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BACKGROUND: The current diagnosis and monitoring of
bladder cancer are heavily reliant on cystoscopy, an inva-
sive and costly procedure. Previous efforts in urine-based
detection of bladder cancer focused on targeted ap-
proaches that are predicated on the tumor expressing
specific aberrations. We aimed to noninvasively detect
bladder cancer by the genome-wide assessment of
methylomic and copy number aberrations (CNAs).
We also investigated the size of tumor cell-free (cf)DNA
fragments.

METHODS: Shallow-depth paired-end genome-wide bisul-
fite sequencing of urinary cfDNA was done for 46 bladder
cancer patients and 39 cancer-free controls with hematuria.
We assessed (a) proportional contribution from different
tissues by methylation deconvolution, (b) global hypom-
ethylation, (c) CNA, and (d) cfDNA size profile.

RESULTS: Methylomic and copy number approaches were
synergistically combined to detect bladder cancer with a
sensitivity of 93.5% (84.2% for low-grade nonmuscle-
invasive disease) and a specificity of 95.8%. The preva-
lence of methylomic and CNAs reflected disease stage
and tumor size. Sampling over multiple time points
could assess residual disease and changes in tumor load.
Muscle-invasive bladder cancer was associated with a
higher proportion of long cfDNA, as well as longer
cfDNA fragments originating from genomic regions en-
riched for tumor DNA.

CONCLUSIONS: Bladder cancer can be detected noninva-
sively in urinary cfDNA by methylomic and copy num-
ber analysis without previous knowledge or assumptions

of specific aberrations. Such analysis could be used as a
liquid biopsy to aid diagnosis and for potential longitu-
dinal monitoring of tumor load. Further understanding
of the differential size and fragmentation of cfDNA could
improve the detection of bladder cancer.
© 2019 American Association for Clinical Chemistry

Bladder cancer is the ninth most common cancer world-
wide and has a variable clinical course depending on fac-
tors such as the histological grade and the extent of tumor
invasion (1 ). The majority of cases are nonmuscle-
invasive bladder cancers (NMIBCs)5, but local recur-
rence rates of up to 78% at 5 years necessitate long-term
surveillance at regular intervals with cystoscopy (2 ). Cys-
toscopy is an invasive procedure with a small risk of in-
fection (3 ), and the need for repeated cystoscopies and
interventions renders bladder cancer 1 of the most expen-
sive malignancies to manage (4 ). Urine cytology is cur-
rently the only urine-based bladder cancer test that is
widely used, but it is known to have a low sensitivity,
particularly for low-grade tumors (2 ). A sensitive and
specific noninvasive urine-based test would allow testing
at shorter intervals and aid the prioritization of high-risk
cases for earlier cystoscopy and further treatment.

The mutational landscape of bladder cancer has
been elucidated by large-scale studies using massively
parallel sequencing (5, 6 ). Bladder tumors exhibit a high
rate of somatic mutations, as well as aberrations in copy
number and methylation levels (7, 8 ). Some of the com-
monest aberrations occur in the TERT,6 FGFR3, and
TP53 loci, and many groups have demonstrated that
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bladder cancer can be detected by genetic and epigenetic
changes found in both cell-free and genomic DNA in
urine (9–12). Previous studies used a targeted approach
to identify cases of bladder cancer based on detecting
specific tumor-associated aberrations, sometimes requir-
ing the combination of multiple assays (12 ). Urine-based
DNA tests have reported sensitivities of 62% to 94% and
specificities of 60% to 100% (13 ). However, it has been
difficult to simultaneously achieve sensitivity and speci-
ficity of �90%. The challenge in achieving a high sensi-
tivity is that some tumors do not exhibit the targeted
mutation or aberration (14 ). The challenge to specificity
is that the targeted aberrations are not specific to blad-
der cancer or their occurrence may precede the devel-
opment of cancer by many years (15 ). The genetic
heterogeneity of bladder tumors also has prompted the
use of targeted assays after first characterizing the pri-
mary tumor (15, 16 ).

