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Background: The diagnosis of biliary tract cancer (BTC) is challenging in clinical practice. We performed a prospec- 

tive study to evaluate the value of plasma copy number variation (CNV) assays in diagnosing BTC. 

Methods: 47 treatment-naïve patients with suspicious biliary lesions were recruited. Plasma samples were col- 

lected at admission. Cell-free DNA was analyzed by low coverage whole genome sequencing, followed by CNV 

analyses via a customized bioinformatics workflow, namely the ultrasensitive chromosomal aneuploidy detector. 

Results: 29 patients were pathologically diagnosed as BTC, including 8 gallbladder cancers (GBCs) and 21 cholan- 

giocarcinomas (CCs). Cancer patients had more CNV signals as compared with benign patients (26/29 vs. 2/18, 

P < 0.001). The most frequent copy number gains were chr3q (7/29) and chr8q (6/29). The most frequent copy 

number losses were chr7p (6/29), chr17p (6/29), and chr19p (6/29). The sensitivity and specificity of plasma 

CNV assays in diagnosing BTC were 89.7% and 88.9%, respectively. For CA 19-9 (cutoff: 37 U/ml), the sensitiv- 

ity was 58.6% and the specificity was 72.2%. The diagnostic accuracy of CNV assays significantly outperformed 

CA 19-9 (AUC 0.91 vs. 0.62, P = 0.004). Compared with CA 19-9 alone, the adding of CNV profiles to CA 19-9 

increased the sensitivity in diagnosing GBC (75.0% vs. 25.0%) and CC (100% vs. 52.4%). Higher CNV burden 

was also associated with decreased overall survival (Hazard ratio = 4.32, 95% CI 2.06–9.08, P = 0.033). 

Discussion: Our results suggest that BTC harbors rich plasma CNV signals, and their assays might be useful for 

diagnosing BTC. 
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Biliary tract cancers (BTCs) include intrahepatic, perihilar, and dis-
al cholangiocarcinomas as well as gallbladder cancer. BTCs are a group
f devastating malignancies with dismal prognosis, and the prevalence
as been increased globally over the past 20 years [1] . The diagnosis of
TC mainly relies on serum tumor biomarkers, radiographic imagings,
nd endoscopic examinations. However, hepatobiliary surgeons always
ace the dilemma of diagnosing indeterminate biliary strictures or uncer-
ain gallbladder masses. In one study of 707 suspected cases of perihilar
holangiocarcinoma, 22 (3.1%) patients had a final pathology of benign
ilar stricture [2] . Another study showed a misdiagnosis rate as high
s 15% in 323 patients resected for presumed perihilar cholangiocarci-
Abbreviations: BTC, biliary tract cancer; CEA, carcinoembryonic antigen; CC, chola

umber variation; GBC, gallbladder cancer; LCWG, low-coverage whole genome; WG
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oma [3] . As for gallbladder lesions, extended resection for xanthogran-
lomatous cholecystitis that masquerades as cancer was not unusual [4] .
eanwhile, incidental cancer detected after cholecystectomy occurred

n about 1% of all cholecystectomies [5] . 
CA 19-9 and carcinoembryonic antigen (CEA) are the most com-

only used serum biomarkers for diagnosing BTC; however, both have
nly moderate diagnostic accuracy [6] . CA 19-9 may be elevated in pa-
ients with acute cholangitis, obstructive jaundice, or xanthogranuloma-
ous cholecystitis [ 4 , 7 , 8 ]. Meanwhile, CA 19-9 could be undetected in
ancer patients with Lewis (-) phenotypes [9] . Multidetector-row com-
uted tomography (MDCT) and magnetic resonance imaging (MRI) are
aseline imaging modalities, whereas some patients with either early
holangiocarcinoma or IgG4-related cholangitis may display equivocal
ngiocarcinoma; cfDNA, cell-free DNA; CIN, chromosomal instability; CNV, copy 

S, whole genome sequencing. 
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r negative findings on conventional imaging [10] . Although PET-CT is a
aluable complimentary tool, it is costly and may result in false-positive
ndings in inflammatory biliary conditions [11] . Unlike gastrointesti-
al cancers, it is an arduous undertaking to perform biopsy for BTC.
ndoscopic ultrasound (EUS) and endoscopic retrograde cholangiopan-
reatography (ERCP) with cytological brushing or biopsy, along with
vant-garde visualization techniques, are increasingly used to improve
he diagnostic yield. Regretfully, they are hampered by low sensitivity,
ccessibility, poor cost-effectiveness and potentially severe complica-
ions [12] . 

