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Abstract
Background  Prompt and precise differential diagnosis of biliary atresia (BA) among cholestatic patients is of great 
importance. Matrix metalloproteinase-7 (MMP-7) holds great promise as a diagnostic marker for BA. This study aimed 
to investigate the accuracy of age-specific serum MMP-7 for discriminating BA from other cholestatic pediatric 
patients.

Methods  This was a single center diagnostic accuracy and validation study including both retrospective and 
prospective cohorts. Serum MMP-7 concentrations were measured using an ELISA kit, the trajectory of which with 
age was investigated in a healthy infants cohort aged 0 to 365 days without hepatobiliary diseases (n = 284). Clinical 
BA diagnosis was based on intraoperative cholangiography and subsequent histological examinations. The diagnostic 
accuracy of age-specific cutoffs of serum MMP-7 were assessed in a retrospective cohort of cholestatic patients 
(n = 318, with 172 BA) and validated in a prospective cohort (n = 687, including 395 BA).

Results  The MMP-7 concentration declines non-linearly with age, showing higher levels in healthy neonates as well 
as higher cutoff value in neonatal cholestasis. The area under the ROC curve (AUROC) was 0.967 (95% confidence 
interval [CI]: 0.946–0.988) for the retrospective cohort, and the cutoff of 18 ng/mL yielded 93.0% (95%CI: 88.1-96.3%), 
93.8% (95%CI: 88.6-97.1%), 94.7% (95%CI: 90.1-97.5%), and 91.9% (95%CI: 86.4-95.8%) for sensitivity, specificity, positive 
predictive value (PPV), and negative predictive value (NPV), respectively. The performance of MMP-7 was successfully 
validated in the larger prospective cohort, resulting in a diagnostic sensitivity of 95.9% (379/395; 95% CI: 93.5–97.7%), 
a specificity of 87.3% (255/292; 95% CI: 83.0–90.9%), a PPV of 91.1% (379/416; 95% CI: 87.9–93.7%), and a NPV of 94.1% 
(255/271; 95% CI: 90.6–96.6%), respectively. Besides, higher cutoff value of 28.1 ng/mL achieved the best sensitivity, 
specificity, PPV, and NPV for infants aged 0–30 days, which was 86.4% (95% CI: 75.0–94.0%), 95.5% (95% CI: 77.2–
99.9%), 98.1% (95% CI: 89.7–100%), and 72.4% (95% CI: 52.8–87.3%), respectively.
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Introduction
Biliary atresia (BA) is a severe liver disease character-
ized by fibro-inflammatory destruction of bile ducts 
that affects 1/8000–10,000 neonates and infants. Since 
1959, Kasai portoenterostomy (KPE) has been the stan-
dard treatment strategy to restore bile flow [1–4]. While 
the prognosis following KPE is indeterminate, the age 
at which infants with BA undergo KPE is considered a 
positive prognostic factor, as those who receive surgery 
before 60 days after birth generally achieve better out-
comes [3, 5–7]. However, prompt treatment relies on 
early and precise diagnosis. To date, it remains difficult to 
achieve perfect accuracy with either liver function assays 
or grayscale ultrasound scans, which are the most widely 
used tests in clinical practice [8–10]. In 2018, Dong et 
al. established a nomogram diagnostic model, slightly 
improving the diagnostic accuracy [8].

Matrix metalloproteinase-7 (MMP-7) plays an impor-
tant role in remodeling the extracellular matrix (ECM), 
which is closely related to liver damage and liver fibrosis 
progression [11–13]. Compared with other cholestatic 
diseases, biliary atresia always shows higher and more 
rapid progression of liver fibrosis. It was noticed that 
MMP-7 levels were higher in BA patients especially those 
with higher stages of liver fibrosis [12], indicating MMP-7 
might be involved in the pathogenesis and progres-
sion of BA. In 2018, Yang et al. reported the high diag-
nostic accuracy of MMP-7 in BA with the AUC of 0.99 
[14]. Recently, several studies have further confirmed the 
clinical value of serum MMP-7 levels in discriminating 
BA from other patients, most of which were based on 
ELISA assays, however, showing large variation in cutoff 
values [14–24]. Besides, the study by Chi et al. revealed 
a dynamic increasing trend of the serum MMP-7 lev-
els in a cohort of BA infant patients after Kasai surgery 
[18]. However, little is known about the natural distri-
bution and dynamic trend of serum MMP-7 levels with 
age across the diagnosing window of BA in normal infant 
population who were not affected by cholestatic diseases, 
which is essential for identifying optimal clinical discrim-
inative cutoff. Also, to date, a well-designed diagnostic 
study with prospective validation is lacking, limiting the 
application of MMP-7 in clinical practice.