Circulating tumor DNA in plasma has been used as
a liquid biopsy for detecting and monitoring solid organ
cancers that contribute to the systemic circulation
(17, 18 ). Bladder cancers arise from the urothelium, and
tumors are in contact with constant urine flow that can
be repeatedly sampled noninvasively. Studies comparing
genomic DNA and cell-free (cf)DNA showed a higher
detection rate of bladder tumor DNA in the cell-free
portion of urine compared with the cellular material in
the urine pellet or plasma (11, 19 ).

In this study, we used shallow-depth genome-wide
bisulfite sequencing of urinary cfDNA to detect bladder
cancer and to elucidate the characteristics of urinary tu-
mor DNA including fragment size. We aimed to detect
bladder cancer using genome-wide analysis for methylo-
mic and copy number aberrations (CNAs) in cfDNA.
The comparison between cancer and controls, as well as
preoperative and postoperative urine samples, shed light
on the aberrations in methylation levels, copy number,
and cfDNA fragment size associated with urothelial tu-
mors of different stages and time points.

Materials and Methods

SAMPLE COLLECTION AND PROCESSING

This study was approved by the Joint Chinese University
of Hong Kong–Hospital Authority New Territories East
Cluster Clinical Research Ethics Committee. Informed
consent was obtained from all participants. We prospec-
tively collected preoperative urine samples from 46 pa-
tients undergoing flexible cystoscopy, transurethral resec-
tion of bladder tumor (TURBT), or radical cystectomy
who ultimately had a histological diagnosis of bladder
cancer. Second-look TURBT was offered to patients
with T1 disease, high-grade disease, or when there was
absence of detrusor muscle in the first TURBT (2 ). In
total, 19 cases had low-grade NMIBC, 18 cases had high-

grade NMIBC, and 9 cases had high-grade muscle-
invasive bladder cancer (MIBC; 2004 WHO classifica-
tion) (20 ). Postoperative urine samples were collected
from 4 of these patients. Urine samples were obtained
from 39 controls with hematuria. After follow-up, micro-
scopic hematuria in 31 of the controls resolved, and fur-
ther investigation was declined. Eight controls with gross
hematuria underwent flexible cystoscopy. Two controls
subsequently underwent TURBT, and histology con-
firmed the presence of cystitis glandularis with no evi-
dence of malignancy. Study participants were identified
by urologists based on (a) a history of hematuria, (b)
likely diagnosis of bladder cancer (protrusion visualized
by flexible cystoscopy), or (c) confirmed histological di-
agnosis of bladder cancer. All bladder cancer cases were
ultimately confirmed to have a histological diagnosis of
bladder cancer.

The sample numbers were based on a power analysis
using the mean and SDs of 15 cancer-free controls in the
exploratory set (see Fig. 1 in the Data Supplement that
accompanies the online version of this article at http://
www.clinchem.org/content/vol65/issue7) and the first
10 cases of low-grade NMIBC. These 2 groups were used
to estimate the magnitude of the difference in hypom-
ethylation, CNA, and proportional changes in tumoral
DNA between cases and controls. The power analysis
showed that to have a power of 0.9 and significance level
of 0.05, we would require a minimum of 20 cancer-free
controls and 34 bladder cancer patients (R, pwr package,
pwr.t2n.test function).

Characteristics such as age, sex, smoking history, di-
abetic history, and distribution in terms of disease stage
and histological grade are summarized in Table 1 of the
online Data Supplement. The cfDNA was extracted
from urine samples after centrifugation and filtration, as
previously described (21 ) (see also Methods in the online
Data Supplement). The median urinary cfDNA concen-
tration was 2032 GE/mL urine (see Table 2 in the online
Data Supplement).