The past decade witnessed exponential progress in non-invasive liq-
id biopsy for cancer, which is epitomized by the testing of circulating
umor DNA (ctDNA), namely the fraction of cell-free DNA (cfDNA) that
s shed from tumor cells into bloodstream [ 13 , 14 ]. BTC is notoriously
nown as a heterogeneous cancer entity with complex cell origins and
utation profiles [15] . Plasma ctDNA sampling is attractive in captur-

ng the tumor heterogeneity harbored by multiple clonal populations
13] . Either analyzed by polymerase-chain-reaction (PCR) or ultra-deep
ext-generation sequencing (NGS), ctDNA has been tentatively exam-
ned in patients with BTC [ 16 , 17 ]. However, the majority of studies
ocused on gene mutations that were used for predicting prognosis or
uiding therapy decisions [18] . Supplementary Table S1 systematically
eviewed previous studies on cfDNA analysis in BTC. 

Chromosomal instability (CIN) is a promising alternative diagnostic
ool. CIN refers to ongoing aberrant chromosome segregation during
ell divisions, generally exhibiting as somatic copy number variations
CNVs). As a hallmark of cancer, CIN pervades in almost 90% of solid
alignancies. It also underpins much of the tumor heterogeneity and is

entral to cancer evolution [ 19 , 20 ]. The effect of CNVs exerting on the
ancer genome far outweighs certain genetic mutations [21] . Previous
tudies based on tumor tissues proved that copy number signals were
requently detected in BTC [ 22 , 23 ]. 

Although ctDNA is a potentially rich reservoir to deduce CNV pro-
les, the fraction of ctDNA in plasma is basically at a low level [24] . It

s intriguing to uncover CNVs by analyzing ctDNA with whole genome
equencing (WGS). The feasibility of this approach has been verified,
ostly relating to therapy efficacy or disease monitoring [25-27] . It re-
ains an untapped territory for detecting plasma CNVs in biliary ma-

ignancies. Consequently, we conducted this prospective cohort study
o identify CNVs by using low-coverage whole genome sequencing
f plasma cell-free DNA in patients with BTC. We aimed to evaluate
hether plasma CNV profiles have a diagnostic role for discriminating
TC from benign biliary lesions. The prognostic value of CNV burden
as also investigated. 

aterials and methods 

Our study adhered to the Standards for Reporting Diagnostic Accu-
acy Studies (STARD) 2015 guideline [28] . This prospective study was
pproved by the Institutional Review Board of the Eastern Hepatobil-
ary Surgery Hospital (EHBH) (NO. EHBHKY2019-01-004). Informed
onsent was obtained from all patients. We enrolled consecutive non-
verlapping patients who underwent surgical resection for biliary dis-
ases between March 2019 and January 2020 at the Second Department
f Biliary Surgery in EHBH. 

nclusion and exclusion criteria 

All patients were over 18 years of age. We defined a prior the in-
lusion and exclusion criteria. Two groups of patients were eligible for
nclusion: (1) highly suspicious group: patients were diagnosed as BTC
ased on preoperative clinical data as judged by radiologists and senior
uthors (W.L.Y and Y.J.Z); (2) moderately suspicious group: patients had
ong-term ( > 5 years) precancerous biliary lesions or suspicious clinical
igns (e.g. irregular thickness of the gallbladder wall, indeterminate en-
ancement on CT/MRI, elevated serum tumor markers); precancerous
esions may include hepatolithiasis, choledochal cysts, gallbladder poly-
oid lesions, gallstones, primary sclerosing cholangitis, and IgG4-related
holangitis. Exclusion criteria were defined as follows: (1) benign biliary
esions with very low risk of malignancy (e.g. gallstones of diameter ≤
 cm, gallbladder polypoid lesions of diameter < 1 cm, choledocholithi-
sis, or bile duct injury after cholecystectomy); (2) postoperative patho-
ogical information was unavailable; (3) history of non-biliary malignan-
ies; (4) hepatocellular, pancreatic, or duodenal carcinomas; (5) testing
or postoperative surveillance; (6) unwillingness to participate in the
tudy. All participants underwent standard collection of blood samples
t admission to examine CNV profiles and tumor markers. We focused on
A 19-9 and CEA examinations as recommended by the NCCN guideline
6] . The cutoff values for tumor biomarkers were: CA19-9, 37.0 U/mL;
EA, 5 ng/mL [29] . We also tested a cutoff of 90 U/ml for CA 19-9 given
hat obstructive jaundice or cholangitis might affect CA 19-9 levels [8] .
umor stages were classified according to the 8th edition of the Ameri-
an Joint Committee on Cancer (AJCC) manual [30] . 