Thus, we conducted this study to illustrate the centile 
distribution of serum MMP-7 for age in a non-affected 
cohort of neonates and infants with similar age with BA, 
based on which to establish age-specific serum MMP-7 

cutoff values for diagnosing BA and validate these cutoffs 
in a prospective cohort.

Methods
Study design
This was a single-center diagnostic accuracy study and a 
validation study. Three cohorts of infants were included. 
We established the centile distribution trend of serum 
MMP-7 for age in infants without any hepatobiliary 
diseases (cohort A, n = 284), and then identified a cut-
off value to differentiate BA from non-BA cholestatic 
patients from a retrospective cohort (cohort B, n = 318) 
and further validated its accuracy with a prospectively 
recruited patient cohort (cohort C, n = 687) (Fig. 1).

This work was performed in compliance with the Dec-
laration of Helsinki and other relevant regulations. The 
research protocol was submitted for consideration, com-
ment, guidance and approval to the ethics committee 
before the study begins. Informed consent was obtained 
from the guardian of each participant before enrollment, 
otherwise, the subject would be excluded from final 
analysis. Patients’ names, initials, dates of birth or other 
personal or identifying information were confidential and 
not used.

Setting and study subjects
This study was conducted at an urban tertiary care aca-
demic children’s hospital in Shanghai, China, one of the 
largest medical centers for BA both home and abroad, 
where over 70% of BA patients (over 200 per year) were 
from all over the country.

Cohort A: Infants younger than 1 year of age who were 
admitted to the hospital for reasons other than hepatobi-
liary diseases or jaundice between July 2020 and March 
2022 were screened for eligibility and enrolled as non-
affected controls. Medical records, including biochem-
istry tests and final diagnosis, were reviewed before 
enrollment.

Cohort B and C: Infants who consulted for obstructive 
jaundice with a serum direct bilirubin level > 17 µmol/L 
and accounting for > 20% of total bilirubin were consec-
utively enrolled and defined as cholestatic subjects, for 
whom biliary atresia should be suspected and excluded 
or confirmed as soon as possible during clinical practice. 
These cases consisted of a retrospective cohort (from 
October 2018 to December 2019, Cohort B) and a pro-
spective cohort (from June 2020 to March 2022, Cohort 
C).

Conclusions  The serum MMP-7 is accurate and reliable in differentiating BA from non-BA cholestasis, showing 
its potential application in the diagnostic algorithm for BA and significant role in the future research regarding 
pathogenesis of BA.

Keywords  Cholestasis, Biliary atresia, Diagnostic accuracy, Neonate, Cutoff value, Biomarker, MMP-7
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Index test
Measuring serum MMP-7 concentrations by ELISA
On the day of admission of each patient of the three 
cohorts, the serum samples of 500ul were obtained for 
MMP-7 measurement and stored at -80oC before mea-
surement. Serum MMP-7 concentrations were measured 
using an ELISA kit (R&D Systems, DMP700, Minneapo-
lis, MN, USA) according to the manufacturer’s protocol, 
based on the 20-fold diluted serum samples. Every mea-
surement would include standards and controls. A stan-
dard curve was generated based on a log/log curve-fit for 
each measurement. All measurements were performed 
by WuXi Diagnostics (Shanghai, China), who was blinded 
to other test results. Each sample was provided with 
three technical replicates, and the mean was recorded.

Reference standard
Baseline assessments, including demographic charac-
teristics, medical histories, and biochemistry tests, were 
performed for all patients. The liver function tests includ-
ing total bilirubin (TB), direct bilirubin (DB), gamma-
glutamyl transferase (GGT), aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), alkaline phos-
phatase (ALP), and total bile acid (TBA) were examined 
in the hospital lab center according to uniform standard 
protocols.

