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Abstract

Background: No liquid biomarkers are approved in renal cell carcinoma (RCC),
making early detection of recurrence in surgically treated nonmetastatic (M0)
patients dependent on radiological imaging. Urine- and plasma free glycosamino-
glycan profiles—or free GAGomes—are promising biomarkers reflective of RCC
metabolism.
Objective: To explore whether free GAGomes could detect M0 RCC recurrence non-
invasively.
Design, setting, and participants: Between June 2016 and February 2021, we
enrolled a prospective consecutive series of patients elected for (1) partial or radical
nephrectomy for clinical M0 RCC (cohort 1) or (2) first-line therapy following RCC
metachronous metastatic recurrence (cohort 2) at Sahlgrenska University Hospital,
Gothenburg, Sweden. The study population includedM0RCCpatientswith recurrent
disease (RD) versus no evidence of disease (NED) in at least one follow-up visit.
Plasma and urine free GAGomes—consisting of 40 chondroitin sulfate (CS), heparan
sulfate, and hyaluronic acid (HA) features—weremeasured in a blinded central labo-
ratory preoperatively and at each postoperative follow-up visit until recurrence or
end of follow-up in cohort 1, or before treatment start in cohort 2.
Outcome measurements and statistical analysis: We used Bayesian logistic regres-
sion to correlate GAGome featureswith RD versus NED andwith various histopatho-
logical variables. We developed three recurrence scores (plasma, urine, and
combined) proportional to the predicted probability of RD. We internally validated
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the area under the curve (AUC) using bootstrap resampling.Weperformed a decision
curve analysis to select a cutoff and report the corresponding net benefit, sensitivity,
and specificity of each score. We used univariable analyses to correlate each preop-
erative score with recurrence-free survival (RFS).
Results and limitations: Of 127 enrolled patients in total, 62M0 RCC patientswere in
the studypopulation (medianage: 63 year, 35% female, and82%clear cell). Themedian
follow-up time was 3 months, totaling 72 postoperative visits —17 RD and 55 NED
cases. RD was compatible with alterations in 14 (52%) of the detectable GAGome fea-
tures, mostly free CS. Eleven (79%) of these correlatedwith at least one histopatholog-
ical variable. We developed a plasma, a urine, and a combined free CS RCC recurrence
score todiagnoseRDversusNEDwithAUCs0.91,0.93, and0.94, respectively.Atacutoff
equivalent to �30% predicted probability of RD, the sensitivity and specificity were,
respectively,69%and84% inplasma,81%and80% inurine, and80%and82%whencom-
bined, and the net benefitwas equivalent tofinding anextra ten, 13, and12cases of RD
per hundred patients without any unnecessary imaging for plasma, urine, and com-
bined, respectively. The combined score was prognostic of RFS in univariable analysis
(hazard ratio = 1.90, p = 0.02). Limitations include a lack of external validation.
Conclusions: Free CS scores detected postsurgical recurrence noninvasively inM0RCC
with substantial net benefit. External validity is required before wider clinical imple-
mentation.
Patient summary: In this study, we examined a new noninvasive blood and urine test
to detect whether renal cell carcinoma recurred after surgery.
� 2022 The Author(s). 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

Renal cell carcinoma (RCC) is the most common kidney
malignancy and accounts for about 174 000 deaths annually
worldwide [1]. Nonmetastatic RCC (M0 RCC) is largely cur-
able by surgical resection via partial or radical nephrec-
tomy, the recommended treatment for the majority of
patients [2]. However, 20–30% of all M0 RCC cases experi-
ence postsurgical recurrence within 5 year [3]. Current
follow-up strategies aim at early detection of recurrence
because symptomatic recurrences have poorer prognosis
than recurrences detected within a follow-up protocol [4].
Despite the importance of follow-up, there is disagreement
in the selection of the optimal strategy. Current protocols
largely depend on radiological imaging, typically chest/ab-
domen computed tomography every 6–12 months up to
3–5 year depending on the recurrence risk after surgery
[5]. There is evidence that imaging is currently offered too
intensely with little survival benefit [6]. Conversely, long-
term recurrences after 5 year from initial surgery occur in
a non-negligible fraction of patients [7].