NA extraction 

Total genomic DNA and cfDNA were isolated from plasma by using
he Amp Genomic DNA Kit (TIANGEN) and QIAseq cfDNA Extraction
it (Qiagen), respectively. Next generation sequencing was performed
s previously described. DNA was fragmented into an average size of
00 bp (cfDNA without fragmentation), and then 100 ng of fragmented
enomic DNA (cfDNA 10 ng) was used for the preparation of sequencing
ibraries (NEBnext Ultra II). 8 bp barcoded sequencing adaptors were
hen ligated with DNA fragments and amplified by PCR. Purified se-
uencing libraries were massively parallel sequenced by Illumina HiSeq
ten platform. About 4G sequencing raw data per sample was filtered
nd aligned to the human reference genome. 

ow-coverage WGS 

For low-coverage WGS, libraries were prepared using the Kapa Hy-
er Prep kit with custom adapters (IDT and Broad Institute). Low-pass
hole-genome sequencing was started with 3–20 ng of cfDNA input (me-
ian, 5 ng), or approximately 1000 to 7000 haploid genome equivalents.
p to 22 libraries were pooled and sequenced using 150 bp pair-end runs
ver 1 × lane on a HiSeq X10 (Illumina). Segment copy numbers were
erived via the customized workflow, namely ultrasensitive chromoso-
al aneuploidy detector (UCAD). Samples were excluded if the median

bsolute deviation of copy ratios (log2 ratio) between adjacent bins,
enome-wide, was > 0.38, suggesting poor-quality sequence data. Re-
orters of UCAD test were blinded to the clinical information. 

tatistical analysis 

Plasma cell free DNA was extracted and analyzed by Illumina X10.
t least 10M paired reads were collected for each sample. The reads
ere mapped to human reference genome hg19. Genomic coverage was

ounted by using the software SAMtools mpileup [31] . Then we calcu-
ated average coverage for each 200k bin. Z-scores for each bin was then
ormalized by Z-score by using the formula as below: 

 = 

𝑉 𝑡𝑢𝑚𝑜𝑟 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 
(
𝑉 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

)

𝑠𝑡𝑑𝑒𝑣 
(
𝑉 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

)

Circular binary segmentation (CBS) algorithm was then used to find
ignificant genomic breakpoints and genomics segments with changed
opy number, by using the R package ‘DNACopy’ [32] . A previous study
howed that the areas under the curve (AUC) was 0.53 for CA 19-9 to
iagnose BTC [33] . We estimated the required sample size a prior at a
linically useful AUC of 0.75 and a null hypothesis value of 0.53, cor-
esponding with a 5% alpha error and a 20% beta error. The calculated
ample size was 50. The sensitivity and specificity of UCAD and tumor
arkers (CA 19-9 and CEA) were calculated by the receiver operating
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Fig. 1. The STARD flowdiagram for participants’ recruitment. 
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haracteristic (ROC) method. The AUCs were compared by using the
elong method [34] . 

Categorical variables were reported as frequencies and percentages,
nd continuous variables were described as mean and standard devi-
tion (SD), or median with interquartile range (IQR), as appropriate.
ontinuous variables were analyzed using the Mann–Whitney U test,
nd categorical variables were analyzed by the Pearson chi-square test
r Fisher’s exact test, as appropriate. Missing data were discarded from
nalyses. Kaplan–Meier survival curves were used to estimate the asso-
iation between CNV burden and overall survival in patients with BTCs.
ll analyses were performed by using SPSS 18.0 (SPSS Inc., Chicago,

L, USA), R software (version 3.4.3; R Foundation for Statistical Com-
uting), and MedCalc software (version 19.1, Mariakerke, Belgium). P
 0.05 was considered as statistically significant. Original data and R
ode used in the statistical analyses would be available on request. 

esults 

atient characteristics 

Between Mar 2019 and Jan 2020, 76 consecutive patients, moder-
tely to highly suspicious for biliary malignancies, were admitted to
ur department. We excluded 9 patients unwilling to participate in the
tudy, 4 patients with histologically proven hepatocellular carcinoma, 3
atients with pancreatic cancer, 2 patients with duodenal carcinoma,
 patients of postoperative cancer surveillance, and 6 patients with-
ut histological examinations. The STARD flowdiagram was shown in
ig. 1 . Finally, a total of 47 patients with biliary diseases were eli-
ible for analysis. The median age was 59 years and 24 (51.1%) pa-
ients were female. On pathological examination, 29 (61.7%) patients
ad biliary tract cancer. Primary disease site was intrahepatic cholan-
iocarcinoma in 5 patients, perihilar cholangiocarcinoma in 10 pa-
ients, distal cholangiocarcinoma in 6 patients, and gallbladder can-
er in 8 patients. Eighteen patients had postoperative benign lesions:
epatolithiasis ( n = 4), gallbladder polyps ( n = 4), xanthogranulomatous
holecystitis ( n = 3), choledochal cyst ( n = 1), inflammatory biliary stric-
ure ( n = 5), and IgG4-related biliary stricture ( n = 1). Compared with
he benign group, the malignancy group had more patients with hyper-
ilirubinemia and higher levels of alkaline phosphatase (AKP) as well
s alanine transaminase (ALT). The baseline characteristics of these pa-
ients were shown in Table 1 . The STARD checklist was provided in
upplementary Table S2. 