BA diagnoses were made based on intraoperative chol-
angiography and subsequent histological examinations 

of liver biopsies [1]. Non-BA patients were confirmed by 
intraoperative cholangiography showing a patent biliary 
tree, and/or percutaneous transhepatic biopsy excluding 
BA, and/or genetic tests showing certain genetic muta-
tions, and/or alleviation of symptoms without surgical 
intervention during follow-up for at least 3 months.

The histological features of all liver biopsy specimens 
were measured and recorded by the same pathologist 
(YYM). The grades of inflammation and stages of fibrosis 
were defined according to the Batts-Ludwig scale system, 
ranging from G1 to G4 and S0 to S4.

Sample size planning
To describe the centile distribution of serum MMP-7 
concentrations for age (days), a cross-sectional cohort 
of 120 non-affected infants without hepatobiliary dis-
eases was required according to the CLSI C28-A3 guide-
line [25]. To identify a cutoff value of serum MMP-7 to 
achieve the best diagnostic accuracy in discriminating BA 
from non-BA patients, which was hypothesized a sen-
sitivity of over 90% and a specificity of over 90% though 
previous studies showed higher accuracy [15–18], with a 
two-tailed α of 0.05 and Δ of 0.05, a total of 304 choles-
tatic participants including 152 BA patients (50%) would 
be sufficient to achieve a power of 0.8 for the develop-
mental study. For the prospective validation, we planned 
a larger sample size. We assumed a screening failure 
rate of 10% with the consideration of unclear diagnosis. 

Fig. 1  Flow chart of the study patients and design
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However, based on our experience, the screening failure 
rate was much lower than 10%, so the calculated sample 
size would be far more than sufficient.

Statistical analysis
Demographic and clinical characteristics of patients were 
summarized using conventional descriptive statistics, 
n (%) for categorical variables and median and quartiles 
(Q1, Q3) for continuous variables.

The centile distribution of MMP-7 for age was derived 
utilizing the Lambda-Mu-Sigma (LMS) method in the 
overall cohort and by age groups. Since the data did not 
follow a normal distribution using the Shapiro-Wilk test, 
nonparametric tests were performed including Chi-
squared and Mann–Whitney U tests, and P values were 
based on Bonferroni adjustment. Kruskal-Wallis tests 
were applied for multiple comparisons. The reference 
range was determined using a nonparametric method 
(2.5th − 97.5th percentiles) according to the CLSI C28-A3 
guideline [25]. Receiver operating characteristic (ROC) 
curves were conducted with clinically confirmed BA as 
a dichotomous outcome variable and MMP-7 level as 
the test variable, and the area under the curve (AUC) 
and 95% confidence intervals (CIs) were reported as a 
measure of accuracy. We used the maximum value of 
Youden’s index as a criterion for selecting the optimal 
cut-off point. When the maximum value of Youden’s 
index was achieved for multiple specificity values, the 
optimal cutoffs were defined based on achieving the max-
imum sensitivity. The sensitivity, specificity, positive pre-
dictive value (PPV), and negative predictive value (NPV) 
and their 95% CIs were also reported to indicate diagnos-
tic accuracy based on the proposed cutoff in the valida-
tion study. Spearman correlation analysis was applied to 
assess the correlation of serum MMP-7 with age as well 
as the grade of inflammation and stage of fibrosis by liver 
biopsy. Random effect model was used to assess the vari-
ation of MMP-7 levels over three durations of sample fro-
zen, as it accounts for the correlation between repeated 
measurements within the same sample.

No missing data were imputed to avoid introducing 
potential bias, and unadjusted P values were reported. All 
data analyses were performed using R software 3.6.3 (R 
Foundation, Vienna, Austria). A statistically significant 
difference was defined as a P value < 0.05. This work has 
been reported in line with the STARD (Standards for the 
Reporting of Diagnostic accuracy studies) criteria [26]. 
All authors had access to the study dataset and reviewed 
and approved the final manuscript.

Results
Diagnosis of enrolled subjects
As shown in Figs. 1 and 284 eligible infants were enrolled 
in Cohort A as non-affected controls. These patients 

were admitted to the hospital for various diagnoses, 
including polydactyly (n = 16), Hirchsprung disease 
(n = 19), imperforate anus (n = 17), anal fistula(n = 7), 
brachial plexus injuries (n = 29), inguinal hernia (n = 27), 
cleft lip or palate (n = 8), congenital heart disease (n = 16), 
hypertrophic pyloric stenosis (n = 2), neonatal ompha-
litis (n = 6), constipation (n = 28), pneumonia (n = 25), 
hydrocephalus (n = 9), convulsion or epilepsy (n = 17), 
trauma (n = 2), hemangioma(n = 9), dermatitis(n = 9), 
cryptorchidism(n = 6), hydronephrosis(n = 15), and rou-
tine body exam (n = 17).

