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Article info Abstract

Article history: Background and objective: Screening for bladder cancer (BCa) could reduce mortal-

Accepted August 5, 2024 ity via early detection of early-stage high-grade (Ta/T1 NO MO grade 2-3) disease.
) ] Noninvasive biomarkers could aid in screening, but current markers lack the speci-

Associate Editor: ficity required. The urinary free glycosaminoglycan profile (GAGome) is a promis-

M. Carmen Mir ing biomarker for early detection of BCa metabolism.

Methods: In a prospective case-control development study, we included patients

Kleycrc/lords.. with BCa or no evidence of disease (NED) and measured the urinary GAGome. We
SBcieerfirn;ancer then developed a score to predict the probability of BCa using GAGome features that

Urinary biomarkers correlated with BCa versus NED according to Bayesian regression. Next, in a retro-

Cancer metabolism spective, population-based, case-control study, we included adults from the

Glycosaminoglycans Lifelines Cohort Study who were presumed healthy at baseline. All cases with BCa
confirmed in the cancer registry by the 2-yr or 6-yr study visit were matched to ran-
domly selected control subjects. We developed a reference logistic regression model
using age and sex to predict BCa at 7 yr after baseline. We then added the GAGome
score to the model and assessed model improvement using the likelihood ratio test.
We dichotomized outputs for the reference model and saturated model (reference +
GAGome score) into high-risk versus low-risk categories using a 99% specificity cut-
off and estimated the sensitivity for association with BCa at 7 yr.
Key findings and limitations: We prospectively included 51 individuals with BCa and
38 with NED and observed alterations in three GAGome features compatible with
BCa. We developed a score that discriminated BCa with an area under the receiver
operating characteristic curve of 0.77 (95% confidence interval [CI] 0.67-0.87). We
retrospectively selected a cohort of 1088 presumed healthy adults (median age 48
yr, 56% females), of whom 48 had developed BCa by 7 yr after baseline (median time
to diagnosis 1.4 yr). The GAGome score was an independent predictor of BCa at 7 yr
when added to the reference model (p < 0.001). The sensitivity for BCa at 7 yr for
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high-risk subjects was 31% (95% CI 20-43%) using the saturated model and 17% (95%
Cl 4.7-29%) using the reference model at 99% specificity (95% CI 98-99%).
Conclusions and clinical implications: The urinary free GAGome is specifically altered
in BCa and can be used for noninvasive identification of adults at high risk of devel-
oping BCa, independent of age and sex. This information could be useful for the
design of risk-stratified targeted screening programs for BCa.

Patient summary: We tested whether measurement of a class of sugars called gly-
cosaminoglycans (GAGs) in urine could be used for early detection of bladder cancer.
Our results show that GAG levels in urine can distinguish people at high risk of devel-
oping bladder cancer within 7 years, even if they are healthy at the time of the urine

sampling.

© 2024 The Authors. Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

Worldwide, bladder cancer (BCa) is responsible for ~200 000
deaths annually [1]. Screening for BCa could reduce mortality
by shifting the stage at diagnosis to early-stage high-grade
disease (Ta/T1 NO MO and grade 2-3 [G2-3]) [2]. However,
BCa prevalence in the average-risk population is too low to
make cystoscopy (the reference standard for BCa diagnosis)
cost effective [3]. While several noninvasive biomarkers have
been approved for BCa detection [4], their specificity (60-85%
[5]) would lead to excessive false-positive results when
screening an average-risk population [6,7]. Screening only
populations at high risk of developing BCa, such as adults
aged >50 yr with a significant smoking history and/or high-
risk occupation, could overcome this limitation [7]. However,
even for high-risk adults, the specificity should be >99% to
render the diagnostic work-up feasible because the BCa
prevalence can still be expected to be as low as 0.2% in this
population, and at most ~1.2% [8,9]. Proposed risk models
do not use any molecular biomarkers and instead rely on
age, sex, tobacco use, and occupational exposure to define
high risk [9,10] and thus exclude a priori many demographic
groups that could develop BCa. To the best of our knowledge,
there are no validated molecular biomarkers to identify
average-risk adults at high risk of developing BCa [11].