Noninvasive detection of recurrence using molecular
biomarkers could radically improve follow-up. However,
currently neither molecular nor liquid biomarkers are
approved in the clinical management of RCC [8,9]. Liquid
biopsies are an emerging class of cancer diagnostics based
on biofluidic tumor-related biomarkers, for example, circu-
lating free DNA (cfDNA) [9]. However, cfDNA has so far
shown disappointing yields in RCC [10]. Recent develop-
ments using methylated cfDNA and metabolomics are
promising [11,12], but these assays are complex and the
availability of standardized kits remains years away.
Glycosaminoglycans (GAGs) are structurally diverse
polysaccharides. Their complex profile of sulfation and
epimerization patterns—also called the GAGome—is now
viewed as a nongenetic code that controls a wide range of
biological functions, with many of these being active in can-
cer [13,14]. We and others observed that genetic alterations
specific to RCC correlated with significant reprogramming
of cell metabolism [15–18]. Using a systems biology
approach, we identified GAG biosynthesis as the most
deregulated metabolic pathway in RCC [19]. In exploratory
prospective and retrospective case-control studies, plasma
and urine GAGomes were significantly altered in RCC
patients compared with healthy individuals [15–17]. Suc-
cessively, we verified the analytical performance of an
ultra-high-performance liquid chromatography and triple-
quadrupole mass spectrometry (UHPLC-MS/MS) kit for
GAGome analysis, which selectively measures the protein-
free fraction or free GAGomes [18]. As opposed to total
GAGomes in previous studies [15,16], free GAGomes had
stable and robust reference levels in healthy adults [19].

In this study, we sought to explore whether urine and
plasma free GAGomes correlated with postsurgical recur-
rence in M0 RCC in a single-center prospective cohort study.
2. Patients and methods

2.1. Study design

This study is reported in compliance with the STARD guidelines (Supple-

mentary material). The present study was approved by the Ethical Com-

mittee (Etikprövningsmyndigheten) in Gothenburg, Sweden, in February

2016 (047-16). The study was registered in clinicaltrial.gov (identifier:

NCT02732652). The study followed a double-blind single-center

http://creativecommons.org/licenses/by/4.0/
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prospective cohort design. Two cohorts were defined: (1) patients

elected for partial or radical nephrectomy for suspected RCC (cohort 1)

and (2) patients elected for first-line therapy following metachronous

metastatic RCC recurrence (cohort 2; see the eligibility criteria in the

Supplementary material). Participants were enrolled at the Sahlgrenska

University Hospital, Gothenburg, Sweden, between June 2016 and

February 2021. Eligible participants were identified based on a referral

to partial or radical nephrectomy for suspected RCC in cohort 1, and

on a referral to first-line systemic therapy for metastatic RCC in cohort

2. Both cohorts formed consecutive series. In cohort 1, after surgery,

patients were followed up with radiological imaging twice a year for 2

year and then annually for up to 5 year as per the institutional guide-

lines. The patients provided EDTA-plasma and urine samples for

GAGome analyses before surgery and at each postsurgical follow-up visit

in cohort 1, and before treatment start in cohort 2. Radiological imaging

was performed using chest and abdomen plain and contrast-enhanced

computed tomography or magnetic resonance imaging in patients with

contrast medium allergies or renal insufficiency. Recurrence status was

assessed by the investigator (S.L.) as recurrent disease (RD) or no evi-

dence of disease (NED). In cohort 2, all patients were classified to have

RD. Further details on the assessment of recurrence status are described

in the Supplementary material.
2.2. Free GAGome measurements

Whole blood samples were collected in EDTA-coated tubes at room tem-

perature and centrifuged within 15 min (2500g for 15 min at 4�C). Urine
was collected in polypropylene tubes at room temperature. All samples

were stored at –70�C and shipped on dry ice. The free GAGome analysis

was performed at a single blinded central laboratory (Lablytica Life

Sciences AB, Sweden) using the MIRAM� Free Glycosaminoglycan Kit

(Elypta AB, Sweden), wherein the absolute concentrations (in lg/ml) of

17 chondroitin sulfate (CS), heparan sulfate, and hyaluronic acid disac-

charides—that is, the free GAGome features—were detected and quanti-

fied using a UHPLC-MS/MS system (Acquity I-class Plus Xevo TQ-S micro,

WatersTM, United States) following the kit instructions for use (Supple-

mentary material) [18]. Outlier samples were identified and excluded.

