-
rogate test of quiescin sulfhydryl oxidase-1, which is a matrix remodeling enzyme, could be used to non-invasively
identify significant fibrosis in patients with various chronic liver diseases (CLDs).

Methods Diagnostic performance of DOC was compared with APRI and FIB-4 for identifying significant fibrosis. ROC
curve analyses were undertaken in: a) two chronic hepatitis B (CHB) cohorts, independently established from hos-
pitals in Wenzhou (n=208) and Hefei (n=120); b) a MASLD cohort from Wenzhou hospital (n=122); and c) a cohort
with multiple CLD etiologies (except CHB and MASLD; n=102), which was identified from patients in both hospitals.
Cut-offs were calculated using the Youden index. All CLD patients (n=552) were then stratified by age for ROC curve
analyses and cut-off calculations.

Results Stratified by CLD etiology or age, ROC curve analyses consistently showed that the DOC test was superior

to APRI and FIB-4 for discriminating between clinically significant fibrosis and no fibrosis, when APRI and FIB-4 showed
poor/modest diagnostic performance (P<0.05, P<0.01 and P<0.001 in 3, T and 3 cohort comparisons, respectively).
Conversely, the DOC test was equivalent to APRI and FIB-4 when all tests showed moderate/adequate diagnostic per-
formances (P>0.05 in 11 cohort comparisons). DOC had a significant advantage over APRI or FIB-4 scores for estab-
lishing a uniform cut-off independently of age and CLD etiology (coefficients of variation of DOC, APRI and FIB-4
cut-offs were 1.7%, 22.9% and 47.6% in cohorts stratified by CLD etiology, 2.0%, 26.7% and 29.5% in cohorts stratified
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by age, respectively). The uniform cut-off was 2.13, yielded from all patients examined. Surprisingly, the uniform
cut-off was the same as the DOC upper limit of normal with a specificity of 99%, estimated from 275 healthy control
individuals. Hence, the uniform cut-off should possess a high negative predictive value for excluding significant fibro-
sis in primary care settings. A high DOC cut-off with 97.5% specificity could be used for detecting significant fibrosis

(= F2) with an acceptable positive predictive value (87.1%).

Conclusions This proof-of-concept study suggests that the DOC test may efficiently rule out and rule in significant
liver fibrosis, thereby reducing the numbers of unnecessary liver biopsies. Moreover, the DOC test may be helpful
for clinicians to exclude significant liver fibrosis in the general population.

Keywords Liver fibrosis, Cut-off, Dithiothreitol-oxidizing capacity (DOC), APRI, FIB-4

Background
Chronic liver diseases (CLDs), including metabolic dys-
function-associated steatotic liver disease (MASLD),
chronic hepatitis B (CHB), chronic hepatitis C (CHC),
alcohol-related liver disease (ALD) and autoimmune
hepatitis (AIH), are highly prevalent worldwide [1, 2].
Liver fibrogenesis alters the mechano-signaling proper-
ties of the liver, triggers portal hypertension, decreases
liver tissue oxygenation, thereby impairing liver regenera-
tion, curtailing liver function, and increasing the odds of
chronic kidney disease [3, 4]. If liver fibrosis progresses, it
eventually advances to cirrhosis (F4 stage), which annu-
ally causes an estimated two million deaths globally [2].
It is desirable not to develop more advanced stages of
liver fibrosis and therefore it is important to identify early
the initial stages of liver fibrosis. There is an urgent need
to identify CLD patients of any etiology at the signifi-
cant fibrosis stage (F2 stage) to start treatment, such as
antiviral therapy in the case of viral hepatitis for halting
or reducing the progression rate towards cirrhosis [5].
Hepatic elastometry with different imaging techniques
are reliable tools for assessing hepatic fibrosis non-
invasively. However, liver biopsy remains the reference
method for the assessment of fibrotic stage despite there
being inherent problems with liver biopsy, such as poten-
tial sampling errors, and low inter-observer agreement
and intra-observer reproducibility [6, 7]. In addition, its
application is largely restrained due to the invasive nature
of liver biopsy with potential post-procedure acute com-
plications [6, 7]. Accurate non-invasive tests (NITs) based
on serum as alternatives to liver biopsy examination are
in demand. Two simple serum biomarker algorithms, i.e.,
the aspartate aminotransferase (AST)-to-platelet (PLT)
ratio index (APRI) and the fibrosis-4 index (FIB-4), are
widely used for the non-invasive assessment of the sever-
ity of liver fibrosis in clinical practice, and have been
recently incorporated into guidelines by several organiza-
tions, including the World Health Organization (WHO)
[8-12].