We previously sought to identify potential new biomark-
ers for cancer by analyzing the pan-cancer reprogramming
of metabolism [12], a hallmark of cancer [13]. Our research
identified glycosaminoglycans (GAGs), structurally diverse
polysaccharides with complex sulfation and epimerization
patterns implicated in tumor growth and invasion, as
promising noninvasive biomarkers for renal cell carcinoma
[14-16] and subsequently for 14 other cancer types [17],
including BCa. In the latter study we estimated that the uri-
nary free GAG profile (or GAGome) had 57% sensitivity and
95% specificity for BCa cases in comparison to healthy con-
trol subjects. However, the control subjects in the study
were not representative of an average-risk population, with
potential overestimation of the GAGome specificity. In addi-
tion, we did not estimate the sensitivity for early-stage
high-grade BCa.

Here, we sought to establish if the urinary free GAGome
could be a useful molecular biomarker of the risk of develop-
ing early stage high-grade BCa. To this end, we first con-

ducted a prospective case-control development study to
compare GAGomes between patients with bladder tumors
undergoing transurethral resection of the bladder (TURB)
and patients undergoing surveillance for bladder cancer
with no evidence of disease (NED). Next, we carried out a
retrospective population-based case-control study in adults
aged >18 yr and presumed healthy at baseline with no his-
tory of cancer to establish whether the urinary free GAGome
could predict the risk of developing BCa within 7 yr.

2. Patients and methods

2.1. Development study design

The development study is reported in compliance with the
Standards for Reporting of Diagnostic Accuracy Studies
(STARD) guidelines (Supplementary Text 1). Ethical permis-
sion was obtained from the Regional Ethical Review Com-
mittee of Gothenburg in November 2017 (#940-17). All
study subjects provided signed informed consent. The study
was registered on ClinicalTrials.gov as NCT05799456.

The study had a single-center, prospective, case-control
diagnostic design. The protocol is included in the Supplemen-
tary material. Patients referred for TURB for BCa or for surveil-
lance for recurrence after TURB formed two consecutive
series. The inclusion criterion for cases was a primary BCa
diagnosis at cystoscopy planned for TURB. The exclusion cri-
terion was no histopathological diagnosis of BCa Ta-T4 NO-2
Mx-0 after TURB. For control subjects, the inclusion criteria
were as follows: NED at cystoscopy assessed at least 6 mo
after treatment with curative intent for Ta-T3 NO-2 MO BCa
or upper tract urothelial cancer; and no history of cancer
apart from urothelial cancer. The exclusion criteria were pos-
itive cytology at the inclusion visit and any intravesical instil-
lation therapy during the 6 mo before the inclusion visit.

At the pre-TURB visit for cases and at the follow-up visit
for control subjects, patients provided an any-void urine
sample, which was robotically centrifuged (2000 x g for 5
min at room temperature) and immediately stored in a
secured access biobank at —80°C until analysis. Cystoscopy
was performed in all patients (cases and control subjects) at
the same clinic to assess the presence or absence of BCa as
the reference standard using predefined standard-of-care
diagnostic procedures.
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2.2. Free GAGome measurements

Free GAGome analysis was performed at a single blinded
central laboratory (Lablytica Life Sciences AB, Sweden)
using a MIRAM GAGome kit (Product No FRUOV2, Elypta
AB, Sweden). Concentrations (pg/ml) of 17 chondroitin sul-
fate (CS), heparan sulfate (HS), and hyaluronic acid (HA) dis-
accharides were detected and quantified using an ultra
high-performance liquid chromatography-mass spectrome-
try/mass spectrometry (UHPLC-MS/MS) system (Acquity I-
class Plus Xevo TQ-S micro, Waters Corporation, Milford,
MA, USA) according to the instructions for use [18]. This
assay was previously described [19] and the analytical per-
formance characteristics and technical variability for urine
samples were shown to be acceptable [18]. The assay omits
proteolytic digestion, thereby theoratically limiting the
quantified disaccharides to the protein-free fraction — hence
free GAGomes. These 17 independent GAGome features
were expanded to afford 18 additional dependent features:
total CS and HS concentrations, and 16 CS or HS disaccha-
ride mass fractions ([Lg/gtotal @S @ percentage). The outliers
were identified and excluded. Nondetectable features
(<0.1 pg/ml in >50% patients) were not considered in down-
stream analyses. All samples from the patient population,
including cases analyzed in our previous study [17] with
first-generation (V1) kits, were reanalyzed using a single
second-generation (V2) kit. We compared the performance
of the V1 and V2 kits for each detectable urinary free
GAGome feature in BCa patients analyzed as part of the pre-
vious versus the present study using a linear regression
model.