SEQUENCING AND BIOINFORMATIC ANALYSIS

DNA libraries were constructed using the KAPA HTP
Library Preparation Kit (Kapa Biosystems) with bisulfite
modification using the EpiTect Bisulfite Kit (Qiagen)
(21 ). DNA libraries were sequenced using the Illumina
HiSeq 2500 or NextSeq 500 using the 41 bp � 2 paired-
end sequencing protocol. Samples were multiplexed such
that there was an average of 30 million uniquely map-
pable fragments per urine sample (0.8 � coverage of
the haploid human genome). A single high-grade
MIBC tumor was sequenced to 8.5 � coverage of the
haploid human genome for the methylation deconvo-
lution process.
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STATISTICAL ANALYSIS

Fig. 1 in the online Data Supplement provides an over-
view of the analysis of cancer cases and cancer-free con-
trols. Fifteen cancer-free controls were used as an explor-
atory set to (a) define baseline levels of methylation and
copy number by 1-Mb bins across the genome and (b)
establish the percentage cutoffs to differentiate cases and
controls. The remaining 24 controls were used as testing
controls.

The bladder tumor methylome was compared with
the methylome of tissues that also contributed cfDNA to
the urinary system, blood cells, kidney, and urothelium
(21 ) to derive differentially methylated regions (DMRs)
used in the methylation deconvolution process (21, 22 ).
DMRs were selected on the basis of methylation level in
1 tissue being �3 SD from the mean of all other tissues,
or �20% difference between the highest and lowest
methylation levels and a CV of �0.25. The methylation
levels at DMRs in cfDNA from a urine sample were
compared with the methylation levels in different tissues,
and quadratic programming was used to deduce the con-
tribution from each tissue to the total cfDNA pool. The
proportional contribution of DNA from different tissues
using methylation deconvolution has previously been
validated by donor-specific single-nucleotide polymor-
phisms in the urinary cfDNA of renal and hematopoietic
stem cell transplant patients (21 ).

Results

CORRELATION BETWEEN METHYLOMIC AND CNAs IN TUMOR

TISSUE AND URINARY cfDNA

We sequenced the tumor and urine from a patient with a
solitary 3-cm, T3 high-grade bladder cancer. The global
hypomethylation and CNAs seen in urinary cfDNA
closely resembled that seen in the primary tumor, includ-
ing the genomic locations of the copy number gains and
losses (Fig. 1A). We compared the z-scores in the bladder
tumor and urinary cfDNA for methylation (R � 0.76;
P � 2.2 � 10�16) and copy number levels (R � 0.80;
P � 2.2 � 10�16) by 1-Mb bins across the genome and
found a significant positive correlation (Fig. 1, B and C).

The primary tumor was sequenced to 8.5 � cover-
age of the haploid human genome to characterize the
bladder tumor methylome. A total of 27371 DMRs (Fig.
1D; see also Table 3 in the online Data Supplement) were
identified compared with the methylome of blood cells,
the kidney, and urothelium (Fig. 1B). We used the meth-
ylation deconvolution process to deduce the proportional
contributions from different tissues. Methylation decon-
volution analysis of this urine sample found that 36% of
cfDNA fragments were contributed by the bladder tu-
mor, together with 53% from the urothelium and 12%
from blood cells.

METHYLATION DECONVOLUTION REVEALS PROPORTIONAL

CONTRIBUTIONS BY DIFFERENT TISSUES TO URINARY cfDNA

Methylation deconvolution analysis of 46 cases of blad-
der cancer and 39 controls revealed a large variation in
contribution from blood cells (neutrophils, T cells, B
cells), kidney, and urothelium throughout cases and con-
trols, consistent with previous findings (21 ) (Fig. 2). The
most striking difference in terms of tissue contribution
between cases and controls was the increased contribu-
tion of bladder tumor in cases of bladder cancer, espe-
cially in high-grade and muscle-invasive cases (Fig. 2, in
black; Fig. 3A, Mann–Whitney U-test cases vs controls,
P � 4.4 � 10�12).

BLADDER CANCER DETECTION BY HYPOMETHYLATION AND

CNAs

Genome-wide bisulfite sequencing of urinary cfDNA si-
multaneously could identify global hypomethylation and
CNAs. Fifteen cancer-free controls in the exploratory set
were used to establish the baseline methylation and copy
number levels (mean and SD) across the whole genome
by 1-Mb bins (see Fig. 1 in the online Data Supplement).
Significant hypo/hypermethylation and CNA was de-
fined as �3 SD from the mean. Bladder cancer cases
showed a larger proportion of 1-Mb bins with significant
hypomethylation (Fig. 3B, Mann–Whitney U-test, P �
3.1 � 10�12) and copy number changes (Fig. 3C, Mann–
Whitney U-test, P � 4.4 � 10�12).