Cohort B consists of 318 cholestatic infants, 172 of 
which were diagnosed with BA later, while 146 were con-
firmed cholestasis with non-BA causes. After excluding 
29 patients due to refusal of further diagnostics or treat-
ment, the prospective Cohort C consists of 687 chole-
static infants. 395 were later diagnosed with BA, and 
292 were confirmed to have non-BA cholestasis (with 
detailed diagnoses listed in Table S1).

Distribution of serum MMP-7 concentrations in the 
controls (cohort A)
As shown in Table 1, over half of the patients were male 
(58.8%). The median serum levels of TB, DB, GGT, AST, 
ALT, ALP, and TBA were all within the normal range. 
The median serum MMP-7 percentiles declined non-
linearly with age (Fig.  2A), and was the highest in the 
group aged 0–30 d (13.76 ng/mL, interquartile range 
[IQR]: 8.70, 19.76). Serum MMP-7 values did not signifi-
cantly differ among the five age groups (31–60 d, 61–90 
d, 91–120 d, 121–150 d, and > 150 d) after Bonferroni 
adjustment (Fig. 2B). The 2.5th and 97.5th percentiles of 
MMP-7 were 4.5-23.15 ng/mL in the neonatal subgroup, 
and 3.34–13.98 ng/mL in infants aged older than 30 days.

The cutoff value and diagnostic performance of serum 
MMP-7 in cholestatic patients (cohort B)
As shown in Table 1 and Table S2, the three cohorts and 
also BA and non-BA groups had similar age, gender and 
ethnicity proportions. There were significant differences 
between BA and non-BA groups in GGT and DB. Serum 
MMP-7 was similar between male and female patients 
(Table S3), but significantly differed among BA, non-BA 
patients and normal controls (Fig. 3A). In the retrospec-
tive cohort, the median serum MMP-7 level was higher 
in the BA group than that in the non-BA group (56.87 ng/
mL (IQR: 32.64, 89.42) vs. 9.40 ng/mL (IQR: 7.30, 12.00); 
P < 0.001). An AUC value of 0.967 (95% CI: 0.947–0.988) 
was obtained for serum MMP-7. A cutoff value of 18 ng/
mL achieved a sensitivity, specificity, PPV, and NPV of 
93.0% (95% CI: 88.1–96.3%), 93.8% (95% CI: 88.6–97.1%), 
94.7% (95% CI: 90.1–97.5%), and 91.9% (95% CI: 86.4–
95.8%), respectively (Fig. 3B).
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Prospective validation of serum MMP-7 in cholestatic 
patients (cohort C)
The cutoff value of 18 ng/mL of serum MMP-7 levels 
classified 395 patients as BA and 292 as non-BA cases in 
the prospective cohort, resulting in a diagnostic sensitiv-
ity of 95.9% (379/395; 95% CI: 93.5–97.7%), a specificity 
of 87.3% (255/292; 95% CI: 83.0–90.9%), a PPV of 91.1% 

(379/416; 95% CI: 87.9–93.7%), and a NPV of 94.1% 
(255/271; 95% CI: 90.6–96.6%), respectively (Fig. 3C). The 
37 infants with false positive test of MMP-7 were further 
diagnosed as idiopathic cholestasis (n = 22), CMV hepa-
titis (n = 1), choledochal cyst (n = 3), Alagille syndrome 
(n = 3), citrin deficiency (n = 1), PFIC (n = 1), parenteral 

Table 1  Demographic and clinical characteristics of study cohorts
Cohort A
Non-affected infants
(N = 284)

Cohort B
Retrospective cohort
(N = 318)

Cohort C
Prospective cohort
(N = 687)