NV profiles 

All plasma samples passed sequencing data quality assessment. The
ositive rate of CNV assays was 89.7% (26/29) in patients with BTC,
nd was 11.1% (2/18) in patients with benign biliary disease. The
enome-wide landscape of CNVs in all patients was shown in Fig. 2 A-C.
epresentative chromosome CNVs included 13q loss ( n = 3), 17p loss
 n = 3), 18q loss ( n = 4), and 20p loss ( n = 3), and 3q gain ( n = 3) in
allbladder cancer ( Fig. 2 A), and 7p loss ( n = 5), 19p loss ( n = 5), 3q
ain ( n = 4), 8q gain ( n = 4), and 18q gain ( n = 4) in cholangiocarcinoma
 Fig. 2 B). None of these CNVs were found in benign lesions ( Fig. 2 C).
upplementary Fig. S1 showed the average chromosome CNVs in plasma
amples for cholangiocarcinoma and gallbladder cancer. Z-scores for
hromosomal arms (1p, 1q, 2p, 2q, 3p, 3q, 4p, 4q, 5p, 5q, 6p, 6q,
p, 7q, 8p, 8q, 9p, 9q, 10p, 10q, 11p, 12q, 13q, 14q, 15q, 16p, 16q,
7p, 17q, 18p, 18q, 19p, 19q, 20p, 20q, 21p, 21q, 22q) were calcu-
ated normalized to benign controls. A heatmap of Z-scores was gener-
ted ( Fig. 2 D). The cancer group had more genome aberrations com-
ared with the benign group. Chr3q and 8q gains were found in both
allbladder cancer and cholangiocarcinoma patients. With respect to
hr18q and 20p, more frequent gains were shown for cholangiocarci-
oma, whereas more frequent losses were shown for gallbladder can-
er ( P < 0.05). Chr3q, 12p, and 19p showed more frequent losses in
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Table 1 

Baseline characteristics of the included patients. 

Total Malignancy Benign P value 

Number of patients 47 29 (61.7%) 18 (38.3%) –

Female 24 (51.1%) 16 (55.2%) 8 (44.4%) 0.474 

Age (year) 59.0 (50.0–63.0) 61.0 (52.5–66.0) 56.5(41.3–60.0) 0.074 

Age > 70 7 (14.9%) 5 (17.2%) 2 (11.1%) 0.692 a 

Diabetes mellitus 3 (6.4%) 1 (3.5%) 2 (11.1%) 0.549 a 

Smoking 1 (2.1%) 1 (3.5%) 0 (0%) > 0.999 a 

History of biliary surgery 6 (12.8%) 3 (10.3%) 3 (16.7%) 0.662 a 

Hepatitis virus infection 2 (4.3%) 2 (6.9%) 0 (0%) 0.517 a 

Acute biliary infection ∗ 20 (42.6%) 9 (31.0%) 11 (61.1%) 0.069 a 

Hyperbilirubinemia ( ≥ 2 mg/dl) 17 (36.2%) 16 (55.2%) 1 (5.6%) 0.007 a 

C-reactive protein level ( 𝜇g/ml) 0.50 (0.50–4.75) 0.50 (0.50–3.65) 0.50 (0.50–9.02) 0.802 

WBC count ( × 10 9 /L) 5.91 (4.58–7.52) 5.95 (5.30–7.96) 5.52 (4.28–6.60) 0.175 

ALT (U/L) 34.0 (19.0–65.0) 49.0 (21.0–92.5) 29.0 (12.75–45.00) 0.037 

AKP (U/L) 140.0 (79.0–268.0) 164.0 (109.50–387.50) 91.5 (46.5–158.25) 0.004 

GGT (U/L) 172.0 (30.0–309.0) 201.0 (43.0–311.50) 68.50 (20.75–257.25) 0.090 

CA 19-9 level (U/ml) 35.0 (10.40–110.00) 61.30 (12.20–141.00) 15.45 (8.65–41.73) 0.088 