COMPARISON AND COMBINATION OF APPROACHES

There is a stepwise increase in bladder cancer-associated
aberrations from the controls, low-grade NMIBC, to
cases of high-grade and muscle-invasive disease (Fig. 3,
A–C; see also Table 4 in the online Data Supplement).
There is a positive correlation between tumor size and
bladder tumor contribution (R � 0.52; 95% CI, 0.25–
0.71; P � 4.6 � 10�4), global hypomethylation (R �
0.56; 95% CI, 0.31–0.74; P � 1.2 � 10�4), and CNA
(R � 0.51; 95% CI, 0.24–0.70; P � 5.5 � 10�4; see
also Fig. 2 and Table 3 in the online Data Supplement).

Fig. 3D shows the ROC curves for the 3 approaches.
The area under the curve was 0.92 (95% CI, 0.86–0.98)
for tumor by deconvolution, 0.97 (95% CI, 0.94–1.00)
hypomethylation, and 0.90 (95% CI, 0.83–0.97) CNA.
Fifteen controls in the exploratory set were used in a
leave-1-out analysis to establish the mean plus 3 SD cut-
off for testing positive in percentage bladder tumor con-
tribution, and percentage of 1-Mb bins with significant
hypomethylation and CNA (see Fig. 1 in the online Data
Supplement). Only the nonoverlapping testing controls
were used to establish the diagnostic performance. Table
1 summarizes the sensitivity and specificity of the de-
convolution, hypomethylation, and CNA approaches.
All cases of high-grade disease and MIBC could be
detected by at least 1 of the 3 approaches. There was a
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single control that tested positive by hypomethylation
only, and this was a case that presented with gross
hematuria and was found to have cystitis glandularis
after TURBT and histological review.

There was a positive correlation between bladder
tumor contribution, hypomethylation, and CNAs in
bladder cancer cases (R � 0.59–0.84; P � 4.6 � 10�5;
see Fig. 3 in the online Data Supplement). To improve
the sensitivity for low-grade NMIBC, the 3 approaches
were combined such that a sample was deemed to test
positive if it was positive for �1 of the 3 approaches. The

same percentage cutoffs were used for each approach as
before, established in the exploratory set of controls (Ta-
ble 1). This improved the overall sensitivity for detecting
bladder cancer to 93.5% (95% CI, 82.5%–97.8%) with
a specificity of 95.8% (95% CI, 79.8%–99.3%). The
sensitivity for detecting NMIBC was 91.9%, and the
sensitivity was 84.2% for detecting low-grade NMIBC.
Multiple bladder cancer cases of different stages displayed
only either methylomic or CNAs (see Fig. 4 in the online
Data Supplement). This included a case of noninvasive pap-
illary urothelial neoplasm of low malignant potential (the
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Fig. 1. Global methylation pattern and CNAs in bladder tumor and urinary cfDNA.
(A), Circos plots (30 ) showing the hypomethylation and CNAs in the primary tumor tissue and the urinary cfDNA in a patient with MIBC. The 4
rings, from inner to outer, represent tumor hypomethylation, urine hypomethylation, tumor CNAs, and urine CNAs, respectively. Significant
(>3 SD) hypomethylation/copy number loss is colored in red, and significant hypermethylation/copy number gain is colored in green. In all, 56.3%
of 1-Mb bins with significant hypomethylation in the bladder tumor also showed significant hypomethylation in the corresponding 1-Mb bin in
urinary cfDNA. Also, 72.2% of the 1-Mb bins in the primary tumor with significant copy number gain or loss showed the same gain/loss in the
corresponding 1-Mb bin in the urinary cfDNA. (B), Correlation between the z-score of bladder tumor and urinary cfDNA methylation levels in each 1-Mb
bin (R = 0.764; P < 2.2 × 10−16). (C), Correlation between z-score of bladder tumor and urinary cfDNA copy number in each 1-Mb bin (R = 0.795; P <
2.2 × 10−16). (D), Heatmap showing 27371 DMRs when comparing methylation levels in bladder tumor with blood cells (neutrophils, T cells, B cells),
kidney, and urothelium. Each vertical line represents a DMR and is colored such that hypomethylated DMRs are in red and hypermethylated DMRs are
in yellow. The color indicates the number of SDs away from the mean methylation level.
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lowest possible histological grade) that showed only
copy number gain of chromosome 10 (see Fig. 5 in the
online Data Supplement). This highlights how com-
bining these approaches could synergistically improve
the detection of bladder cancers. The Circos plots of
all bladder cancer cases are shown in Fig. 6 of the
online Data Supplement.