Sex (Male), N(%) 167 (58.8%) 187 (58.8%) 399 (58.1%)
Ethnicity (Han), N(%) 278(97.9%) 312(98.1%) 670(97.5%)
Age, daysa 115 (71, 177) 60 (46, 76) 59 (43, 77)
GGT, IU/La 23.1 (14.1, 48.0) 215.4 (113.0, 453.2) 230.6 (121.8, 477.4)
AST, IU/La 40.7 (33.2, 51.4) 196.3 (125.5, 294.9) 191.8 (122.4, 314.7)
ALT, IU/La 25.4 (19.6, 35.5) 127.6 (71.0, 202.9) 130.3 (75.7, 226.5)
TB, umol/La 6.2 (4.1, 10.1) 168.1 (131.8, 209.3) 141.1 (107.9, 179.4)
DB, umol/La 2.5 (1.7, 4.3) 107.2 (82.6, 137.6) 106.4 (81.2, 134.1)
TBA, umol/La 6.8 (4.7, 11.3) 107.6 (84.8, 134.9) 96.1 (72.0, 124.4)
with CHD, N(%) / 26(8.2%) 67(9.8%)
Inflammation stages, N
G1/G2/G3/G4

/ 8/102/128/1 2/109/346/2

Fibrosis stages, N
S0/S1/S2/S3/S4

/ 2/38/118/70/12 3/20/193/212/31

a: Values are median (Q1, Q3)

BA: biliary atresia; CHD: congenital heart disease; GGT: gamma glutamyl transferase; AST: aspartate aminotransferase; ALT: alanine aminotransferase; TB: total 
bilirubin; DB: direct bilirubin; TBA: total bile acid

Fig. 2  Serum MMP-7 concentration in normal controls. (A) Standard reference curve established using LMS method. 2.5%, 10%, 25%, 50%, 75%, 90%, 
97.5% reference curves were shown. (B) Serum MMP-7 concentration of each age group. Boxes and whiskers represent median and interquartile range. 
Kruskal-Wallis tests were applied for multiple comparisons. Between-group comparisons were performed using Mann–Whitney U tests, and P values were 
based on bonferroni adjustment
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nutrition-associated cholestasis (n = 3), inborn errors of 
bile acid synthesis (n = 2) and bile duct dysplasia (n = 1). 
All infants with false negative results (n = 16) underwent 
intraoperative cholangiography and were subsequently 
diagnosed with BA and underwent KPE by the same sur-
geon (SZ).

Diagnostic performance of serum MMP-7 in each age 
group for cholestatic patients
Given that the distribution of serum MMP-7 with age 
varied between BA and non-BA patients (Figure S1), the 
diagnostic accuracy of MMP-7 was further tested by age 
groups: 0–30 d, 31–60 d, 61–90 d, and > 90 d. The ideal 
diagnostic performance of MMP-7 cutoff of 18 ng/ml 
remained but not achieved in the 0–30 d group, includ-
ing 59 BA and 22 non-BA infants, yielding a sensitivity, 
specificity, PPV, and NPV of 93.2% (95% CI: 83.5–98.1%), 
73.7% (95% CI: 49.8–89.3%), 90.2% (95% CI: 79.8–96.3%), 
and 80% (95% CI: 56.3–94.3%), respectively. The median 
serum MMP-7 level were higher in the 0–30 d group, 
especially in the non-BA infants compared with other age 
groups (51.30 ng/mL (IQR: 38.66, 87.66) for BA vs. 15.75 
ng/mL (IQR: 10.12, 18.97) for non-BA; P < 0.001). Serum 

MMP-7 achieved an AUC value of 0.947 (95% CI: 0.902–
0.992) in differentiating BA in neonates aged 0–30 d, with 
a cutoff value of 28.1 ng/mL achieving the best diagnostic 
performance for this group, a sensitivity, specificity, PPV, 
and NPV of 86.4% (95% CI: 75.0–94.0%), 95.5% (95% CI: 
77.2–99.9%), 98.1% (95% CI: 89.7–100%), and 72.4% (95% 
CI: 52.8–87.3%), respectively (Fig. 4; Table 2).

Correlation of serum MMP-7 with inflammation grade and 
fibrosis stage of liver biopsy
Liver biopsy was available for 699 infants, 526 of which 
were BA patients and 173 were non-BA patients. MMP-7 
showed a weak significant correlation with the fibrosis 
stage in the BA group (R = 0.48, P < 0.001), as well as a 
weak significant correlation with the inflammation grade 
(R = 0.17, P < 0.001), whereas in non-BA group, MMP-7 
showed a weak significant correlation with the inflamma-
tion grade (R = 0.24, P = 0.004), but no significant correla-
tion with the fibrosis stage(R = 0.29, P = 0.056) (Figure S2).