2.3. Development of the urinary free GAGome BCa score

We developed a Bayesian logistic regression model to pre-
dict BCa versus NED (response variable) on the basis of
detectable urinary free GAGome features as explanatory
variables, using the projection predictive variable selection
method [20]. In brief, a reference model was developed
using all detectable GAGome features. Next, a “projected”
model selected the minimal number of most informative
GAGome features as final predictors using leave-one-out
cross-validation to control for overfitting (internal valida-
tion). We normalized the output of the “projected” model
in the range from 0 to 100 to define the urinary free
GAGome BCa score (hereafter called the GAGome score for
brevity). The model assumptions and description are
reported in the Supplementary Text 2 [21]. The availability
of data for the score is described in Section 2.7.

24. Diagnostic performance of the GAGome score

We assessed the discriminatory performance in terms of the
area under the receiver operating characteristic curve (AUC)
for classification of BCa versus NED with the GAGome score
(index test) in comparison to BCa diagnosis via cystoscopy
as the reference standard. The index test results were not
available to the reference standard assessor, but not vice
versa, as the reference standard results were required for
development of the index test. There were no missing data.
No indeterminate results were obtained. A predefined vari-

ability analysis of diagnostic accuracy was performed for
the following subgroups: TaTl NO MO G1, TaT1 NO MO
G2-3, and T2a-4a NO-2 MO. The 95% confidence interval
(CI) for the AUC was computed using bootstrap resampling
(1000 bootstraps). Given that no prior estimates were
known for the index test at the start of the study, we com-
puted a sample size that would include >20 cases of G1 BCa
(assumed to be reached by including 77 cases) and >25 con-
trols. We estimated that the power for these sample sizes
for detection of AUC > 0.75 for o < 0.05 was >99% [22].

2.5. Population-based study design

The population-based study is reported in compliance with
the REMARK guidelines (Supplementary Text 3) and was a
secondary analysis of the LEVANTIS-0087A study (Clini-
calTrials.gov, NCT05235009). The LEVANTIS-0087A study
was sponsored by Elypta AB (Stockholm, Sweden), which
participated in the study design, execution, and analysis
and in review of the final manuscript. Ethical permission
was obtained from the Swedish Ethical Review Authority
in October 2021 (#2021-04975), as amended in October
2023 (#2023-06519-02). The study had a retrospective,
prospectively planned, population-based case-control
design. The study population comprised adults aged >18
yr from the Lifelines Cohort Study [23] who were presumed
healthy at baseline and had no history of cancer unless
curatively treated >5 yr before baseline. Lifelines is a multi-
disciplinary, prospective, population-based cohort study
examining the health and health-related behaviors of 167
729 individuals living in Northern Netherlands. All potential
cases (ie, self-reported any type of cancer or death by the 2-
yr or 6-yr study visit) in Lifelines were included and
matched to randomly selected control subjects.

The inclusion criteria for cases were: age >18 yr, no diag-
nosis of cancer at the baseline visit or within 5 yr before the
baseline visit unless curatively treated, and self-reported
any type of cancer or death by the 2yr- or 6-yr study visit.
The exclusion criterion was no confirmed diagnosis of BCa
(ICD-10 topography code C67) according to linkage to the
Dutch Cancer Registry. The inclusion criteria for controls
were: age >18 yr, no diagnosis of cancer at the baseline visit
or within 5 yr before the baseline visit unless curatively
treated, and no self-reported cancer of any type by the 2-
yr or 6-yr study visit. The exclusion criterion was a con-
firmed diagnosis of BCa (ICD-10 topography code C67)
according to linkage to the Dutch Cancer Registry.