However, the APRI and FIB-4 scores have limitations
in their ability to non-invasively assess all stages of liver

fibrosis. The major strength of these two simple blood-
based scores appears to be the exclusion of significant
fibrosis [11-13]. The WHO recommends a strategy com-
bining a low cut-off to rule out the presence of significant
fibrosis and a high cut-off to diagnose significant fibrosis
(>F2) in hepatitis C virus (HCV)-infected or hepatitis B
virus (HBV)-infected patients [11, 12]. Normally, a cut-
off is calculated based on the Youden index, however, by
this approach, highly variable cut-offs of either APRI or
FIB-4 scores were documented in various cohorts of CLD
patients with the same etiology. Taking APRI as an exam-
ple, differences of 2.5-fold (0.4-1.0), 3.6-fold (0.235-0.85)
and 3.9-fold (0.2-0.77) have been reported in patient
cohorts with CHC, CHB and MASLD, respectively
(Additional file 1: Table S1). Taking FIB-4 as another
example, differences of 2.2-fold (1.0-2.2), 2.0-fold (0.8—
1.59) and 3.8-fold (0.46-1.73) have been reported for
CHC, CHB and MASLD cohorts, respectively (Addi-
tional file 1: Table S2). APRI includes in its equation
serum AST and PLT count, whilst FIB-4 includes ala-
nine aminotransferase (ALT), AST and PLT count. These
blood parameters are not direct biomarkers of increased
fibrogenesis and can be therefore affected by fibrogene-
sis-unrelated conditions or certain drug interventions,
which in essence don’t modify liver fibrosis. In addition,
the cut-offs of APRI and FIB-4 scores are affected by age
[14-16], and any two cohorts with evidently different age
distributions have a high likelihood of giving rise to dif-
ferent cut-offs. As such, the quality of evidence for APRI
and FIB-4 scores in assessing liver fibrosis has been rated
as low [11, 12]. It is, therefore, plausible to assume that
a biomarker that is more pertinent to hepatic fibrogen-
esis might effectively eliminate the cut-off variability seen
with APRI and FIB-4.

Quiescin sulfhydryl oxidase-1 (QSOX1) is a extracellu-
lar matrix (ECM) remodeling enzyme [17]. This enzyme
is most abundantly expressed in human liver tissue [18]
and quantitative proteomics analysis unveiled QSOX1 as
the top two plasma proteins among 106 circulating pro-
teins significantly correlated to fibrosis stages in ALD
patients [19]. Dithiothreitol-oxidizing capacity (DOC) in
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human serum is predominantly contributed by QSOX1
[20]. We have recently shown that DOC is a promis-
ing biomarker for disease monitoring in HBV-infected
patients with normal serum ALT levels [21].

In this proof-of-concept study, we aimed to explore
whether the DOC test has potential for efficiently assess-
ing significant liver fibrosis. Our criteria for identifying
the DOC test as a novel and reliable, non-invasive bio-
marker for significant liver fibrosis were as follows. 1)
diagnostic performance should not be significantly lower
than APRI and FIB-4 scores; and 2) cut-offs calculated by
the Youden index in cohorts with the same CLD etiol-
ogy or different CLD etiologies, and in CLD cohorts of
different ages, should be identical; given that diagnostic
parameters set for liver biopsy are independent of CLD
etiologies and patients’ age. Based on these criteria, two
CHB cohorts, a MASLD cohort, and a CLD cohort with
multiple CLD etiologies (except CHB or MASLD) were
included in this proof-of-concept study.

Methods

Participants

From January 2017 to May 2023, a total of 552 patients
with CLDs who had undergone liver biopsy were
included in the study. Of them, 356 patients were
recruited from the First Affiliated Hospital of Wenzhou
Medical University, Wenzhou (WZ), China, and 196
patients from the Second Hospital of Anhui Medical Uni-
versity, Hefei (HF), China. The distance between WZ and
HF is approximately 700 km. The four cohorts of patients
were defined as follows: CHB (WZ) cohort (n=208)
-an independent cohort in which all CHB patients were
recruited from the hospital in WZ; CHB (HF) cohort
(n=120) -an independent cohort in which all CHB
patients were recruited from the hospital in HF; MASLD
cohort (n=122) -an independent cohort in which all
patients including those included in previous studies [22,
23] were recruited from the hospital in WZ; and, finally,
a promiscuous CLD cohort (n=102), referred to as ‘other
CLD cohort, in which patients recruited from the two
hospitals were merged. The CLD etiologies in this pro-
miscuous cohort included AIH, ALD or CHC but did
not contain CHB and MASLD. CHB diagnosis followed
the guidelines of American Association for the Study of
Liver Diseases (AASLD), 2018 [24]. HBsAg was positive
for more than 6 months. MASLD was diagnosed by the
presence of hepatic steatosis on liver histology (defined
as presence of more than 5% of steatotic hepatocytes)
with at least one of the following three coexisting meta-
bolic conditions, i.e., overweight/obesity, type 2 diabetes
mellitus, or metabolic dysregulation [25]. Serum samples
of 275 healthy individuals were provided by the hospitals
affiliated to the Anhui Medical University. This study was
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approved by the Ethical Committees of the two Univer-
sity hospitals mentioned above (approval No. 2016-246
and 20180347). All study participants provided written
informed consent.

Liver biopsy

Percutaneous liver biopsy was performed using a 16 G
needle under ultrasound guidance. The liver biopsy spec-
imens were considered adequate for scoring if they had a
length more than 12 mm and contained at least 8 portal
tracts. Liver samples were formalin-fixed and paraffin-
embedded for the histological analysis. Liver histology
was interpreted by two liver pathologists blinded to par-
ticipants’ clinical characteristics. In cases of discrepancy,
the slide was reviewed by another liver pathologist, and
the final staging was achieved by consultation amongst
three liver pathologists. Liver fibrosis (FO-F4) was staged
according to the METAVIR system [26].