Fig. 3  Diagnostic accuracy of serum MMP-7 in cholestatic patients. (A) Serum MMP-7 concentration in BA, non-BA and normal control groups. Boxes and 
whiskers represent median and interquartile range. Between-group comparisons were performed using Mann–Whitney U tests. (B) Receiver operating 
characteristic (ROC) plots based on the retrospective cohort (C) “2 × 2” table in the validation prospective cohort based on the cutoff value proposed from 
retrospective cohort (18ng/ml)
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Discussion
Our study with a large sample size of its kind and an 
independent prospective cohort for validation demon-
strates a non-linear centile distribution of serum MMP-7 
with age in non-affected controls and provides stronger 
evidence supporting the diagnostic accuracy of serum 
MMP-7 as a biomarker for discriminating BA from other 
pediatric cholestatic patients. We proposes a set of age-
specific cutoffs with higher cutoff value of 28 ng/ml for 
neonatal patients to achieve best discrimination, further 

improving early BA diagnosis, laying the foundation for 
its clinical application and popularization in the diagnos-
tic and screening algorithm for BA.

We found that the serum MMP-7 levels declined non-
linearly with age in the non-affected infant population, 
which has not been reported previously. Bias might be 
introduced because a wide range of non-hepatobiliary 
conditions were included. There is possibility that some 
disease conditions might alter the MMP-7 levels. How-
ever, the range of MMP-7 levels was narrow in each age 

Fig. 4  Diagnostic accuracy of serum MMP-7 in cholestatic patients for each age group. Receiver operating characteristic (ROC) plots for each age group. 
(≤ 30 d: AUC = 0.947(95%CI: 0.902,0.992), 30–60 d: AUC = 0.968(95%CI: 0.953,0.983), 60–90 d: AUC = 0.983(95%CI: 0.972,0.993), > 90 d: AUC = 0.96(95%CI: 
0.914,1)
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group, and the large sample size and variety of diseases 
further generalized our results. The 2.5th and 97.5th per-
centiles of MMP-7 concentration were 4.5-23.06 ng/mL 
in the neonatal subgroup (aged 0–30 days), and 3.13–
15.57 ng/mL in infants aged 30 days and over. MMPs are 
involved in ECM remodeling, which is closely related to 
various physical and pathological processes, including 
fetal development, tissue regeneration, and fibrosis [27, 
28]. This might explain higher serum MMP-7 levels in 
neonates of the healthy infant group who grew rapidly 
and whose MMP-7 levels vary largely accordingly. Such 
trend reveals that neonatal patients with higher MMP-7 
levels may need a higher cutoff value.

We identified a cutoff value of 18 ng/ml with good per-
formance for identifying BA from all pediatric cholestatic 
patients, which was validated prospectively in a larger 
cohort. Besides, we proposed a higher MMP-7 cutoff of 
28.1 ng/mL for the neonatal patients to achieve best dis-
crimination which was in line with its age distribution. 
The diagnostic accuracy was a little reduced in neonates, 
hard to maintain both sensitivity and specificity around 
90%. Compared with 18 ng/ml, the cutoff of 28.1 ng/ml 
demonstrated higher specificity in neonates, which is 
important to avoid unnecessary invasive diagnostic sur-
gery. The cutoff of 18 ng/ml demonstrated higher sensi-
tivity in neonates, indicating these patients should still 
be closely followed up. The age-specific cutoff is of great 
value in accurate and early diagnosis of BA, critical for 
timely surgical intervention and prognosis improvement.

Serum MMP-7 holds great promise for diagnosing BA 
with AUCs all > 0.9 [14–16, 18, 20–24], superior to other 
diagnostic methods including GGT and ultrasound, how-
ever, optimal cutoff values proposed varied significantly 
across these studies (52.85 ng/mL by Yang et al. [14]. , 
10.37 ng/mL by Jiang et al. [16]. , 1.43 ng/mL by Wu et 
al. [15]. , 18.6 ng/ml by Sakaguchi et al. [21]. , 7.8 ng/ml 
by Rohani et al. [20]. , 4.99 ng/ml by Singh et al. [22]. , 
26.7 ng/ml by Chi et al. [18]. , and 69 ng/ml by Aldeiri 
et al. [19] These inconclusive cutoffs limited the clinical 