Nondetectable disaccharides (<0.1 lg/ml on median) were not consid-

ered as features in downstream analyses.
2.3. Correlation analyses

Each detectable feature in the plasma and urine free GAGome was corre-

lated with recurrence status (RD vs NED), as assessed at the same post-

operative visit in which the corresponding plasma or urine sample was

collected using a Bayesian mixed-effect logistic regression model (Sup-

plementary material). Each preoperative GAGome feature, as measured

in all patients elected for partial or radical nephrectomy for RCC from

cohort 1, correlated with the following histopathological variables using

univariable logistic or ordinal Bayesian regression (Supplementary

material): tumor size, Fuhrman nuclear grade, tumor-node-metastasis

(TNM) stage, malignant or benign lesion, and RCC subtype.
2.4. Development of free CS RCC recurrence scores

The top two free GAGome features were used as inputs to train two

Bayesian Additive Regression Trees (BART) models [20]—one for plasma

and the other for urine. A third BART model was developed by using as

inputs the outputs of the plasma and urine BART models (Supplemen-

tary material). The output from each BART model is equivalent to the

predicted probability of RD (in %), and it was named plasma, urine, or

combined free CS RCC recurrence score.
2.5. Statistical analysis for the diagnostic performance of free CS
RCC recurrence scores

We performed internal validation using bootstrap resampling and

reported the predictive performance in terms of scaled Brier score (%)

and Nagelkerke R2 (%) with empirical 95% confidence intervals (CoIs).

We assessed the discrimination performance in terms of the area under

the receiving operating characteristic curve (AUC) for the classification

of RD versus NED according to each score versus the observed recurrence

status. The goodness of fit and corresponding v2 statistics were tested

using the Hosmer-Lemeshow test. We used a decision curve analysis

to determine a single test positivity cutoff for all free CS RCC recurrence

scores, so that the net benefit over the base scenarios ‘‘intervention for

all’’ (ie, radiological evaluation for all) and ‘‘intervention for none’’ (ie,

radiological evaluation for none) was maximized [21]. We determined

the clinical usefulness of each score by cross-tabulating RD versus NED

as predicted by the free CS RCC recurrence score versus the recurrence

status. We performed three distinct analyses, one per score (plasma,

urine, and combined), to determine its sensitivity and specificity and

the two-sided exact 95% CoI. The index test was considered valid if the

sum of sensitivity and specificity point estimates was significantly

higher than 1, that is, if the odds ratio (OR) from logistic regression

where the dependent variable was the recurrence status and the inde-

pendent variable was the index test result (positive or negative) was

>1. A minimum of 30 patients were targeted for enrollment for the pre-

sent study, which was deemed sufficient to estimate sensitivity with 15%

marginal error, assuming an ideal index test with 80% sensitivity and

80% specificity to RD and assuming 25% prevalence of RD [22]. All statis-

tical analyses were reported according to best practices in clinical pre-

diction models [23], and further details are presented in the

Supplementary material.

2.6. Survival analyses

We correlated recurrence-free survival (RFS) with each preoperative

score in the subset of patients with pathological diagnosis of M0 RCC

from cohort 1 (Supplementary material). A univariable survival analysis

was performed by fitting a Cox proportional hazard model to estimate

the OR per unit of change of each preoperative score (0, 1, and 1 missing

datum for plasma, urine, and combined, respectively) and the 95% CoI. In

addition, two other variables were considered for the univariable Cox

regression: age and Leibovich risk score. A multivariable Cox model

was prespecified using variables reaching statistical significance in the

univariable analysis. The sample size was not powered for this analysis

given that survival was not intended as a primary endpoint.

3. Results

3.1. Patient characteristics

The study design and patient flow are illustrated in Figure 1.
We prospectively enrolled a total of 127 participants—72
were elected for partial or radical nephrectomy for sus-
pected RCC (cohort 1) and 55 were scheduled for first-line
therapy for metastatic RCC (cohort 2). Of the 127 patients
in the total population, the study population included 50
patients with M0 RCC having undergone curative intent sur-
gery from cohort 1 and 12 patients with metachronous RCC
recurrence from cohort 2, for a total of 62 patients. The sam-
ple collection visits per patient and time to recurrence are
shown in Supplementary Figure 1.