Handling of blood samples

Venous blood samples were collected from all patients
and centrifuged to obtain serum samples, which were left
at room temperature for 4—8 h and then stored at —80 °C
until analysis. Serum DOC activity did not change within
48 h under room temperature. Routine clinical labora-
tory data within 30 days before or after the liver biopsy
were used for calculating APRI, FIB-4 or LiverRisk scores
[27].

DOC activity assay

DOC activity was measured according to our previously
validated assay [21] with slight modification. Briefly,
serum (15 pL) was diluted with saline (85 pL) and was
mixed with 50 pL of the reaction mixture with or without
1 mM dithiothreitol (DTT). The difference of the paired
serum tests represented thiol levels in the presence of
serum. Saline (100 pL) was mixed with 50 pL of the reac-
tion mixture with or without 1 mM DTT. The difference
of the paired saline tests represented thiol levels in the
absence of serum. These four reaction mixtures were
made for each sample. After a 15-min reaction at 37 °C,
the reaction was terminated by adding 200 pL Tris-buffer
(200 mM, pH 8.0) containing 6.6 M guanidine hydrochlo-
ride and 1 mM 5,5-dithiobis-2-nitrobenzoicacid (DTNB).
After 5 min, and within 30 min following initiation of the
reaction between DTNB and remaining thiol, absorb-
ance in each reaction (200 pL) was determined at 412 nm
using a 96-well plate reader. Serum causing thiol decrease
was calculated according to the following formula: [(thiol
level in the absence of serum — thiol level in the presence
of serum) X 100% +thiol level in the absence of serum].
DOC was expressed as Unit (U)/uL serum. One Unit of
DOC was defined as 1% DTT (2% thiol) decrease. Once
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the thiol decrease exceeded 55%, the serum was diluted
for redetermination. The following diagram shows that
measuring DOC is quick and easy for laboratories.

serum + reaction mixture with DTT (1)
serum + reaction mixture without DTT (2)
paired serum tests
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between two independent groups were tested with the

15min termination 96-well plate
37°C mixture with —  reader
i i ; " DTNB
saline + reaction mixture with DTT (3)

saline + reaction mixture without DTT (4)
paired saline tests

To ensure consistency in batch DOC measurements
across different clinical laboratories, we would recom-
mend the following sampling method to maintain a
reliable reaction temperature and time in each test. For
measuring thiol levels in the presence of serum, serum
(15 pL, ice cold) is diluted with saline (85 pL, 37 °C), and
is mixed with 50 uL of the reaction mixture with or with-
out 1 mM DTT (37 °C). For measuring thiol levels in the
absence of serum, ice cold saline (15 pL) is added to 37 °C
saline (85 uL), and then is mixed with 50 uL of the reac-
tion mixture with or without 1 mM DTT (37 °C). During
these sampling processes, the test tubes always remain in
a 37 °C heat block. After the addition of the first reaction
mixture, timer is started and then the reaction mixture
is added to subsequent test tube every 10 s. Accordingly,
the terminated mixture is added to each test tube every
10s.

Statistical analysis

Receiver operating characteristics (ROC) curves were
analyzed by SPSS (version 17.0) and MedCalc (version
11.2). Multivariate logistic regression analysis was ana-
lyzed by SPSS (version 17.0). Other analyses were per-
formed by GraphPad Prism (version 5.0). Differences

thiol decrease_ [(3)-(4)] - [{1)-(2)]

by the serum ~ (3)-(4) x100%

Mann—-Whitney U test. Baseline characteristics of the
different CLD cohorts were compared using the x2 test
or the Kruskal-Wallis test. Area under the ROC curve
(AUROC) was used to estimate the probability of the
correct prediction of liver fibrosis stages. Differences
between AUROCs were compared by the DeLong test.
Diagnostic accuracy was evaluated by the sensitivity,
specificity, positive predictive value (PPV) and negative
predictive value (NPV). Optimal cut-offs were selected
to maximize the sum of sensitivity and specificity. Coef-
ficient of variation (CoV) was calculated by standard
deviation/mean. The Pearson’s correlation coefficient was
presented as r. A P-value of <0.05 was considered statisti-
cally significant.

Results

Characteristics of patient cohorts stratified by CLD etiology
The baseline characteristics of participants included in
the four cohorts stratified by CLD etiology are shown
in Table 1. The medians of serum DOC, APRI or FIB-4
in the four patient cohorts were used for calculating the
corresponding CoVs. The DOC CoV (10%) was markedly
lower than the APRI CoV (45%) and the FIB-4 CoV (57%).
The implication of such a characteristic of DOC is not yet

Table 1 Clinical characteristics of the four cohorts of patients stratified by CLD etiology

CHB (WZ) cohort (n=208) CHB (HF) cohort (n=120) MASLD cohort (n=122) Other CLD

cohort
(n=102)

Male sex, n (%) 164 (78.8) 70 (58.3) 90 (73.8) 31(304)

Age, years 40.0 (32.2,47.0) 34.0(29.0,44.5) 39.5(31.0,51.0) 50.0 (43.0,57.0)

SF, n (%) 73 (35.1) 36 (30) 21(17.2) 64 (62.7)