CEA level (ng/ml) 1.90 (1.20–3.10) 1.90 (1.35–3.75) 1.90 (0.90–2.95) 0.341 

Elevated CA 19-9 level ( > 37 U/ml) 24 (51.1%) 18 (62.1%) 6 (33.3%) 0.055 

Elevated CA 19-9 level ( > 90 U/ml) 14 (29.8%) 11 (37.9%) 3 (16.7%) 0.104 

Elevated CEA level ( > 5 ng/ml) 7 (14.9%) 6 (20.7%) 1 (5.6%) 0.225 a 

Elevated CEA level ( > 10 ng/ml) 1 (2.1%) 1 (3.45%) 0 (0%) > 0.999 a 

Positive UCAD testing 28 (59.6%) 26 (89.7%) 2 (11.1%) < 0.001 

Intrahepatic cholangiocarcinoma 5 (10.6%) 5 (17.2%) – –

Perihilar cholangiocarcinoma 10 (21.3%) 10 (34.5%) – –

Distal cholangiocarcinoma 6 (12.8%) 6 (20.7%) – –

Gallbladder cancer 8 (17.0%) 8 (27.6%) – –

Hepatolithiasis 4 (8.5%) – 4 (22.2%) –

Choledochal cyst 1 (2.1%) – 1 (5.6%) –

Gallbladder polyps 4 (8.5%) – 4 (22.2%) –

Xanthogranulomatous cholecystitis 3 (6.4%) – 3 (16.7%) –

IgG4-related cholangitis ( ≥ 135 mg/dl) 1 (2.1%) – 1 (5.6%) –

Benign biliary stricture 5 (10.6%) – 5 (27.8%) –

∗ Including acute cholecystitis and cholangitis.AKP, alkaline phosphatase; ALT, alanine transaminase; BTC, biliary tract can- 

cer; GGT, gamma-glutamyl transferase; WBC, white blood cell. 
a Fisher exact test was used.Bold values indicate statistical significance ( P < 0.05). 

Fig. 2. Overview of copy number variations via plasma cell-free DNA analysis in the included patients. (A) copy number variation genome of gallbladder cancer. 

(B) copy number variation genome of cholangiocarcinoma. (C) Copy number changes of benign biliary lesions. (D) heatmap of copy number variation quantified by 

chromosome Z-scores for all patients. GC, gallbladder cancer; CC, cholangiocarcinoma; BE, benign lesions. 
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holangiocarcinoma, but showing more frequent gains in gallbladder
ancer ( P < 0.05). These different CNV patterns indicated that gallblad-
er cancer and cholangiocarcinoma had potentially different cell origins
nd tumorigenesis processes. The overview of CNV profiles and poten-
ially relevant genes described in literature was shown in Supplementary

able S3. h  
-scores between malignant and benign lesions 

We explored the value of Z-score of each chromosome arm in dif-
erentiating biliary malignancies from benign lesions. The AUCs ranged
rom 0.45 to 0.79 (median AUC = 0.60, Fig. 3 A). Chr18q and 7p showed
igh diagnostic accuracy, with AUCs of 0.79 and 0.77, respectively
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Fig. 3. Diagnostic performance of chromosome Z-scores. (A) calculation of area under the curve for each chromosome aberration. (B) ROC curve for chr18q. (C) 

ROC curve for chr7p. (D) Comparison of ROC curves between chromosome Z-scores incorporating all information of copy number aberrations, CA 19-9 and CEA. (E) 

the adding of Z-scores to CA 19-9 increased the detection rate of bile duct cancer. GBC, gallbladder cancer. CC, cholangiocarcinoma. 

Table 2 

Diagnostic performance of |Z|-score in UCAD test by incorporating all chromosomes, CA 19-9 and CEA for diagnosing 

biliary tract cancer. 

Cutoff Specificity Sensitivity Accuracy TN TP FN FP NPV PPV 

|Z|-score in UCAD test 2 55.6% 93.1% 78.7% 10 27 2 8 84.6% 77.1% 

2.32 88.9% 89.7% 89.4% 16 26 3 2 84.2% 93.1% 

3 100.0% 62.1% 76.6% 18 18 11 0 62.1% 100.0% 

CA 19-9 37 U/ml 72.2% 58.6% 63.8% 13 17 12 5 52.0% 77.8% 

CA 19-9 90 U/ml 83.3% 34.5% 53.2% 15 10 19 3 44.1% 77.8% 

CEA 5 ng/ml 94.4% 20.7% 48.9% 17 6 23 1 42.5% 87.5% 

TN, true negative; TP, true positive; FN, false negative; FP, false positive; NPV, negative predictive value; PPV, positive 