The median age was 63 year (interquartile range [IQR]:
56–70). The population was predominantly composed of



A

B

Fig. 1 – Study design: (A) patient flow and (B) workflow used to select free GAGome features correlated with recurrence and to develop GAGome-based
recurrence scores. GAG = glycosaminoglycan; GAGome = glycosaminoglycan profile; NED = no evidence of disease; RCC = renal cell carcinoma; RD = recurrent
disease; UHPLC-MS/MS = ultra-high-performance liquid chromatography and triple-quadrupole mass spectrometry.
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males (65%, 40 males vs 22 females). The most common his-
tological subtype was clear cell RCC (ccRCC; N = 51, 82%),
followed by five papillary RCC (two type 1, two type 2,
and one unspecified) and six chromophobe RCC cases. We
listed other histopathological characteristics per cohort
and across the study population in Table 1.

In the total population (N = 127), there were 122 RCC
(106 ccRCC and 16 non-ccRCC) and five oncocytoma
patients. We listed other population characteristics per
cohort and across cohorts in the total population in Table 1.

No adverse events were recorded during sample collec-
tion or recurrence status evaluation.

Overall, we measured the free GAGome in a total of 378
(195 plasma and 183 urine) samples in a single blinded cen-
tral laboratory using a standardized UHPLC-MS/MS kit. No
samples were identified as outliers.
3.2. Correlation between free GAGomes and radiological
recurrence

In the study population (N = 62), we explored the correla-
tion between free GAGomes and recurrence status using
samples obtained at the same postoperative visit. The med-
ian follow-up time from curative intent surgery were 3
months (IQR: 1.8–7.8 months, maximum: 55 months). Each
patient contributed on average 1.2 visits for a total of 72 vis-
its. Throughout these, we recorded 17 (24%) RD and 55
(76%) NED cases. Plasma and urine samples were obtained,
respectively, in 71 (99%) and 67 (93%) visits.
We found that seven of 40 plasma and 20 of 40 urine free
GAGome features were detectable (ie, measurable in the
majority of samples). Of these, we determined that six
(86%) of seven detectable features in plasma and eight
(40%) of 20 detectable features in urine were compatible
with RD versus NED (Fig. 2A, Supplementary Fig. 2 and 3,
and Supplementary Table 1). In general, RD tended to corre-
late with plasma and urine free GAGomes featuring a higher
concentration of unsulfated CS (0S CS) in both absolute and
relative levels, and conversely a relatively lower concentra-
tion of certain monosulfated CS (4S CS in plasma and 6S CS
in urine). Overall, we observed that recurrence was compat-
ible with alterations in 14 (52%) of detectable free GAGome
features.

3.3. Correlation of preoperative free GAGome features with
histopathological variables

In the subset of the total population with preoperative sam-
ples from cohort 1 (N = 67), we observed that 11 (79%) of 14
preoperative free GAGome features compatible with recur-
rence were also compatible with at least one histopatholog-
ical variable and in the same direction of correlation (Fig. 2B
and Supplementary Table 2). In both plasma and urine, we
observed compatible correlations with tumor size, Fuhrman
nuclear grade, and TNM stage. We observed nominal corre-
lations with malignant histology and clear cell histology,
but these analyses appeared underpowered (only five
benign and ten non–clear cell cases, respectively). Most of
these correlations were with free GAGome features



Table 1 – Patients’ characteristicsa

Factors Total population Study population

N = 127 N = 62

Cohort 1
(N = 72)

Cohort 2
(N = 55)

Both
(N = 127)

Cohort 1
(N = 50)

Cohort 2
(N = 12)

Both
(N = 62)

Age 64 (56–72) 69 (61–73) 66 (58–73) 63 (55–70) 66 (61–72) 63 (56–70)
Sex
Female 21 18 39 (31) 19 3 22 (35)
Male 51 37 88 (69) 31 9 40 (65)

Histopathological diagnosis
Oncocytoma 5 0 5 (4) 0 0 0
RCC 67 55 122 (96) 50 12 62 (100)
Clear cell 55 51 106 (84) 40 11 51 (82)
Papillary—type 1 4 0 4 (3) 2 0 2 (3)
Papillary—type 2 1 3 4 (3) 1 1 2 (3)
Papillary—unspecified 1 0 1 (1) 1 0 1 (2)
Chromophobe 6 1 7 (5) 6 0 6 (10)