DOC, U/uL 2.04(1.77,2.50) 2.01(1.75,2.28) 1.99(1.79,2.31) 244(2.10,2.99)

APRI 0.46 (0.30,0.99) 0.38(0.26, 0.63) 047 (0.31,0.68) 0.93 (047, 1.59)

FIB-4 1.12(0.78,1.77) 0.86 (0.60, 1.30) 0.82(0.54,1.29) 2.38(1.16,3.98)

Data of age, DOC, APRI and FIB-4 are presented as medians (interquartile ranges)

Abbreviations: APRI Aspartate aminotransferase-to-platelet ratio index, DOC Dithiothreitol-oxidizing capacity, FIB-4 Fibrosis-4 index, SF Significant fibrosis

(histologically defined by > F2 liver fibrosis)
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straightforward. Perhaps, it hints that a less heterogene-
ous parameter for assessing liver fibrosis may be discov-
ered from DOC.

DOC outperforms or is equivalent to APRI or FIB-4

for diagnosing significant fibrosis

The diagnostic performances of APRI and FIB-4 scores
for detecting significant fibrosis in the MASLD cohort
were modest with AUROC values of 0.615 and 0.568,
respectively. The AUROC value of DOC (0.737) was sig-
nificantly better than these two values (Table 2). Similar
findings were also observed in the CHB (WZ) cohort
(Table 2). The performances of APRI and FIB-4 in the
other CLD cohorts were moderate with an AUROC value
of 0.809 and 0.853, respectively (Table 2). In such case,
the AUROC value of DOC (0.798) was not significantly
different from these two values (Table 2). Similar results
were also found in the CHB (HF) cohort (Table 2). In
addition, we performed a multivariable logistic regres-
sion analysis between F0O-1 patients and >F2 patients,
extracted from all CLD patients. The odds ratios of
DOC, APRI and FIB-4 were 8.32, 0.80 and 1.41, for
detecting > F2 patients, respectively (Additional file 1:
Table S3). This also supports the above perception that
the diagnostic performance of DOC is in general better
than that of APRI and FIB-4.

Analysis of cut-offs for DOC, APRI and FIB-4

The optimal cut-offs for DOC, APRI or FIB-4 were
obtained by the Youden Index (Table 2). These cut-offs
were used to calculate the corresponding CoVs. The
CoV of DOC cut-offs across the four cohorts stratified
by CLD etiology was 1.7%, whereas the CoVs of APRI
or FIB-4 reached as high as 22.9% or 47.6%, respectively
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(Fig. 1). While the two CHB cohorts had different APRI
and FIB-4 cut-offs, these two cohorts had a nearly identi-
cal DOC cut-off (Fig. 1). While the MASLD cohort and
the other CLD cohort greatly increased FIB-4 cut-offs as
compared to the CHB, the DOC cut-offs of the MASLD
cohort and the other CLD cohort persistently remained
nearly identical to DOC cut-offs of the two CHB cohorts
(Fig. 1). Therefore, the DOC cut-off from different
cohorts with the same CLD etiology or various etiologies
showed a strongly consistent profile.

Possible factors underlying the uniform DOC cut-off

DOC medians of the four patient cohorts stratified by
CLD etiology were less variable compared to those for
APRI and FIB-4, as demonstrated above. We then per-
formed data mining to gain insight into multiple vari-
ations of DOC, APRI and FIB-4. Regarding APRI and
FIB-4, the FO-1 CoV in the four patient cohorts ranged
from 50%-252% and 49%-92%, respectively. In contrast,
DOC was in a range of 15%-24% (Fig. 2). Regarding APRI
and FIB-4, the F2-4 CoV in the four cohorts ranged from
73%-142% and 77%-104%, respectively. In contrast, DOC
was in a range of 22%-36% (Fig. 2). Regarding APRI and
FIB-4, the CoV of FO-1 mean across the four cohorts was
36% and 22.3%, respectively, whereas the correspond-
ing CoV of DOC was as low as 6.3% (Additional file 1:
Fig. S1). Regarding APRI and FIB-4, the CoV of F2-4
mean across the four CLD cohorts was 50.4% and 39.1%,
respectively, whereas the corresponding CoV of DOC
reached as low as 7.1% (Additional file 1: Fig. S1). In
the case of APRI and FIB-4, the CoV of F2-4 mean/FO-1
mean across the four CLD cohorts was 25.5% and 23.1%,
respectively, whereas the corresponding CoV of DOC
was as low as 2.4% (Additional file 1: Fig. S1). Overall, in

Table 2 Diagnostic performance of DOC, APRI and FIB-4 for significant fibrosis in cohorts of patients stratified by CLD etiology