Despite the low sensitivity for low-grade tumors,
urine cytology is the only urine-based bladder cancer test
that is currently widely used in a clinical setting (23 ).
Forty-two of the 46 bladder cancer patients had 1 to 3
urine samples sent for urine cytology within the 6-month
period before urologic surgery as part of routine care.
Only 4 cases (with high-grade MIBC) of the 42 bladder
cancer patients (9.5%) had positive urine cytology.

COMPARISON OF PREOPERATIVE AND POSTOPERATIVE

URINE SAMPLES

Of the 4 cases with postoperative urine samples, 2 cases
had confirmed MIBC and underwent radical cystectomy
(T22 and T23). Two cases underwent their first TURBT
after papillary tumors were identified by flexible cystos-
copy (T170 and T188). In 3 cases (T22, T23, and

T188), the bladder tumor contribution, methylation,
and copy number reverted to the low levels below the
cutoff defined by cancer-free controls (Fig. 4, A–C). This
supports that the methylomic and CNAs in preoperative
samples are derived from the bladder tumor. The remain-
ing case showed a reduction in all 3 parameters, but sig-
nificantly increased post-TURBT levels persisted (Fig. 4,
A–C, lines in red). This case was confirmed to have
margin-positive residual disease by histopathological
analysis and was ultimately staged to have high-grade
MIBC.

In the 3 cases of complete excision, we noted that
preoperative urine samples had a larger proportion of
long DNA fragments (Fig. 4D). Postoperative DNA
fragments had a larger proportion of short DNA frag-
ments, comparable with cancer-free subjects (21, 24 ).

TOTAL cfDNA SIZE AND SIZE OF TUMOR cfDNA fRAGMENTS

There has been much recent interest in the size of plasma
DNA fragments because size properties of tumor cfDNA
have been important in efforts to detect tumor DNA in a
background of DNA from other normal tissues (25–27).
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The cfDNA in MIBC patients had a higher proportion of
long fragments compared with controls, whereas there
was no difference between NMIBC and controls (Fig. 5,

A and B). The postoperative urinary cfDNA size profile
in patients with complete tumor excision (Fig. 4D, in
blue) was similar to the size profile of cancer-free controls
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Fig. 3. Analysis for tumor contribution by methylationn denconvolution, global hypomethylation and CNAs in patients with
different stages of bladder cancer.
(A–C), Boxplots showing the proportional contribution from bladder tumor by methylation deconvolution, proportion of 1-Mb bins with
hypomethylation, and CNAs in controls and bladder cancer patients with low-grade NMIBC, high-grade NMIBC, and high-grade MIBC. (D),
ROC curve for proportional contribution from bladder tumor by methylation deconvolution (red), proportion of 1-Mb bins with hypomethy-
lation (blue), and CNAs (green) in controls and bladder cancer patients. The area under the curve for tumor by deconvolution, hypomethyla-
tion, and CNA was 0.92 (95% CI, 0.86 – 0.98), 0.97 (95% CI, 0.94 –1.00), and 0.90 (95% CI, 0.83– 0.97), respectively.

Table 1. The sensitivity and specificity for detecting bladder cancer by 3 different approaches and their combination.