predictive value. 
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 Fig. 3 B–C). We combined all the chromosomes information to build a
iagnostic model for BTC. The optimal Z-score cutoff |Z| ≥ 2.32 was cal-
ulated by Youden Index. At this cutoff, UCAD test showed a sensitivity
f 89.7% and a specificity of 88.9% ( Table 2 ). The AUC was 0.91 (0.83–
.99) ( Fig. 3 D), which was better than the result from any single chro-
osome. A higher cutoff (|Z| = 3) showed better specificity (100.0%),
hereas compromising the sensitivity (62.1%). We used CA 19-9 >
7 U/ml and CEA > 5 ng/ml as cutoffs. Compared with traditional tumor
iomarkers, the overall diagnostic accuracy of UCAD test significantly
utperform CA 19-9 (AUC 0.91 vs 0.62, P = 0.004) as well as CEA (AUC
.91 vs 0.58, P = 0.001). When using a cutoff of 90 U/ml for CA 19-9, the
pecificity was 83.3% and the sensitivity was only 34.5% ( Table 2 ). As
hown in Fig. 3 E, the diagnosis model identified 92.3% (12/13) of the
A 19-9 positive cancers, and 87.5% (14/16) of the CA 19-9 negative
ancers. Compared with CA 19-9 alone, the adding of CNVs to CA 19-9
ncreased the sensitivity from 25.0% to 75.0% for GBC, and from 52.4%
 t  
o 100% for CC. The AUC for combining CA 19-9 with UCAD test was
.91 (95% CI: 0.80–0.98), which was not marked changed compared
ith UCAD test alone ( P = 0.48). Correlations between UCAD test posi-

ivity and patient clinicopathological features were explored ( Table 3 ).
ancer types, TNM stages, perineural invasion, vascular invasion, lymph
ode metastasis, histological grade, or distant metastasis were not sig-
ificantly associated with UCAD test positivity. 

NV burden and overall survival 

One patient died 3 days after surgery due to acute liver failure and
as excluded from survival analysis. We completed follow-up for 28
atients with BTC. Ten patients had 4 or more detectable chromoso-
al aberrations in plasma. Five patients (50.0%) died within 8 months

fter surgery. In comparison, among 17 patients with less than 4 de-
ectable chromosomal aberrations in plasma, 2 (11.8%) of them died
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Table 3 

Correlation between clinicopathological features and UCAD results in 29 pa- 

tients with biliary tract cancer. 

N % UCAD ( + ) UCAD (-) P value a 

No. patients 29 26 3 

Cancer type 0.176 

Gallbladder cancer 8 27.6 6 2 

Cholangiocarcinoma 21 72.4 20 1 

TNM Stage > 0.999 

Stage I 3 13.8 3 0 

Stage II 4 10.3 4 0 

Stage III 14 48.3 12 2 

Stage IV 8 27.6 7 1 

Perineural invasion 21 72.4 19 2 > 0.999 

Vascular invasion 7 24.14 7 0 0.557 

Lymph node metastasis 16 55.17 15 1 0.573 

Poor histological grade 3 10.34 3 0 > 0.999 

Distant metastasis 2 6.90 2 0 > 0.999 

BTC, biliary tract cancer. 

Bold values indicate statistical significance ( P < 0.05). 
a Fisher exact test. 

Fig. 4. Kaplan-Meier estimates of overall survival for 28 patients with BTC strat- 

ified by CNV burden. 
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ithin 8 months. High CNV burden (4 or more detectable chromosomal
berrations) in plasma was significantly associated with worse survival
HR = 4.32, 95% CI 2.06–9.08, P = 0.033) ( Fig. 4 ). 

iscussion 

This pilot prospective study enrolled 29 biliary tract cancers and 18
enign biliary diseases. It provided the first evidence that plasma ctDNA-
ased CNV signals across the whole genome were rich in BTC. The sen-
itivity and specificity of plasma CNV assays (UCAD test) for diagnosing
TC were 89.7% and 88.9%, respectively (|Z| score cutoff: 2.32). The
iagnostic accuracy of this test significantly outperformed CA 19-9 and
EA. In addition, higher CNV burden was useful to identify the sub-
roup of patients with unfavorable prognosis. This study represented
 major step forward from previous work, which generally focused on
anel-based gene mutations via tumor tissue or ctDNA analyses [16] .
y contrast, plasma CNVs could play as a black box with abundant and
ixed genetic aberrations, and might provide fuller picture of the ge-
omic instability, tumor heterogeneity and clone evolution [35] . 

CA 19-9, an epitope on a complex oligosaccharide categorized as a
ewis blood group antigen, is regarded as the textbook biomarker for bil-
ary malignancies. However, its diagnostic value is far from accurate. In
ur data regarding CA 19-9, the sensitivity and specificity, respectively,
ere 58.6% and 72.2%. Obstructive jaundice and biliary infection are

ommonly seen in cholangiocarcinoma. Hyperbilirubinemia and inflam-
ation may promote the proliferation of biliary epithelial cells and sub-

equently increased systemic absorption of CA 19-9, and hence increas-
ng its concentration [36] . Some authors suggested a higher cutoff level
f 90 U/ml for CA 19-9 [8] . When we used this cutoff, the specificity
ncreased to 83.3%, whereas the sensitivity decreased to 34.5%. In fact,
alsely increased CA 19-9 levels misled us to perform extended multiple
rgan resection for a patient with xanthogranulomatous cholecystitis,
ho had negative UCAD test. Further complicating the situation is that
pproximately 5 − 10% of the population were Lewis (-). This subgroup
acks the enzyme 1,4-fucosyl transferase required for antigen epitope
roduction, resulting in very low or even absent secretion of CA19-9
36] . CEA is another widely used glycoprotein tumor marker, especially
or gastrointestinal malignancies. Although recommended by the NCCN
uideline [6] , CEA had only limited value in diagnosing BTC. Our study
howed that its sensitivity was only 20.7%. 