Tumor size (cm) 7 (4.5–9) NA 7 (4.5–9) 6 (4–9) NA 6 (4–9)
TNM stage
Stage I 28 0 28 (22) 23 0 23 (37)
Stage II 9 0 9 (7) 9 0 9 (15)
Stage III 18 0 18 (15) 17 0 17 (27)
Stage IV 12 0 12 (9) 1 0 1 (2)
Not available/not applicable 5 55 60 (47) 0 12 12 (19)

Fuhrman nuclear grade
1 3 2 5 (4) 2 1 3 (5)
2 22 7 29 (23) 18 0 18 (29)
3 22 25 47 (37) 17 5 22 (35)
4 12 11 23 (18) 5 5 10 (16)
Not available/not applicable 13 10 20 (18) 8 1 9 (15)

Leibovich risk category
Low 23 0 23 (18) 19 0 19 (31)
Intermediate 17 0 17 (13) 12 0 12 (19)
High 19 0 19 (15) 11 0 11 (18)
Not evaluated/not applicable 13 55 68 (54) 8 12 20 (32)

No. of visits with samples
Preoperative 67 – 67 – – –
Postoperative follow-up 75 – 75 60 – 60
At systemic therapy start – 55 55 – 12 12

No. of visits with investigator-assessed
recurrence status
Recurrent disease – – – 5 12 17
No evidence of disease – – – 55 0 55

NA = not applicable; RCC = renal cell carcinoma; TNM = tumor, node, metastasis.
a Data are presented as n (%) or as median (interquartile range).
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measured in relative concentrations (%). It was worth not-
ing, however, that the absolute concentration of unsulfated
CS in the urine was strongly compatible with large tumor
size (>7 cm).
3.4. Development of plasma, urine, and combined free CS
RCC recurrence scores

We developed three BART models to regress RD versus NED
based on plasma or urine or combined free GAGome fea-
tures. We manually curated the selection of two features
for each model: for plasma, unsulfated CS (in lg/ml) and
4-sulfated CS (in %); and for urine, unsulfated CS (in lg/
ml) and 6-sulfated CS (in %). For the combined model, we
used as inputs the outputs of the plasma and urine models.
The predicted probability of each model was scaled
between 0 and 100, and henceforth referred to as plasma,
urine, or combined free CS RCC recurrence score, given that
the models rely solely on free CS. For example, if the plasma
free CS RCC recurrence score is >50, then the probability of
RD is >50% according to the model that uses only plasma
features as predictors.
We evaluated the overall predictive performance of each
score by internal validation using bootstrap resampling. For
the plasma, urine, and combined free CS RCC recurrence
scores, the scaled Brier scores were 0.42 (95% CoI: 0.23–
0.62), 0.43 (95% CoI: 0.27–0.59), and 0.43 (95% CoI: 0.25–
0.60) and the R2 values were 0.59 (95% CoI: 0.42–0.78),
0.64 (95% CoI: 0.49–0.81), and 0.64 (95% CoI: 0.48–0.81),
respectively (Supplementary Fig. 4). In terms of discrimina-
tion between RD and NED, the AUCs were 0.91 (95% CoI:
0.85–0.97), 0.93 (95% CoI: 0.89–0.98), and 0.94 (95% CoI:
0.89–0.98) for the plasma, urine, and combined free CS
RCC recurrence scores, respectively (Fig. 3). The calibration
v2 values were 2.6, 3.2, and 2.0 for the plasma, urine, and
combined free CS RCC recurrence scores, respectively
(Hosmer-Lemeshow test, p = 0.45, 0.35, and 0.58, respec-
tively; Table 2).