Etiology NIT Cut-off AUROC P value vs. DOC Sens (%) Spec (%) PPV (%) NPV (%)
CHB (W2) DOC 2.09 0.808 (0.748-0.860) \ 80.8 719 60.8 874
APRI 0.59 0.722 (0.656-0.782) <0.01 67.1 74.8 59.0 80.8
FIB-4 118 0.640 (0.571-0.705) <0.001 60.3 63.0 46.8 74.6
CHB (HF) DOC 215 0.750 (0.656-0.845) \ 61.1 75.0 512 81.8
APRI 0.46 0.722 (0.600-0.844) >0.05 543 916 731 82.6
FIB-4 0.88 0.736 (0.634-0.839) >0.05 743 65.1 473 85.7
MASLD DOC 214 0.737 (0.650-0.812) \ 76.2 69.3 34.0 933
APRI 0.80 5(0.523-0.702) <0.05 427 86.1 39.1 879
FIB-4 263 0.568 (0.475-0.657) <0.05 38.1 98.0 80.0 884
Other CLDs DOC 218 0.798 (0.707-0.871) \ 859 65.8 80.9 735
APRI 0.70 0.809 (0.719-0.881) >0.05 79.7 71.1 823 67.5
FIB-4 2.04 0.853 (0.768-0.915) >0.05 82.8 89.2 93.0 75.0

Abbreviations: APRI Aspartate aminotransferase-to-platelet ratio index, DOC Dithiothreitol-oxidizing capacity, FIB-4 fibrosis-4 index, NIT Non-invasive test, NPV
Negative predictive value, PPV Positive predictive value, Sens Sensitivity, Spec Specificity
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DOC APRI
Mean 2.14 0.64
SD 0.037 0.146
CoV (%) 1.7 229
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Bl CHB (W2)

Bl CHB (HF)
MASLD

@ Other CLDs

FIB-4

1.68
0.800
47.6

Fig. 1 Cut-off variability of DOC, APRI and FIB-4 in patient cohorts stratified by CLD etiology. Abbreviations: SD, standard deviation; CoV, coefficient
of variation; DOC, dithiothreitol-oxidizing capacity; APRI, aspartate aminotransferase-to-platelet ratio index; FIB-4, fibrosis-4 index
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Fig.2 FO-1 and F2-4 variability of APRI, FIB-4 and DOC in patient
cohorts stratified by CLD etiology.Abbreviations: SD, standard
deviation; CoV, coefficient of variation; DOC, dithiothreitol-oxidizing
capacity; APRI, aspartate aminotransferase-to-platelet ratio index;

all variations examined, DOC had a consistently lower
CV than APRI or FIB-4.

Comparisons between CLD cohorts stratified by age or sex
The APRI or FIB-4 cut-off for CHB-associated signifi-
cant fibrosis needs to be adjusted for age [14, 16]. The
FIB-4 cut-off for advanced fibrosis in MASLD also needs
to be adjusted for age [15]. We thus examined whether
age also influences the DOC cut-off. Patients in the four
cohorts stratified by CLD etiology were then regrouped
according to an age segmentation model proposed by
McPherson et al. [15]. The medians of DOC, APRI or
FIB-4 in the patient cohorts stratified by age (Additional
file 1: Table S4) were used for calculating the correspond-
ing CoVs. DOC CoV (10%) was lower than APRI CoV
(29%) and FIB-4 CoV (36%). Based on AUROC values
of the five CLD cohorts stratified by age, DOC was bet-
ter than or equivalent to APRI or FIB-4 in identifying
significant fibrosis (Table 3). Heterogeneity analysis of
cut-offs showed that the CoV of DOC cut-offs across the
five CLD cohorts was one order of magnitude lower than
those of APRI and FIB-4 (Fig. 3). Regarding other varia-
tions examined above, including CoV of FO-1 or F2-4 of
each cohort (Fig. 4) and CoV of FO-1 mean, F2-4 mean,
or FO-1 mean/F2-4 mean across the five CLD cohorts
(Additional file 1: Fig. S2), DOC always had a consistently
lower CoV than that of APRI or FIB-4. Taken together,
age had a marked influence on the cut-offs for APRI or
FIB-4 for significant fibrosis diagnosis; in contrast, the
influence of age on DOC cut-offs was marginal.

It is known that sex may affect diagnostic accuracy,
especially in the case of MASLD, which exhibits defi-
nite sexual dimorphism [28]. To examine the influ-
ence of sex on the DOC cut-off, pooled CLD patients
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Table 3 Diagnostic performance of DOC, APRI and FIB-4 for significant fibrosis in CLD cohorts stratified by age
Age NIT Cut-off AUROC P value vs. DOC Sens (%) Spec (%) PPV (%) NPV (%)
<35 years DOC 2.10 0.762 (0.696-0.820) \ 735 68.2 434 88.6
APRI 0.58 0.705 (0.635-0.767) >0.05 65.3 72.8 44.4 823
FIB-4 0.98 0.582 (0.510-0.652) <0.001 592 60.5 333 81.7
36-45 years DOC 213 7(0.745-0.875) \ 733 76.2 56.9 870
APRI 0.85 0.724 (0.645-0.794) <0.05 56.8 88.6 67.6 83.0
FIB-4 211 0.640 (0.558-0.717) <0.001 43.2 85.7 559 783
46-55 years DOC 214 0.776 (0.693-0.845) \ 78.7 727 72.7 78.7
APRI 0.66 0.734 (0.649- 0.809) >0.05 639 80.3 75.0 70.7
FIB-4 220 0.706 (0.693-0.845) >0.05 60.7 833 771 69.6
56-64 years DOC 220 0.931 (0.819-0.984) \ 952 77.8 76.9 955
APRI 0.55 0.877 (0.749-0.954) >0.05 85.7 85.2 81.8 88.5
FIB-4 252 0.810 (0.670-0.908) >0.05 714 100.0 100.0 818
>65 years DOC 2.10 0.793 (0.603-0.920) \ 100.0 545 783 100
APRI 041 0.778 (0.586-0.910) >0.05 944 63.6 810 87.5
FIB-4 2.10 0.808 (0.620-0.930) >0.05 94.4 63.6 81.0 87.5