In specialist centers, endoscopic procedures were always carried out
or patients with indeterminate biliary strictures, along with histopatho-
ogical examinations. Regretfully, the cumbersome and potentially risky
ndoscopic procedure could only acquire very small amount of brush-
ngs or biopsy tissues. Recently, fluorescence in situ hybridization (FISH)
as introduced to amplify the faint signals captured by tiny forceps.
evertheless, a meta-analysis showed a suboptimal diagnostic value of
ISH in cholangiocarcinoma, with the sensitivity and specificity of 68%
nd 70%, respectively [37] . A study advised to perform serial polysomy
ISH tests for patients with primary sclerosing cholangitis, given that
early half (47%) of them did not have definitive malignancy evidence
t the initial polysomy FISH test [38] . Vysis UroVysion is the most
idely used FISH test, but it only detects polysomy of chromosomes 3, 7,
nd 17 and the deletion of chromosome locus 9p21 [39] . In comparison,
he UCAD approach provided a panorama of the whole chromosomes.
he alteration at a single chromosome might have insufficient power to
iscriminate BTC from benign lesions. 

Our application of UCAD test is endorsed by that CNV profiles are
articularly rich in BTC patients’ tumor tissues. Human cancers can be
ivided into two groups on the basis of oncogenic signatures: M class
primarily with mutations) and C class (primarily with copy number
lterations). TP53 mutation was regarded as a typical feature of C-
lass cancer [40] . In BTC patients, TP53 mutation is most frequently
etected, and is more predominant in gallbladder cancer (47.1 − 59%)
nd extrahepatic cholangiocarcinoma (40%), which mainly constituted
ur cohort [15] . The whole-genome study revealed that fluke-negative
holangiocarcinomas exhibited particularly high copy-number alter-
tions [41] . None of our patients had history of fluke infection or fluke-
ssociated findings on pathology. In fact, a series of chromosomal aber-
ations have been revealed among BTC patients [42-44] . A recent single-
ell RNA sequencing analysis on cholangiocarcinoma has employed the
NV signals to identify the tumor cell cluster [45] . 

Our chromosomal findings were also in line with previous genetic
tudies on BTC. In our data, loss of chromosome 18q showed the high-
st diagnostic accuracy, with the sensitivity and specificity of 72.4% and
2.2%, respectively. Chromosome 18q harbors the SMAD gene, which
s mutated in approximately 21% of patients with extrahepatic cholan-
iocarcinoma [15] . The DCC gene is also located herein. A Japanese
tudy on GBC showed that reduced expression of DCC was associated
ith poorly differentiated histological type and increased proliferation
nd metastasis [46] . A study based on UroVysion test showed that in-
reased chromosome 7 copy number was present in 26.5% (13/49) of
atients with cholangiocarcinoma and was significantly associated with
oor prognosis [47] . Chromosome 7 contains several oncogenes, includ-
ng EGFR and MET genes. Our data showed that the sensitivity and speci-
city, respectively, were 69.0% and 83.3% for chromosome 7p gains in
iagnosing BTC. Patients with GBC were likely to have more frequent 7p
ains than those with CCs. This was in accordance with that ErbB signal-
ng was the most extensively mutated pathway in GBC [48] . TP53 gene is
ne of the most famous tumor suppressor genes that located at chromo-
ome 17p13.1. Mutational inactivation of TP53 is always accompanied
ith the loss of chromosome 17p. Our results showed that the aberration
f chromosome 17 (17p-) did not differ significantly between cholangio-
arcinoma and GBC, indicating that TP53 deletion might participate in
he carcinogenesis for both subtypes. However, specific gene analysis
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as beyond the scope of our study. We failed to verify the mRNA ex-
ressions of specific candidate genes as no sufficient fresh frozen tissues
ere available. In fact, the association between gene expression and
NVs was far from clear. One study suggested that copy number only
xplained 12–40% of the variation in gene expression, given that other
iological processes may participate in this complex process, such as hi-
tone modifications, mutations in DNA sequence, microRNA molecules
nd protein activity [49] . Our feasibility study laid the foundation for fu-
ure work to depict the genomic and transcriptomic landscapes of BTCs
ia plasma CNV profiles. 

