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Abstract

Objectives: This study aimed to externally validate the European Association of Urol-
ogy (EAU) biochemical recurrence (BCR) risk stratification in a North American popu-
lation after radical prostatectomy (RP) and radiation therapy (RT), where validation
remains lacking despite prior European and Asian validation.

Materials and methods: We identified all patients with BCR after RP or RT between
1995 and 2023 from a North American institutional database and classified them by
EAU criteria. Primary outcome was prostate cancer-specific mortality (CSM). We cal-
culated Harrell's concordance indices (C-index) and used competing-risk regression
to assess associations between EAU risk groups and CSM, comparing performance
to multivariable models including age, clinical stage, Gleason grade, PSA doubling
time and time to BCR.

Results: Among the 940 patients (646 RP, 294 RT; 40.5% African American),
563 (59.9%) had low-risk and 377 (40.1%) high-risk BCR. The 10-year cumulative
incidence of CSM was 3.6% versus 12% for low-risk versus high-risk RP patients and
18.4% versus 49.5% for low-risk versus high-risk RT patients. EAU high-risk BCR was
associated with increased CSM in both groups (RP: HR 2.83, 95% Cl 1.47-5.46; RT:
HR 3.98, 95% Cl 2.43-6.53). The EAU classification showed moderate discrimination
(Harrell's C-index 0.62 for RP, 0.69 for RT). Multivariable models including clinical
variables demonstrated a Harrell's C-index of 0.76 for both RP and RT.

Conclusions: This first North American validation confirms moderate EAU discrimina-
tive ability. For RP patients, low 10-year CSM in low-risk BCR (3.6%) supports sur-
veillance. However, low-risk RT BCR showed substantial CSM (18.4%), exceeding
high-risk RP (12%), suggesting current criteria inadequately stratify risk after RT.
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1 | INTRODUCTION

Biochemical recurrence (BCR) of prostate cancer occurs in up to 30%
of patients within 10 years of radical prostatectomy (RP) and in
approximately 20%-40% after radiation therapy (RT).%? However,
BCR outcomes are heterogeneous: While some patients progress rap-
idly to metastatic disease, others experience indolent courses span-
ning decades.? Identifying high-risk BCR patients requiring immediate
salvage intervention remains a critical clinical challenge. The European
Association of Urology (EAU) proposed a simplified BCR risk stratifica-
tion in 2019 to address this need.* For RP, patients are classified as
low-risk (pathological Gleason grade group <4 and PSA doubling time
[DT] > 12 months) or high-risk 24 or PSA-

DT < 12 months). For RT, analogous criteria use biopsy Gleason score

(grade group
and time to BCR > 18 months.> Subsequently, several studies have
externally validated this risk stratification: Tilki et al.® in a European
RP cohort, Pak et al.” in an Asian RP cohort and Falagario et al®ina
European cohort including both RP and RT patients. These studies
demonstrated the prognostic value of this classification for metastatic
progression and cancer-specific mortality, underscoring its potential
clinical utility. However, validation in North American populations
remains lacking. North American cohorts differ fundamentally from
European populations in racial composition and healthcare delivery,
with substantially higher proportions of African American patients
who experience higher prostate cancer incidence and mortality.”1°
Given these differences, the generalizability of this European-derived
tool to North America practice requires empirical validation. We
therefore aim to test the validity of the EAU BCR risk stratification in
a North American institutional cohort after both RP and RT.