3.5. Clinical usefulness of plasma, urine, and combined free
CS RCC recurrence scores

We used a decision curve analysis to determine the net ben-
efit of using each free CS RCC recurrence score to inform the
diagnosis of RD at different cutoff values (Supplementary



Fig. 2 – (A) Correlation of detectable plasma and urine free GAGome features in 72 postoperative visits with RD (N = 17) versus NED (N = 55) from 62 patients in
the study population. The posterior probability density of the log-odds ratio for RD per unit of change of the free GAGome feature (in standard deviations from
the mean value) is plotted together with the mean log-odds ratio and the 95% credible interval (CI; thick black line). The region of practical equivalence
(ROPE) is marked by the two vertical dashed lines. A free GAGome feature is deemed compatible with RD or NED if its 95% CI does not fall inside the ROPE by
>5%. (B) Correlation between plasma and urine free GAGome features compatible with RD and histopathological variables from 67 patients in the total
population with preoperative samples in terms of log-odds ratio and 95% CI (horizontal line). CS = chondroitin sulfate; GAGome = glycosaminoglycan profile;
HS = heparan sulfate; NED = no evidence of disease; RD = recurrent disease; TNM = tumor, node, metastasis.
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Fig. 5). We defined a single cutoff of >30 for all scores, indi-
cating that a predicted probability of RD of >30% would trig-
ger a radiological evaluation. In other words, the clinician
would be willing to undergo about two unnecessary radio-
logical evaluations to diagnose one case of RD. At this cutoff,
the sensitivity and specificity to RD were 69% and 84% in
plasma (OR = 1.7, p < 0.001), 81% and 80% in urine
(OR = 2.0, p < 0.001), and 80% and 82% when combined
(OR = 2.1, p < 0.001), respectively (Table 2).
We examined the net benefit in two scenarios. In the first
scenario, we imagined a follow-up visit in which there is no
radiological evaluation of recurrence planned (‘‘interven-
tion in none’’ scenario). For example, the European Associa-
tion of Urology (EAU) guidelines recommend that
radiological evaluations are curtailed after 3 year of postop-
erative follow-up with NED in those with a low risk of
recurrence [2]. In this scenario, the net benefit was 10%,
13%, and 12% for the plasma, urine, and combined free CS



Fig. 3 – Plasma, urine, and combined free CS RCC recurrence scores in the study population (M0 RCC at postoperative visits) and their corresponding receiver
operating characteristic curves (N = 62 patients across 72 visits: 16 RD vs 55 NED in 61 patients for plasma, 16 RD vs 51 NED for urine in 58 patients for urine,
and 15 RD vs 51 NED in 57 patients for combined). CS = chondroitin sulfate; NED = no evidence of disease; RCC = renal cell carcinoma; RD = recurrent disease.

Table 2 – Diagnostic performance metrics for the classification of RD versus NED using plasma, urine, or combined free CS RCC recurrence scores
at a postoperative visit (N = 62 patients across 72 visits: 16 RD vs 55 NED across 71 visits in 61 patients for plasma; 16 RD vs 51 NED across 67 visits
in 58 patients for urine; 15 RD vs 51 NED across 66 visits in 57 patients for combined)a

Metric Plasma Urine Combined

Overall performance
Brier (scaled) 0.42 (0.23–0.62) 0.43 (0.27–0.59) 0.43 (0.25–0.60)
Nagelkerke R2 0.59 (0.42–0.78) 0.64 (0.49–0.81) 0.64 (0.48–0.81)
Discrimination
AUC 0.91 (0.85–0.97) 0.93 (0.89–0.98) 0.94 (0.89–0.98)
Calibration
Hosmer-Lemeshow test v2 = 2.6 (p = 0.45) v2 = 3.2 (p = 0.35) v2 = 2.0 (p = 0.58)
Clinical usefulness
Cutoff Predicted probability >20%
Net benefit (%) 11.60 16 15.90
Interventions avoided (%) 33.80 44.80 50
Sensitivity 0.75 (0.48–0.93) 0.94 (0.70–1.00) 0.93 (0.68–1.00)
Specificity 0.73 (0.59–0.84) 0.67 (0.52–0.79) 0.73 (0.58–0.84)
Cutoff Predicted probability >30%
Net benefit (%) 9.80 12.70 12.10
Interventions avoided (%) 49.10 51.20 53.50
True positives 11 13 12
True negative 46 41 42
False positives 9 10 9
False negatives 5 3 3
Sensitivity 0.69 (0.41–0.89) 0.81 (0.54–0.96) 0.80 (0.52–0.96)
Specificity 0.84 (0.71–0.92) 0.80 (0.67–0.90) 0.82 (0.69–0.92)
Cutoff Predicted probability >40%
Net benefit (%) 10.30 7.50 10.60
Interventions avoided (%) 59.20 51.50 59.10
Sensitivity 0.50 (0.25–0.75) 0.56 (0.30–0.80) 0.60 (0.32–0.84)
Specificity 0.98 (0.90–1.00) 0.88 (0.76–0.96) 0.94 (0.84–0.99)