A perfect marker is like the distant holy grail in tumor diagnosis. We
ave tried to optimize the UCAD workflow to reduce the interference of
NV results from normal cfDNA. The repetitive regions and genome du-
lication regions of human genome were excluded from analyses. Our
orkflow has previously sequenced a thousands of ‘non-cancer’ individ-
als to filter out the potential non-specific CNVs [50] . However, several
ther factors may add noise to our diagnostic accuracy. Firstly, the sen-
itivity of low pass WGS is not as high as deep-sequencing, and requires
 relatively high tumor fraction. The fraction of ctDNA can range from
.01% to 93% in the plasma [51] . A study on lung cancer showed that
tDNA was undetectable among the largest proportion of stage I patients
y using the current NGS technique [52] . It is possible that in early BTC,
he ctDNA level is below optimal level for the detection of CNVs. Nev-
rtheless, our study showed that UCAD test was positive for all of the
even stage I-II patients. Chromosomal alterations could occur in biliary
ysplastic tissue especially high-grade dysplasia, which may be simi-
ar to the aberrations detected in cholangiocarcinoma [53] . UCAD test
as positive in one patient with gallbladder adenoma and low-grade
ysplasia, both known as cancer precursors. He was closely followed
p after cholecystectomy. A series of precancerous lesions may lead to
TC development, including IgG4-related cholangitis, hepatolithiasis,
nd choledochal cyst. Discriminating a precursor from true malignancy
an be extremely difficult despite clinical, biochemical, and radiologic
ndings. Intriguingly, BTCs secondary to these high-risk lesions were all
een in our cohort. 

Our study had several advantages. This study was prospectively de-
igned, and the test was done blinded to the clinical data. Thus, we
voided the impact of hypothesis-generating data in most retrospec-
ive or non-blinded studies. Compared with panel-based high-depth se-
uencing, low-coverage genome-wide sequencing of cfDNA markedly
ecreased costs and shortened testing duration. By covering the whole
enome, this method detected larger number of chromosomal rearrange-
ents. Furthermore, our cohort included a group of patients with het-

rogeneous biliary etiologies and thus indicated the generalizability of
CAD test in the real world practice. Since many patients were reluctant

o undergo invasive ERCP procedures and preferred blood tests, our test
ould fill a critical niche for strengthening surveillance among high-risk
ndividuals with benign biliary lesions. 

Despite the merits, several limitations should be acknowledged.
iven the low incidence of biliary malignancy and the adverse impact
f COVID-19 for patients’ recruitment, the sample size was not quite
arge and the enrolling process was slow recently. There may exist a
hance for a type I error. The small number of cases also preluded us
rom verifying distinct CNV patterns for different BTC subtypes. Our
avorable preliminary data may promote more biliary surgeons to par-
icipate in future multicenter validation. Notably, none of our patients
ad a history of primary sclerosing cholangitis, which is the major cause
f cholangiocarcinoma in Europe or North America whereas is rare in
sia. Besides, fluke infection was absent in our cohort. Thus, the co-
ort representativeness may be compromised. Furthermore, due to cost
oncern, we only provided plasma results without tissue confirmation.
otably, large well-controlled studies have shown that the concordance

ate of ctDNA levels between plasma and tissue samples was as high as
0–90% [13] . Moreover, the analyzed sliced tissue may only harbor a
mall sample of the entire cancer events and might not be as represen-
ative as plasma ctDNA [54] . As our study focused on diagnosing BTC
t the chromosomal level, we did not further crack the genetic codes
hat delineate the formation of CNVs. In some patients with BTC, the
arcinogenesis may be primarily driven by specific genetic mutations,
nd UCAD may incidentally miss positive findings in this subgroup. 

In the future, large cohort is needed to validate whether UCAD test
ould be implemented as routine practice to aid diagnosis, monitor re-
urrence, and guide therapy efficacy among patients with BTC. It re-
ains unknown whether CNV profiles differ according to different can-

er etiologies or BTC subtypes. Mysteries relating to cancer cell origins
r tumor heterogeneity may be unraveled by CNV signals. Deeper se-
uencing techniques are expected to improve the sensitivity among pa-
ient with low tumor fraction. It is also appealing to explore CNV profiles
n the bile juice from BTC patients. 

onclusions 

Our study demonstrates a proof of concept for employing the plasma
NV assays (UCAD test) to discriminate biliary tract cancers from benign
iliary diseases. The diagnostic accuracy of UCAD test was significantly
uperior to CA 19-9 and CEA. Higher CNV burden was also associated
ith poor prognosis. As a non-invasive, cost-effective, and time-saving
ethod, plasma CNV assays might be a promising diagnostic tool for pa-

ients with indeterminate biliary stricture, suspicious gallbladder thick-
ning, or long-term precancerous biliary conditions. 
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