At the baseline visit, patients provided urine over a full
24-h period (22:00-22:00 h). The samples were shipped
at room temperature to a central laboratory, robotically ali-
quoted, and kept refrigerated at 4°C before storage at —80°C
(within ~10 h after sample collection) until measurement
of the urine GAGome, performed as described above blinded
to the clinical data. Follow-up was performed for all sub-
jects (cases and control subjects) via linkage to the Dutch
Cancer Registry as the reference standard to assess the pres-
ence or absence of BCa after baseline, from the date of the
baseline visit (between June 1, 2009 and March 1, 2016)
up to December 31, 2021 or the date of death. Cases with
a match in the registry after 6 yr from the baseline visit
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were not excluded (even if beyond the 6-yr study visit) up
to 7 yr of follow-up.

2.6. Predictive performance of the GAGome score

We assessed the association between BCa within 7 yr after
the baseline visit (response variable, binary) and age (mod-
eled using linear tail-restricted cubic splines with 3 knots,
continuous variable in years, 2 degrees of freedom [d.f.]),
sex (binary, 1 d.f.), and the GAGome score (continuous vari-
able with a probability score ranging from 0 to 100, 1 d.f.) as
explanatory variables (predictors) using univariable logistic
regression. No other explanatory variables were considered
since we estimated a maximum of four degrees of freedom
for model development (1 d.f. per 10 cases). Data on tobacco
use were not collected. There were no missing data. Next,
we developed two multivariable logistic regression models,
a reference model using age and sex as predictors, and a sat-
urated model to which we added the GAGome score as pre-
dictor to the reference model. The significance of the
association between each predictor (including all nonlinear
terms for age) and the response variable was assessed using
the Wald test for meaningful changes in predictor values
and is reported in terms of the odds ratio (OR) with 95%
ClL. Statistical significance was set at p < 0.05.

We determined an optimal cutoff for both the reference
model and the saturated model to achieve the same clini-
cally meaningful specificity level (99%), and dichotomized
subjects as “high risk” versus “low risk”. We estimated
the sensitivity for BCa versus no BCa within 7 yr after the
baseline visit across the high-risk and low-risk groups in
the overall population and across subgroups deemed useful
in the design of a hypothetical screening program (age
group, sex, tumor group at diagnosis, and time to diagnosis)
by cross-tabulating the count of subjects with versus with-
out BCa within 7 yr after the baseline versus against the
count of subjects with high risk versus low risk.

We estimated that with a sample size of 46 cases and
>1035 control subjects, an index test with 30% sensitivity
and 99% specificity for BCa had power to detect marginal
errors of 13% and 0.61%, respectively, at a confidence level
of o < 0.05. All statistical analyses were conducted in R ver-
sion 4.2.2 (R Foundation for Statistical Computing, Vienna,
Austria).

2.7. Data availability

A synthetic data set with standardized GAGome values and
the code used to develop the GAGome score via projection
predictive variable selection will be deposited at https://
github.com/SysBioChalmers/GAGome-BCa at the time of
publication. The data used in the population-based study
are accessible on request to the Lifelines Cohort Study.
The data used in the development study are not publicly
available because they involve clinical records protected
by patient confidentiality. Requests for access to deidenti-
fied data can be directed to the corresponding author. Data
that can be shared can be released via a data transfer
agreement.

3. Results

3.1. Patient characteristics in the development study

Between October 2018 and February 2021, we prospec-
tively enrolled 106 participants in the development study,
of whom 57 elected for TURB for suspected BCa (cases)
and 49 had NED after TURB for BCa or after nephroureterec-
tomy for upper tract urothelial cancer (control subjects).
After exclusions, we included 51 patients with pTa-4 NO-
2 MO BCa (three patients were excluded for non-BCa diag-
nosis and three because urine was not collected) and 38
with NED (six excluded because NED for <6 mo, three had
positive cytology, one Tis, and one M1 BCa). The patient
flow is shown in Supplementary Figure 1.

Baseline characteristics are shown in Table 1. The study
population was generally typical of patients with newly
diagnosed BCa or NED at cystoscopy after previous treat-
ment for urothelial cancer. Other histopathological charac-
teristics are shown in Supplementary Table 1. No adverse
events were recorded during sample collection or cys-
toscopy evaluation.