Abbreviations: APRI Aspartate aminotransferase-to-platelet ratio index, DOC Dithiothreitol-oxidizing capacity, FIB-4 Fibrosis-4 index, NIT Non-invasive test, NPV
Negative predictive value, PPV Positive predictive value, Sens Sensitivity, Spec Specificity
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Fig. 3 Cut-off variability of DOC, APRI and FIB-4 in pooled CLD
cohorts stratified by age. Abbreviations: SD, standard deviation; CoV,
coefficient of variation; DOC, dithiothreitol-oxidizing capacity; APRI,
aspartate aminotransferase-to-platelet ratio index; FIB-4, fibrosis-4
index

(n=552) were stratified by sex. It was apparent that
sex did not significantly affect the DOC cut-off (2.18
for men and 2.14 for women). However, in MASLD
patients, the DOC cut-offs were 2.14 and 1.82 for
men and women, respectively. Nonetheless, the DOC
test was better than APRI and FIB-4 since the differ-
ences were 1.41-fold and 4.67-fold for APRI and FIB-4,
respectively. It should be noted that the aforementioned
1.17-fold difference between the sexes might be due to
a non-uniform representation of men and women in
the sample (men=90 and women = 32). It is possible to

hypothesize that a more balanced sex-distribution sam-
ple might partly reduce this difference.

DOC cut-off for ruling-out or ruling-in significant fibrosis

Given the moderate accuracy of APRI and FIB-4 in stag-
ing liver fibrosis, to leverage the potential of APRI and
FIB-4 in risk stratification, the WHO recommended
using a low cut-off for ruling-out significant fibrosis
(<F2) and a high cut-off for ruling-in significant fibrosis
(>F2) [11, 12]. The Youden index-optimized DOC cut-
offs yielded from the four CLD cohorts stratified by eti-
ology and the five CLD cohorts stratified by age, were in
a narrow range of 2.09-2.18 and 2.10-2.21, respectively
(Figs. 1, 3). The Youden index-optimized DOC cut-off
yielded from the pooled CLD patient cohort (n=552)
was 2.13 (Fig. 5), which fell into the above two ranges.
This cut-off generated from a large sample size is recom-
mended as the low cut-off for excluding significant fibro-
sis. Accordingly, 52.9% CLD patients could be excluded
with a NPV of 86.0% in the pooled cohort with a>F2
prevalence of 35% (Fig. 5). Surprisingly, the suggested
low cut-off was the same as the DOC upper limit of nor-
mal (ULN) with a specificity of 99% (Fig. 5). The ULN
was obtained based on 275 healthy persons. Liver func-
tion tests of healthy persons and pooled CLD patients
are shown in Additional file 1: Table S5. The DOC assay
showed an odds ratio prominently higher than the other
tests, supporting the motivation to use DOC for iden-
tifying > F2 patients. Based on the advantage of DOC it
is tempting to assume that the >F2 patients within the
pooled CLD patients that included FO-1 patients would
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Fig. 4 F0-1 and F2-4 variability of APRI, FIB-4 and DOC in pooled CLD
cohorts stratified by age. Abbreviations: SD, standard deviation; CoV,
coefficient of variation; DOC, dithiothreitol-oxidizing capacity; APRI,
aspartate aminotransferase-to-platelet ratio index; FIB-4, fibrosis-4
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gain a even higher odds ratio, thus we compared healthy
persons and > F2 patients, indeed, DOC showed an odds
ratio much higher than other tests (Additional file 1:
Table S6). The >F2 prevalence in primary care settings
is likely to be 2.6%-5.0% [2, 29]. Taking the overlap of
the ULN and the low cut-off as well as>F2 prevalence
in the general population (2.6%-5.0%) into account,
the NPV of the low cut-off in primary care settings for
ruling-out significant fibrosis could reach as high as
99.5%-98.9%. The high cut-off for predicting significant
fibrosis (>F2) is suggested to be defined by high speci-
ficity [11, 12]. At a specificity of 97.5%, the high cut-off
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of DOC was 2.93. Accordingly, 12.7% CLD patients were
classified into>F2 with a PPV of 87.1% (Fig. 5), which
accords with the requirement that a test should be able
to correctly classify at least 80% of patients [30]. Overall,
the combined application of both low and high cut-offs,
liver biopsy could be avoided in roughly 2/3 CLD patients
examined in the present study. For CLD patients with a
DOC value between the low and high cut-offs, further
examination(s) with other NITs, such as enhanced liver
fibrosis test and vibration-controlled transient elastogra-
phy or liver biopsy would be necessary.