Tumor
deconvolutiona Hypomethylationb CNAsc

Combination of the
3 approachesd

Overall sensitivity (n = 46), %e 76.1 80.4 69.6 93.5

NMIBC sensitivity (n = 37), % 70.3 75.7 62.2 91.9

Low-grade NMIBC sensitivity (n = 19), % 47.4 68.4 31.6 84.2

Specificity, % 100.0 95.8 100.0 95.8

a Bladder tumor contribution by methylation deconvolution.
b Proportion of 1-Mb bins with hypomethylation.
c Proportion of 1-Mb bins with CNAs.
d The 3 preceding approaches combined using the OR algorithm and the mean plus 3 SD of controls as the cutoff. The OR algorithm defines a sample as positive if it is positive for at

least 1 of the 3 parameters.
e The sensitivity for detecting bladder cancer is displayed for all bladder cancer cases (n = 46), NMIBC (n = 37), and low-grade NMIBC (n = 19).
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(Fig. 5A, in blue). The difference in cumulative fre-
quency at different fragment lengths (Fig. 5B) can be
represented by �SMIBC-Controls, calculated as follows:

�SMIBC-Controls � SMIBC � SControls

where SMIBC and SControls are the cumulative frequency
of urinary cfDNA at a certain fragment length in cases
of MIBC and controls, respectively. By calculating
�SMIBC-Controls at different fragment lengths, we found
that the largest difference in cumulative frequency occurs
at 105 bp (see Fig. 6A in the online Data Supplement).
We calculated the proportion of cfDNA fragments lon-
ger than 105 bp and confirmed that cfDNA fragments in
MIBC patients had a larger proportion of long fragments
compared with controls (Fig. 5C; Mann–Whitney
U-test, P � 0.0047), whereas no difference was observed
for NMIBC compared with controls (Mann–Whitney
U-test, P � 0.70).

In the urinary cfDNA of bladder cancer patients,
chromosomal regions with copy number gain are en-
riched for tumor DNA, whereas regions of copy number
loss are enriched for DNA from normal tissue. The most
commonly observed combination of gain and loss seen in
16 cases was gain in chromosome 8q and loss of 8p (case
TBR416 is used as an illustrative example, Fig. 5D). In all
of the 16 cases of bladder cancer with chromosome 8
CNAs, the cfDNA from tumor-enriched chromosome
8q had a larger proportion of long fragments compared
with the cfDNA mapped to chromosome 8p (Fig. 5E).
The �S plot of the difference in cumulative frequency
between 8p and 8q showed the difference was also great-
est at 105 bp (see Fig. 6B in the online Data Supple-
ment). The difference in cumulative frequency at 105 bp
(�S105) for chromosome 8p-8q in controls and the 16
bladder cancer cases showed a stepwise increase in �S105

(8p-8q) from controls to NMIBC and MIBC (Fig. 5F).
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Fig. 4. Comparison of preoperative and postoperative samples for 4 bladder cancer patients.
Comparison of preoperative and postoperative samples by (A) proportional contribution from bladder tumor by methylation deconvolution,
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The 8p-8q �S105 is the difference in cfDNA fragment
length cumulative frequency at 105 bp between 8p and
8q, and this represents the difference in length between
DNA from tumor and normal tissue contribution. The
8p-8q �S105 was significantly increased in MIBC
(Mann–Whitney U-test, P � 0.0057) and NMIBC
(Mann–Whitney U-test, P � 0.012) compared with
controls. The positive difference in 8p-8q �S105 suggests
that the longer fragments originated from genomic re-
gions enriched for tumor DNA.

Discussion

Bladder cancer is a common cancer that ranks among the
most expensive malignancies to manage. A sensitive and
specific urine-based test would help in the diagnosis and
monitoring of bladder cancer and prioritize patients for
cystoscopy and further treatment.