3.2. Correlation between the urinary free GAGome and BCa
diagnosis

We measured the free GAGome in 89 urine samples (one
sample per patient) in a single-blinded central laboratory
using a standardized UHPLC-MS/MS system. None of the
samples were identified as outliers. We found that 17 of
the 35 (49%) free GAGome features were detectable in this
population (Supplementary Fig. 2). In comparison to our

Table 1 - Baseline characteristics of individuals included in the
development cohort (further characteristics in Supplementary
Table 1)

BCa NED
(n=51) (n=38)
Median age, yr (IQR) 75 (69-80) 73 (67-78)
Female, n (%) 11 (22) 13 (34)
History of non-BCa cancer, n (%) 5(9.8) 0(0)
pT stage, n (%)
pTa 20 (39) ° 29 (76) *
pT1 14 (28) 8(21)°
pT2-4a 17 (33) 1(26)°
Tumor grade, n (%)
Grade 1 12 (23)° 17 (44.7) °
Grade 2 11 (22) 9(23.7)°
Grade 3 28 (55) 12 (31.6) ¢
EAU prognostic risk group, n (%)
Low-risk NMIBC 11 (22) 17 (45) °
Intermediate risk NMIBC 9(18)" 5(13)°
High risk NMIBC 14 (27) 15(39) ¢

MIBC 17 (33) 1(2.6)°
BCa tumor group, n (%)

TaT1 NO MO grade 1 12 (24) ° 0 (0%)

TaT1 NO MO grade 2-3 22 (43) 0 (0%)

T2a-4a NO-2 MO 17 (33) 0 (0%)

NED 0(0) 38 (100%)
Median urinary free GAGome BCa score 68 (52-76) 47 (37-58)

(IQR)

BCa = bladder cancer; EAU = European Association of Urology; IQR =

interquartile range; NED = no evidence of disease; NMIBC = non-muscle-

invasive bladder cancer; MIBC = muscle-invasive bladder cancer.

2 Values refer to previous surgically treated BCa.

b One patient with missing pathological evaluation was classified on
the basis of clinical findings.
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previous study that measured urinary free GAGomes with
the V1 kit (in BCa cases only), results using the V2 kit
revealed highly correlated concentrations for all detectable
GAGome features (median R?> = 0.85), but much higher
yields for HS and HA disaccharides (Supplementary Figs. 3
and 4).

Using Bayesian linear regression, we determined that
three (18%) of the 17 detectable features were compatible
with BCa versus NED (Supplementary Fig. 2 and Supple-
mentary Table 2). Sensitivity analysis showed that esti-
mates of the group differences were robust to prior choice
(Supplementary Fig. 5). Specifically, BCa was compatible
with an increase in total HA and a shift from N-sulfated
HS to nonsulfated HS without a significant change in the
total HS concentration in urine.

3.3. Development of the GAGome score BCa score for early
detection of BCa

We developed a Bayesian logistic regression model to pre-
dict BCa versus NED using all detectable urinary free
GAGome features as inputs. For the final model we selected
two features as predictors: the total HA concentration and
the N-sulfated HS mass fraction (Supplementary Table 3).
Sensitivity analysis revealed that the choice of predictors
was robust to different modeling assumptions (Supplemen-
tary Fig. 6). The model output (urinary free GAGome BCa
score) was scaled between 0 and 100. In terms of discrimi-
nation between BCa and NED, the AUC was 0.77 (95% CI
0.67-0.87; Fig. 1 and Supplementary Table 4). In the Ta/T1
NO MO G2-3 subgroup (n = 60, 22 BCa), the AUC was 0.82
(95% CI 0.69-0.93). The performance for other subgroups
is reported in Supplementary Table 4.

34. GAGome score performance in a population-based
cohort

We retrospectively included 1088 participants from the
Lifelines Cohort Study in a population-based cohort for
analysis. Of these, 48 were diagnosed with BCa within 7
yr after their baseline visit (median time to diagnosis 1.4

yr).
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Fig. 1 - Urinary free GAGome bladder cancer (BCa) score in the development
study for the cohort of 89 patients, of whom 51 had BCa (12 with Ta/T1 NO
MO grade 1, 22 with Ta/T1 NO MO grade 2-3, and 17 with T2a-4a N0-2 MO)
and 38 had no evidence of disease (NED). GAGome = glycosaminoglycan
profile.