AUC = area under the receiving operating characteristic curve; CS = chondroitin sulfate; NED = no evidence of disease; RCC = renal cell carcinoma; RD = recurrent
disease.
a The cutoffs used to determine RD was equivalent to the predicted probability of RD (in %). The 95% confidence interval values are given in brackets.
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RCC recurrence scores, respectively (Table 2). As opposed to
the strategy of performing no radiological evaluations in
none of the patients, we estimated that performing the radi-
ological evaluation based on a positive score was equivalent
to a strategy that found ten, 13, and 12 cases of RD per hun-
dred patients without any unnecessary imaging in plasma,
urine, or combined scores, respectively.

In the second scenario, we imagined a follow-up visit in
which there is a radiological evaluation of recurrence
planned (‘‘intervention in all’’ scenario). For example, the
National Comprehensive Cancer Network guidelines recom-
mend a radiological evaluation after 9 and 15 months after
surgery as opposed to the EAU guidelines, indicating
different willingness to intervene [24]. In this scenario, the
interventions avoided were 49%, 51%, and 54% for the
plasma, urine, and combined free CS RCC recurrence scores,
respectively (Table 2). As opposed to the strategy of per-
forming radiological evaluations in all patients, we esti-
mated that performing imaging based on a positive score
is equivalent to a strategy that avoids 49, 51, and 54 radio-
logical evaluations per hundred patients without missing
any RD in plasma, urine, or combined score, respectively.

In Table 2, we reported the clinical usefulness metrics
also at a ‘‘low’’ cutoff (20%), which was more sensitive to
RD and more acceptable in the first scenario when no radi-
ological evaluations are routinely performed, and a ‘‘high’’



Table 3 – Hazard ratio (HR) for RFS in univariable and multivariable Cox regression on each preoperative free CS RCC recurrence scores and other
prognostic factors (patients with missing data were omitted)

Factors N (n RD) Univariable Multivariable

HR 95% CI p value HR 95% CI p value

Age 51 (7) 1.39 0.61–3.16 0.43
Leibovich risk points 45 (7) 3.45 1.26–9.46 0.02 7.09 1.14–44.3 0.04
Plasma free CS RCC recurrence score 51 (7) 1.38 0.92–2.09 0.12
Urine free CS RCC recurrence score 50 (7) 1.82 0.97–3.44 0.06
Combined free CS RCC recurrence score 50 (7) 1.90 1.1–3.29 0.02 1.26 0.93–1.71 0.14

CI = credible interval; CS = chondroitin sulfate; RCC = renal cell carcinoma; RD = recurrent disease; RFS = recurrence-free survival.
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cutoff (40%), which was more specific to RD and more
acceptable in the second scenario when radiological evalu-
ations are performed in excess.

3.6. RFS and preoperative free CS RCC recurrence scores

In the subset of the total population with preoperative sam-
ples from cohort 1 and pathological diagnosis of M0 RCC
(N = 51), there were seven (14%) recurrences at a median
follow-up time of 11 months. In the univariable Cox regres-
sion analysis (Table 3), we observed a positive correlation
between RFS and the preoperative combined free CS RCC
recurrence score (hazard ratio [HR] = 1.90 [95% CoI: 1.10–
3.29], p = 0.02), but only nominal correlations in plasma
(HR = 1.38 [95% CoI: 0.92–2.09], p = 0.12) and urine
(HR = 1.82 [95% CoI: 0.97–3.44], p = 0.06). In multivariable
Cox regression adjusted for Leibovich risk points, the preop-
erative combined free CS RCC recurrence score was nomi-
nally correlated with RFS without reaching statistical
significance (HR = 1.26 [95% CoI: 0.93–1.71], p = 0.14).