Shallow-depth bisulfite sequencing of urinary cfDNA
facilitated the genome-wide detection of bladder cancer by
methylation deconvolution, global hypomethylation, and
CNAs with a sensitivity of 69.6% to 80.4%. The specificity
was 95.8% to 100% in cancer-free controls with hematuria.
The combination of these 3 independent approaches im-
proved the overall sensitivity to 93.5% (91.9% and 84.2%
for NMIBC and low-grade NMIBC, respectively). The 3
cases with false-negative findings were noninvasive (Ta)
low-grade disease. These results highlight the heterogeneity
of genetic and epigenetic changes in bladder tumors, and
demonstrate how simultaneously identifying methylomic
and CNAs can detect bladder cancer without previous
knowledge or assumptions of specific aberrations. The cost
of cystoscopy, the current gold standard test, is $750. In
comparison, the cost of this genome-wide bisulfite sequenc-
ing method is $400.

Other studies have demonstrated that the sensitivity
of detection of bladder cancer can be improved by target-
ing a larger number of target mutations and detecting a
combination of genetic, copy number, and epigenetic
aberrations (11, 12 ). Compared with other urine DNA-
based tests for bladder cancer, our method makes use of a
single assay that simultaneously analyzes genomic and
epigenetic aberrations on a genome-wide scale. The ob-
servations in this study would need to be confirmed in a
larger number of samples, although the correlation be-
tween the degree of aberrations and disease stage may
suggest that advanced disease is less likely to be missed.

In this proof-of-concept study, we hypothesized that
the use of tens of thousands of methylation markers would
capture the epigenetic cancer signals in urinary DNA as long
as a subset of markers were altered in the primary bladder
tumor. This hypothesis was validated by the significant in-
crease in bladder tumor DNA in patients with a low-grade
and high-grade disease. However, the sequencing of a larger
number of bladder tumors including NMIBC could further

capture methylomic tumor heterogeneity and improve the
methylation deconvolution process.

The progressive increase in bladder tumor contribu-
tion by methylomic and copy number analysis seen in
high-grade disease and MIBC suggests that these ap-
proaches may provide more than a binary result, and may
be informative for the disease severity and tumor burden.
Paired postoperative analysis demonstrated that these ap-
proaches could detect residual disease. This raises the
possibility of multiple testing for the detection of recur-
rences and progression, and longitudinal monitoring of
tumor load in response to different treatments, including
surgery, local irrigation, or systemic therapy. The accu-
mulation of more samples would also provide ongoing
genome-wide scans that aid the identification of aberra-
tions associated with treatment response and prognosis.
This includes the detection and risk assessment for dis-
ease recurrence and progression. Genomic parameters
may then be integrated with other risk factors such as
body mass index and tumor size in predictive models of
longer-term outcomes (28, 29 ). This may be particularly
helpful for patients with NMIBC, currently followed up
with surveillance cystoscopy.

This study has also shed light on the biological char-
acteristics of urinary cfDNA in bladder cancer. Methyl-
ation deconvolution showed that tumor DNA is detected
over a background of high variation in contribution from
different normal tissues. By exploiting the enrichment of
tumor DNA in chromosomal regions with copy number
gain, we demonstrated that tumor-derived DNA is lon-
ger than DNA from normal tissues in the urinary system.
This may at least in part explain the higher proportion of
long fragments in the total cfDNA of MIBC patients.
This is in contrast to the situation in the plasma, where
tumor-derived DNA fragments are shorter than DNA
derived from normal tissues (26, 27 ).

The exact mechanism of differential sizes between
cfDNA fragments originating from tumor and normal
tissue remains elusive. It has been postulated that differ-
ences in cfDNA size may be related to tissue-specific
differences in nucleosomal patterns in different genomic
regions influencing the generation of cfDNA fragments
during cell death (26, 27 ). Differences in size between
tumor and nontumor cfDNA may also be explained by
its time-dependent fragmentation in the urinary tract
(21 ). Nontumor cfDNA originating from the systemic
circulation, kidney, and upper urinary tract may have a
longer period to be degraded in transit to the bladder and,
thus, may contribute to a shorter cfDNA length com-
pared with cfDNA released from the bladder tumor in
the lower urinary tract. Further understanding of the size
and fragmentation of urinary cfDNA could enhance our
ability to detect tumor DNA in a background of DNA
contributed by other normal tissues.
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