Table 2 - Baseline characteristics in the population-based study
(further characteristics in Supplementary Table 5)

BCa cases Control subjects
(n =48) (n = 1040)
Median age, yr (IQR) 61 (52-68) 47 (39-54)
Female, n (%) 16 (33) 594 (67)
Median follow-up, yr (IQR) 8.2 (6.8-11) 11 (7.8-11)
Time to diagnosis, n (%)
0-1yr 17 (35) -
1-2 yr 17 (35) -
2-4yr 10 (21) -
4-7 yr <10 (<21) -
No incident cancer 0 (0) 1040 (100)
BCa tumor group, n (%)
Ta/T1 NO-x MO-x grade 1-x <10 (<21) -
TaT1 NO-x MO-x grade 2-3 31 (65) -
T2a-4b NO-2 MO-1 <10 (<21) -
Median urinary free GAGome 56 (50-67) 49 (42-57)

BCa score (IQR)

BCa = bladder cancer; GAGome = glycosaminoglycan profile; IQR =
interquartile range.

Baseline characteristics are shown in Table 2, with addi-
tional characteristics in Supplementary Table 5. By design,
the population was generally representative of the Lifelines
Cohort Study [23]. Cases were generally older, more com-
monly male, and more likely to have hypertension than
control subjects.

The GAGome score was an independent predictor of BCa
within 7 yr from baseline when added to the reference
model, which uses only age and sex as predictors (likeli-
hood ratio test p < 0.0001; Table 3 and Fig. 2). The GAGome
score accounted for 29% of the variance explained by the
saturated model. The AUC was 0.84 (95% CI 0.79-0.90) for
the saturated model, 0.81 (95% CI 0.74-0.87) for the refer-
ence model, and 0.67 (95% CI 0.59-0.75) for the GAGome
score alone.

The sensitivity for BCa within 7 yr from baseline for
adults classified as high risk was 31% (95% CI 20-43%) using
the saturated model and 17% (95% CI 4.7-29%) using the ref-
erence model (Supplementary Table 6) at the same speci-
ficity (99%, 95% ClI 98-99%). The performance of the
saturated model was superior to that of the reference model
across all subgroups (Supplementary Table 6). In particular,
the sensitivity for high-risk adults in comparison to their
low-risk counterparts using the saturated model versus
the reference model was 19% (95% CI 0-41%) versus 0%
(95% CI 0-0%) for females, 36% (95% CI 18-55%) versus
23% (95% CI: 10 - 38%) for Ta/T1 NO-x MO-x G2-3 disease,
and 46% (95% CI 22-72%) versus 31% (95% Cl 9.1-57%) for a
BCa diagnosis within 1 yr from the baseline visit.

4. Discussion

We explored whether the urinary free GAGome could be a
useful novel noninvasive biomarker of early-stage high-
grade (Ta/T1 G2-3) BCa. Although we previously showed
that BCa was correlated with an altered urinary GAGome
in a fashion similar to that for other malignancies [17],
the control subjects in our previous study were not fully
representative of the spectrum of patients for whom
biomarkers could be used to detect BCa, with possible over-
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Table 3 - Association of BCa incidence by 7 yr with age, sex, and the urinary free GAGome BCa score measured at the baseline visit according to
univariable and multivariable logistic regression®

Predictor Univariable analysis Multivariable analysis
OR (95% CI) p value Reference model Saturated model
OR (95% CI) p value OR (95% CI) p value

Age <0.0001 <0.0001 <0.0001

40 yr Reference Reference Reference

55 yr 4.43 (2.14-9.19) 4.37 (2.08-9.19) 5.29 (2.44-11.5)

70 yr 22.3 (9.34-53.1) 20.3 (8.42-48.8) 26.7 (10.6-67.4)
Male sex (vs female) 2.66 (1.44-4.91) 0.002 221 (1.17-4.17) 0.015 2.06 (1.07-3.95) 0.030
Urinary free GAGome BCa score 70 (vs 50) 2.76 (1.75-4.36) <0.0001 - 3.75 (2.20-6.42) <0.0001

BCa = bladder cancer; GAGome = glycosaminoglycan profile; CI = confidence interval; OR = odds ratio
¢ Associations with continuous variables (age in years, and urinary free GAGome BCa score as probability on a scale from 0 to 100) are reported using

clinically relevant values.
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Urinary free GAGome BCa score