Comparison of DOC and LiverRisk score for diagnosing
significant fibrosis

A recent study showed that LiverRisk score predicts
long-term liver-related outcomes, such as mortality,
hospitalization, and liver cancer in the general popula-
tion [27]. The LiverRisk score is calculated with an online
calculator [31], and is based on age, sex and six routine
clinical laboratory parameters, namely, serum levels
of ALT, AST, gamma-glutamyltransferase, fasting glu-
cose, total cholesterol, and PLT count. Whether Liver-
Risk score could be also used to stage significant fibrosis
is uncertain. We thus compared its performance with
those of DOC, APRI and FIB-4. Of our 552 patients with
CLD, almost 60% (i.e. 325 patients) had all the six routine
clinical laboratory variables for calculating the LiverRisk
score; these patients were then used for the compari-
son. DOC correlated significantly (P<0.001) to LiverRisk
score (r=0.573), APRI (r=0.506) and FIB-4 (r=0.532)
(Additional file 1: Fig. S3). AUROC values showed that
DOC outperformed each of the LiverRisk score, APRI or
FIB-4 in identifying significant fibrosis (Additional file 1:
Table S7). The Youden index-optimized DOC cut-off
yielded from the 325 patients was 2.13 (Additional file 1:
Table S7), which was the same as that yielded from all
CLD patients examined (n=552) (Fig. 5).

Discussion

The main and novel finding of this proof-of-concept
study is that the DOC test had better diagnostic perfor-
mance than the APRI and FIB-4 scores for noninvasively
identifying > F2 liver fibrosis. The DOC test had a signifi-
cant advantage over APRI and FIB-4 scores in showing
a consistent diagnostic cut-off across different cohorts
of CLD patients. Out of the 10 comparisons between
DOC and APRI, the AUROC values showed that DOC
was significantly better than APRI in 4 cohorts and was
equivalent to APRI in another 6 cohorts (Tables 2, 3 and
Additional file 1: Table S7). Out of the 10 comparisons
between DOC and FIB-4, the AUROC values showed
that DOC was better than FIB-4 in 5 cohorts and was
equivalent to FIB-4 in another 5 cohorts (Tables 2, 3 and
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Fig. 5 Diagnostic performance of DOC for significant fibrosis. All patients with CLD were combined together for the analysis. Healthy control
persons as the HC group were used for assessing the upper limit of normal. Abbreviations: HC, healthy control; Sens, sensitivity; Spec, specificity;
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Additional file 1: Table S7). In general, where APRI or
FIB-4 showed only modest diagnostic performances for
identifying > F2 liver fibrosis, DOC surpassed APRI and
FIB-4 scores in performance. In contrast, when APRI or
FIB-4 had moderate/adequate performances for identi-
fying>F2 liver fibrosis, DOC was not inferior to them.
The comparisons across different CLD etiologies and age
strata clearly show that the DOC test may be a useful bio-
marker for the non-invasive identification of significant
liver fibrosis.

Recently, the APRI and FIB-4 scores have been incor-
porated into guidelines by several organizations includ-
ing the WHO for risk stratification of significant liver
fibrosis [8-12]. A pitfall of these two blood-based algo-
rithms is their highly variable cut-offs in various patient
cohorts with a same CLD etiology (Additional file 1:
Tables S1, S2). Consistently, this pitfall was also evident
in the present study. In the four CLD cohorts stratified by
etiology, the APRI cut-offs showed a 1.74-fold difference
in cut-off value between cohorts, with a CoV of 22.9%,
whereas the FIB-4 cut-offs showed a 2.99-fold difference
in cut-off value between cohorts with a CoV of 47.6%. In
contrast, the DOC cut-offs showed only a 1.04-fold dif-
ference in cut-off value between cohorts with a CoV of
1.7% (Fig. 1). In the five CLD cohorts stratified by age, for
APRI cut-offs there was a 2.44-fold difference in cut-off
value between cohorts with a CoV of 26.7%. For FIB-4
cut-offs there was a 2.57-fold difference in cut-off value
between cohorts with a CoV of 29.5%. In contrast, for
the DOC cut-offs there was only 1.05-fold difference in

cut-off value between cohorts with a CoV of 2.0% (Fig. 3).
In the case of APRI or FIB-4, the huge variability of these
scores with FO-1 and with F2-4 (Figs. 2, 4) and high vari-
ations of FO-1 mean, F2-4 mean and F2-4 mean/FO-1
mean (Additional file 1: Figs. S1, 2) may be the underlying
factors producing highly variable cut-offs. In the case of
DOC, lower variability (Figs. 2, 4) and variations (Addi-
tional file 1: Figs. S1, 2) tend to facilitate a more uniform
cut-off.

The global burden created by CLDs is considerable [1,
2] and this burden is expected to rise as the epidemics of
obesity and type 2 diabetes continue to increase the total
numbers of MASLD cases worldwide [32-34]. Signifi-
cant liver fibrosis may account for about 2.6%-5.0% of the
general adult population [2, 29]. Widespread screening
for significant fibrosis allows interventions or closer sur-
veillance and since most people are > F2 negative within
populations, a NIT that enables clinicians to reliably
exclude significant fibrosis is very important to identify
people who do not need further tests. By using the low
cut-off of DOC, the NPV was 86.0% in the CLD cohort
with a>F2 prevalence of 35% (Fig. 5). Since the low cut-
off of DOC was the same as the ULN with 99% specificity
(Fig. 5), the NPV of DOC thus could reach 99.5%-98.9%
in the general population level where >F2 prevalence was
2.6%-5.0%. Thus, DOC test is a highly useful tool to rule
out significant liver fibrosis with a particularly high NPV
in primary care settings, thus reducing the burden of
referrals to secondary care. Recently, the LiverRisk score
has been proposed to accurately identify individuals at
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high risk for future liver-related outcomes in the general
population [27]. In our study, DOC significantly cor-
related to LiverRisk score (Additional file 1: Fig. S3) but
outperformed the LiverRisk score in significant fibrosis
diagnosis (Additional file 1: Table S7), thus it seems rea-
sonable to compare the performances of DOC and Liver-
Risk score in predicting the risk of long-term liver-related
outcomes in the general population in the future.