applications of this biomarker. Compared with our pre-
vious study [16], the serum MMP-7 levels were higher, 
which may be explained by laboratory assay issues. We 
used a different ELISA kit, which proved to be more 
stable, and the blood samples used for these assays were 
several months for the retrospective cohort and no more 
than 7 days for the prospective cohort, respectively. Sta-
bility tests of serum samples in this study indicated that 
it is stable to measure MMP-7 within at least 7 months, 
with variation over time below 15% (Table S4). A cutoff 
value of 1.43 ng/mL was proposed by Wu et al. using 
another kit (ELISA; DuoSet, R&D Systems, Inc, Min-
neapolis, Minnesota) from the same company, however, 
the serum samples were stored for up to 10 years before 
examination [15]. A degree of protein degradation may 
happen over decades. This may partly explain the differ-
ence in MMP-7 levels across studies. Another study by 
Aldeiri et al. [19]also used stored serum samples with 
a median storage time of 12 years, but yielded a much 
higher cutoff value of 69 ng/ml. The kit used was differ-
ent (Human MMP-7/Matrilysin ELISA Kit PicoKine, 
Cat#EK0463, Boster, Boster Biological Technology, 
Pleasanton CA, USA). A more recent study from North 
America adopted another two different assays including 
Millipore® Luminex assay and Time Resolved-Fluores-
cence Energy Transfer (TR-FRET) and proposed two dif-
ferent cutoffs (52.8ng/ml for Luminex and 18.2ng/ml for 
TR-FRET). Thus, we believe methodological differences, 
such as serum sample storage conditions and interval, 
kits selection and experimental procedures, may explain 
the huge variation in studies published so far. Fresh sam-
ple and unified kit selection are highly recommended for 
further standardization of MMP-7 measurement.

In the prospective cohort, MMP-7 misclassified 37 and 
16 infants with false-positive and false-negative results, 
respectively. MMP-7 is secreted from cholangiocytes 
and hepatic stellate cells following liver injury or fibrosis, 
and serum MMP-7 levels correlated with fibrosis stage 
on liver biopsy [16]. Patients with other hepatobiliary 

Table 2  Diagnostic accuracy of serum MMP-7 by age group
Age Group N AUC

(95%CI)
Cut-off value
(ng/ml)

BA Non-BA Sensitivity (%)
(95%CI)

Specificity (%)
(95%CI)

PPV (%)
(95%CI)

NPV (%)
(95%CI)

0-30d 81 0.947
(0.902, 0.992)

28.1 + 51 1 86.4
(75.0–94.0)

95.5
(77.2–99.9)

98.1
(89.7–100.0)

72.4
(52.8–87.3)- 8 21

18 + 55 6 93.2
(83.5–98.1)

72.7
(49.8–89.3)

90.2
(79.8–96.3)

80.0
(56.3–94.3)- 4 16

31-60d 446 0.968
(0.953, 0.983)

18 + 293 15 95.1
(92.1–97.2)

89.1
(82.7–93.8)

95.1
(92.1–97.2)

89.1
(82.7–93.8)- 15 124

61-90d 351 0.983
(0.972, 0.993)

18 + 154 15 95.7
(91.2–98.2)

92.1
(87.3–95.5)

91.1
(85.8–94.9)

96.2
(92.2–98.4)- 7 175

> 90d 127 0.960
(0.914, 1.000)

18 + 37 10 94.9
(82.7–99.4)

88.6
(80.1–94.4)

78.7
(64.3–89.3)

97.5
(91.3–99.7)- 2 78

AUC: the area under the ROC curve; BA: biliary atresia; CI: confidence interval; PPV: positive predictive value; NPV: negative predictive value
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diseases can also have liver fibrosis and elevated MMP-7 
levels, however, around the cutoff value, indicating that 
the regulatory pathways of MMP-7 in non-BA may be 
different from those associated with BA. Diagnostic sur-
gery was recommended for all false negative patients 
because of their clinical symptoms and other biochemis-
try results. Therefore, based on our clinical application of 
MMP-7, there is no overlap in the median MMP-7 lev-
els between BA and non-BA patients, so high MMP-7 
values (far beyond the cutoff) are all consistent with the 
diagnosis of BA. However, even if the MMP-7 level is 
below the cutoff, the infant should be closely followed up 
until the jaundice clears or the suspicion for BA is totally 
eliminated. Otherwise, diagnostic surgery should be per-
formed as soon as possible. Likewise, if the MMP-7 is 
around cutoff, diagnostic surgery could be postponed if 
other clinical symptoms and biochemistry results do not 
support the diagnosis of BA.