Fig. 2 - Predicted odds ratio (OR) for bladder cancer (BCa) at 7 yr after baseline given the urinary free GAGome BCa score in the saturated model for presumed
healthy adults stratified by age at baseline and grouped by sex. The horizontal line represents OR = 1 and grey areas represent the 95% confidence interval. The
y-axis is truncated at OR = 10 for legibility. GAGome = glycosaminoglycan profile.

estimation of the specificity. Our results here confirm that
the free GAGome is specifically altered in BCa, even in
early-stage high-grade disease, and that this noninvasive
biomarker is an independent risk factor for BCa in an
average-risk population.

In comparison to our previous results, we observed some
unexpected changes in the urinary GAGome attributable to
BCa. We found an increase in the total HA concentration and
a shift from N-sulfated HS to nonsulfated HS. We attribute
these novel associations to the use of second-generation
kits for GAG extraction, which have shown substantial
increases in HA and HS yields in comparison to the first-
generation Kkits used in our previous study. Previous
research has investigated biofluidic GAGs in BCa on the
basis of their ubiquity in the urothelial glycocalyx [24], a
critical component of the protective bladder mucosal bar-
rier [25]. None of these studies profiled the GAGome but
rather focused on coarser urinary assays for total GAG
determination. Nevertheless, these studies also reported a
higher total HA concentration in BCa [26,27], consistent
with our findings. Previous studies have reported aberra-
tions in unidentified urinary GAGs in BCa [22]. Our study

confirmed and significantly expanded the role of urinary
free GAGomes in the detection of early-stage high-grade
BCa, whereby several structural aberrations appear to be
specifically associated with the disease.

Several urinary biomarkers have been approved by regu-
latory authorities, although primarily for surveillance for
BCa recurrence [5]. Despite their high sensitivity, their
specificity is insufficient to control the false-positive rate
in settings in which most subjects do not have BCa, as in
screening programs. To the best of our knowledge, none of
the urinary biomarkers approved for BCa were validated
in a screening population [11]. The main strength of the uri-
nary free GAGome appears to be its ability to detect a sub-
stantial proportion of BCa cases independent of other risk
factors while retaining very high specificity, even in a pop-
ulation in which the prevalence of BCa could be expected to
be as low as 10-20 per 100 000-person years [7]. We spec-
ulate that a risk model incorporating urinary free GAGomes
could be used to implement a risk-stratified screening pro-
gram in which only adults classified as “high risk” are
screened. Our results indicate that just over one-third of
incident early-stage high-grade BCa cases might be detected
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earlier using this approach. For comparison, the risk-
stratified screening program for lung cancer recommended
in the UK is estimated to exclude ~40% of subjects who
would develop lung cancer [28]. Despite this limitation,
our proposed risk-stratified screening program would be
more realistic to implement than an all-comer approach.
According to our results, the urinary GAGome-based risk
model would classify only ~1% of all adults as “high risk”,
substantially reducing the number of subjects to be
screened.

Our study has some limitations. Given the rarity of BCa
in an average-risk population, the sample size for BCa was
small, leading to imprecise odds ratio and sensitivity esti-
mates (particularly in the early-stage high-grade subgroup)
and constraining the reference model to include only two
risk factors as predictors. Notably, information on tobacco
use was not collected and the independence of urinary free
GAGomes could not be tested. Since the development study
also included a sample size unlikely to span the full BCa dis-
ease spectrum, this limitation is not fully mitigated by the
population-based study. Second, the retrospective case-
control design might have excluded rare conditions that
could alter urinary free GAGomes and affect the odds ratio
and specificity; however, given the size of the control group,
these potential conditions could be reasonably expected in
<0.1% of the population. Despite these limitations, the valid-
ity of the urinary GAGome as a noninvasive biomarker
appears to be well supported by its ability to predict BCa
risk in an external population in our population-based
analysis.

5. Conclusions

Our results show that urinary free GAGomes were specifi-
cally altered in BCa and were useful in predicting the risk
of developing BCa in an external population independent
of age and sex. This information could aid in the design of
screening programs targeted at high-risk adults without
excluding certain demographic groups a priori.
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