4. Discussion

In this single-center prospective study, we discovered that
plasma and urine free GAGomes changed in association
with RCC recurrence after surgery. Although previous work
demonstrated that GAGomes were altered in RCC compared
with normal healthy levels [15,16], their behavior at recur-
rence had not been investigated. The specific free GAGome
features that altered with recurrence were overall consis-
tent with changes previously associated with RCC compared
with healthy controls both in urine [16] and in plasma [15],
except for some inconsistencies in plasma sulfation patterns
that we attribute to the fact that the present study focused
on free rather than total GAGomes as in the previous study
and total GAGomes include protein-bound GAGs.

We developed recurrence scores that incorporated the
largest changes in plasma and/or urine free GAGomes.
These included only CS features, such as an increase in
unsulfated CS. This is consistent with a previously reported
in vivo experiment using a syngeneic mouse model of RCC
progression that caused the same increase in both plasma
and urine [25]. Consistently, here unsulfated CS correlated
with tumor size and grade. This suggests that the recur-
rence scores track a free GAGome feature that may causally
be implicated with RCC. However, other factors may cause
the here-observed aberrations in plasma and urine CS that
may be specific or less to RCC, like inflammation-
associated proteoglycans [26], glycocalyx degradation
[27,28], or renal and hepatic catabolism [29]. It will be
important to elucidate the role of these factors to both
improve the performance of the scores and understand
potential sources of false positives and negatives.

Despite intense research on liquid biomarkers, none of
these are recommended in the follow-up of RCC owing to
the fact that virtually none of these reported prospective
evidence of diagnostic performance in this setting [8]. In
one of such studies, Wan et al [30] investigated prospec-
tively total plasma cfDNA levels for monitoring postopera-
tive recurrence events, reporting promising sensitivity and
specificity to RD. However, the cutoff value and other criti-
cal performance parameters were not reported, rendering
the interpretation of results for clinical practice difficult.
In this context, our study represents one of the first
prospective evaluations of liquid biomarkers for surveil-
lance for RCC recurrence.

The free CS RCC recurrence scores appeared clinically
useful. At different cutoffs, the free CS RCC recurrence
scores, which are equivalent to the predicted probability
of recurrence, had substantial net benefit compared with
the strategy of performing imaging in all or no patients. This
suggests that recurrence scores can considerably improve
follow-up protocols of RCC patients, which are currently
imaging intense with weak clinical benefits [6]. For exam-
ple, we showed that performing a radiological evaluation
based on a positive score could detect more recurrences
or avoid unnecessary imaging with no extra harm for the
patients. However, we also note that at present the sensitiv-
ity, which determines the false negative rate, appears insuf-
ficient to completely forego routine radiological
evaluations. Beyond scientific evidence, the integration of
free CS RCC recurrence scores in the clinical routine would
also require determining the cost effectiveness of this extra
procedure and benefits for patients and clinicians. We spec-
ulate that intercepting a patient when the recurrence is still
local or oligometastatic may not only extend the number of
quality-adjusted life years, for example, by opening a win-
dow for salvage treatments, but may also decrease the need
of pricey systemic therapies indicated for metastatic RCC.
The addition of free CS RCC recurrence scores to current
follow-up protocols for surveillance for recurrence may
therefore have positive health economics with substantial
benefits for patients.

Limitations of this study include the relatively small
event size (ie, number of recurrences) and a lack of external
cohorts for validation. These two factors compound the risk
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of selection and detection biases. We believe that the
prospective consecutive series cohort design of the study
and the double-blind analysis of biomarker versus radiolog-
ical results properly controlled for these biases. However,
other factors such as inclusion of different RCC subtypes
and median follow-up of <1 year may confound and limit
the generalizability of the findings. The small sample size
for these subsets cannot rule out that free GAGomes may
not be as significantly altered in conjunction with long-
term recurrences or in non–clear cell subtypes. Therefore,
the generalizability of the here-reported performance of
free CS RCC recurrence scores in a clinical setting should
wait until evidence of external validation is produced in a
more narrowly defined and larger M0 RCC population. This
is, for example, investigated in the clinical study AURORAX-
0087A (NCT04006405).
5. Conclusions

We conclude that plasma and urine free GAGomes were
altered in association with RCC recurrence and that free
CS RCC recurrence scores could substantially improve the
follow-up of RCC patients after surgery. External validation
of the scores is warranted prior to a wider implementation
in the clinical routine.
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