The following studies suggest a link between DOC
and hepatic fibrogenesis. The activity of human serum
DOC is contributed mainly by QSOX1 [20]. QSOX1 is
a secreted protein [17]. Extracellular QSOX1 controls
ECM composition by catalyzing cysteine cross-linking or
disulfide bond formation [17]. QSOX1 inhibition strongly
disrupts incorporation of laminin, a key basement mem-
brane component, into ECM. The resultant ECM is more
elastic as evidenced by atomic force microscopy [17].
QSOX1 Inhibition also leads to reduced deposition of
two additional major ECM components (fibronectin and
collagen) in ECM [35, 36]. Of QSOX1-facilitated matrix
remodeling events, QSOX1 preferentially adheres to
fibronectin, laminins and Matrigel relative to collagen
and gelatin, through the formation of mixed disulfides
between QSOX1 and cysteine-rich ECM proteins [37].
The role of secreted QSOX1 in ECM is an emerging and
impactful concept without receiving adequate attention
it deserves in the field of liver fibrosis research, however,
it should be emphasized that QSOX1 mRNA is most
abundantly expressed in the liver among various human
tissues, including the heart, brain, placenta, lung, skel-
etal muscle, kidney and pancreas [18]. Two outstanding
studies have revealed an association between QSOX1
and liver fibrosis. Niu et al. found that QSOX1 ranks in
the top two plasma proteins among 106 circulating pro-
teins significantly correlated to fibrosis stages in ALD
patients [19]. Baker et al. showed that fast recurrence of
liver fibrosis in HCV-infected patients post liver trans-
plantation is associated with a marked elevation of serum
QSOX1 protein [38].

The optimal tool for diagnosing liver fibrosis should be
[39] i) related to ECM deposition, ii) useable across dif-
ferent etiologies of CLD, iii) easy to perform, cost-effec-
tive, readily available, and reproducible across diagnostic
platforms, and iv) resistant to the influence of physiologic
variations such as age and sex. The DOC test is associ-
ated with ECM deposition and has a uniform cut-off
across different CLD etiologies. The DOC test is a com-
mon colorimetric analysis without employing expensive
chemicals and instruments, and it can be standardized
across diagnostic platforms given the simple test proce-
dure. Thus, the DOC test could be considered as an ideal
NIT implemented in clinical laboratories of primary,
secondary, and tertiary healthcare centers, and used by
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physicians or healthcare payers to triage CLD patients for
treatment options and proactive disease management.

Whether QSOX1 plays a role in elevating oxida-
tive stress during the progression of CLDs remains to
be fully determined. Nrf2 is a master antioxidant tran-
scription factor. QSOX1 may impair Nrf2 activation in
hepatocellular carcinoma cells [40], suggesting that the
over-expression of hepatic QSOX1 may promote oxida-
tive stress. QSOX1 was initially found to be a specific
biomarker for indentifying acute decompensated heart
failure [41], while more recently it was revealed to be a
biomarker for CLDs [19, 21]. Contrary to the trajectory,
serum gamma glutamyl transferase concentration, a non-
specific liver test, has evolved to be a biomarker of car-
diometabolic health [42]. We have found that the DOC
test could not be used for indentifying acute myocardial
infarction [21]. In addition, QSOX1 is only sensitive in
the case of acute decompensated heart failure, but not
stable chronic heart failure [41]. Therefore, QSOX1 or
DOC seems to have little potential in cardiovascular risk
assessment and stratification in patients with CLDs.

The current proof-of-concept study has some impor-
tant limitations. Independent cohorts of alcohol-related
liver disease, hepatitis C, and autoimmune liver disease
were lacking; rather the relevant patients due to the small
numbers were included in a cohort referred as other
CLDs, namely the promiscuous CLD cohort. In addi-
tion, all CLD patients were of Chinese ethnicity. Future
larger studies including patients with various CLD eti-
ologies from different countries are needed. In addition,
prospective studies are also needed to investigate the
relationships between the DOC test and fibrosis develop-
ment or prognosis following drug treatments.

Conclusions

We report the diagnostic performance of DOC for non-
invasively identifying significant liver fibrosis in several
cohorts of CLD patients stratified by etiology or age. The
DOC test is simple and cost-effective and could therefore
be easily applied to routine clinical practice. The DOC
test is accurate for ruling-out and ruling-in significant
fibrosis, obviating the need for unnecessary liver biop-
sies. The DOC test may also be helpful for clinicians to
rule out significant fibrosis at the population level. We
suggest that future studies based on a variety of CLD eti-
ologies and larger sample cohorts of different ethnicities
are needed to further corroborate our findings.
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