The mechanism through which MMP-7 affects the 
pathophysiology of BA remains unclear. In general, as 
reported previously, MMP-7 levels correlate with liver 
fibrosis in BA patients [12], which was also observed in 
our study, while MMP-7 showed no significant correla-
tion with the fibrosis stage in non-BA cholestasis, indi-
cating MMP-7 might be involved in a specific pathway 
of liver fibrosis for BA. Additionally, some studies dem-
onstrated that elevated MMP-7 levels post-KPE were 
observed in patients with poor outcomes [15, 18, 29], 
while Sakaguchi et al. found MMP-7 could not predict 
liver transplantation within a year [21]. Whether there is 
a correlation between high pre-KPE MMP-7 levels and 
post-KPE outcomes as well as dynamic trend of MMP-7 
post-KPE warrants longitudinal investigation in the 
future, which might be helpful in predicting the prog-
nosis and determining the time of liver transplantation. 
However, the 16 false negative patients with pre-Kasai 
MMP-7 levels below 18 ng/ml in the prospective cohort 
are found with poor outcomes after the Kasai procedure. 
The correlation between low MMP-7 levels even below 
the cutoff value pre-KPE and poor outcomes is of great 
interest. Future studies with larger sample sizes and long-
term follow-up are warranted to determine its poten-
tial as a new BA classification that could contribute to 
designing new treatment strategies for BA in the future, 
like direct liver transplantation instead of palliative sur-
gery. We are continuously following up on such patients 
and collecting data for testing this hypothesis.

However, our study inevitably has limitations. First, 
given the large sample size and independent external 
validation with about 70% patients being non-local, this 
is still a single-center study, which limits the generaliz-
ability. Multi-center studies are warranted to further 
validate our findings, especially the diagnostic accu-
racy in neonates, which is of great significance in earlier 

identification of BA and improving prognosis. Second, 
serum MMP-7 levels may vary due to external factors 
besides age, such as nutrition, concurrent infections, or 
genetic predispositions. Also, MMP-7 have been studied 
in the pathogenesis of various disease processes including 
pulmonary and renal fibrosis, inflammatory bowel dis-
ease, and carcinogenesis [28]. However, we were unable 
to investigate all these potential confounders in this study 
set. Continued research into external influencing factors 
on serum MMP-7 levels as well as the mechanistic role 
of MMP-7 in BA is advocated. Additionally, some stud-
ies have investigated the value of combining MMP-7 
with other biomarkers of liver function or bile acid, but 
the accuracy remained similar [14, 16, 24]. The diagnos-
tic accuracy of multi-variate diagnostic model combined 
with MMP-7 and other parameters like ultrasound may 
be worth investigating. Last, some diagnoses, such as 
alpha-1-antitrypsin deficiency which might mimic BA 
but is rare in Chinese infants, were not included in the 
non-BA group, which may limit the generalizability in 
other racial populations.

The diagnostic accuracy of MMP-7 for BA was widely 
approved. Selection of ELISA kits, sample storage con-
ditions and experimental procedures should be con-
sidered for standard MMP-7 measurement before its 
intergradation into clinical diagnostic algorithm. Contin-
ued research into predictive value as well as the mecha-
nistic role of MMP-7 in BA is advocated.

Conclusions
The study conclusively demonstrates the diagnostic value 
of serum MMP-7 as a biomarker for biliary atresia in the 
Chinese pediatric population, establishing age-specific 
cutoff values for improved accuracy. This includes a 
novel, higher cutoff for neonates, addressing a critical gap 
in early BA diagnosis. These findings hold the potential 
to significantly enhance clinical decision-making, par-
ticularly in early and accurate BA identification, thereby 
improving patient outcomes. However, the study’s limi-
tations highlight the need for further validation across 
diverse populations and multicenter settings. We advo-
cate for continued research into the mechanistic role of 
MMP-7 in BA and its integration into clinical practice, 
underscoring the importance of standardized approaches 
in biomarker measurement and application.
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