2 | MATERIALS AND METHODS

21 | Datasource

We extracted data from our institutional database of electronic medi-
cal records for all men receiving care in Henry Ford Health (HFH)
between 1995 and 2022. We included all male patients who under-
went either RP or RT with curative intent for localized prostate cancer
(cT1-T3) and later experienced BCR. We excluded patients with clini-
cal or pathological lymph node involvement or with the presence of
distant metastasis by the time of treatment. We included only
patients with at least two PSA measurements after initial treatment.
We also excluded all patients with PSA persistence after RP, defined
as a PSA level that does not fall to undetectable levels after
RP. Management after BCR was at the discretion of the treating phy-
sician and included observation, salvage therapy, or systemic treat-

ment as per institutional practice at the time. Follow-up for all

patients was until death or the last available follow-up. The study end
date was set to the last available update of the HFH dataset
(31 December 2022). BCR was defined as PSA = 0.2 ng/mL in 2 con-
secutive measurements after RP and PSA rise of 22 ng/mL above the
nadir PSA value after RT.1%2 Our selection criteria are described in

Figure 1.

2.2 | Covariates

The following variables were extracted for each patient: age at diagno-
sis, Charlson comorbidity index (0, 1, 2, >2) at time of initial diagnosis
(excluding prostate cancer), race (Black, White, other, unknown), area
deprivation index (ADI) centile compared to US national level,*>~° year
of diagnosis, use of androgen deprivation therapy (ADT) within initial
treatment, PSA at diagnosis, clinical T stage (cT1, cT2, cT3) determined
by digital rectal examination, International Society of Urological Pathol-
ogy grade group (GG 1, GG 2, GG 3, GG 4, GG 5), years to BCR from
surgery or RT and PSA doubling time (<= 12 months vs. >12 months)
which was calculated using the two PSA values before BCR, as previ-
ously described.!® Patients with an undefined doubling time (difference
of zero) were considered to be in the > 12 months group.

Patients were classified according to EAU BCR risk criteria as follows:
after RP, low-risk BCR was defined as PSA doubling time >12 months
AND pathological ISUP grade group <4; high-risk BCR was defined as
PSA doubling time <12 months OR pathological ISUP grade group 24.
After RT, low-risk BCR was defined as time to BCR > 18 months AND
biopsy ISUP grade group <4; high-risk BCR was defined as time to
BCR = 18 months OR biopsy ISUP grade group 4.

2.3 | Endpoints

Our endpoint is cancer specific mortality (CSM) after BCR in patients
initially treated with RP or RT in a North America cohort. Cause of
death was retrieved through linkage between HFH and the Michigan
Vital Records.

24 | Statistical analysis

Continuous variables were summarized using medians and inter-
quartile ranges (IQR), whereas categorical variables were described
as frequency and percentages. Patients were stratified by treat-
ment type, and the groups were compared using the Kruskal-
Wallis test for continuous variables. For categorical variables, chi-
square tests were performed, except when more than 20% of the

expected cell counts were below 5; then Fisher's Exact test was
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FIGURE 1 Flowchart inclusion and exclusion criteria for the final cohort of patients.

used. For both treatment types, cumulative incidence curves were
used to depict CSM, stratifying the cohort according to EAU BCR
risk stratification. Statistical differences among risk categories were
examined using Grey's test. Two competing-risks regression models
were built to validate the EAU BCR risk groups both for RP and
RT: the first including EAU-BCR risk groups alone and the second
including age at diagnosis, clinical T stage, Gleason grade, time to
BCR (continuous) from surgery or RT and PSA-DT (categorical).
Harrell's C-index was computed to evaluate discrimination of EAU-
BCR risk groups alone versus a multivariable model in estimating
CSM, using Harrell's definition of concordance probability. Confi-
dence intervals were estimated using the delta method as
described by Kang et al.'” Two-sided p-values <0.05 indicated sta-
tistical significance. All analyses were performed using SAS version
9.4 (SAS Institute, Cary, North Carolina). An institutional review
board (IRB) waiver for informed consent was obtained before con-
ducting this study, in accordance with institutional regulations
when dealing with deidentified previously collected data.

3 | RESULTS

Our selection criteria resulted in a population of 940 patients with
BCR after initial treatment with a curative intent: 646 (68.7%) initially
treated with RP and 294 (31.3%) with RT (Figure 1). The RP group
was younger (median age 62 vs. 71 years, p < 0.001), had lower PSA
at diagnosis (5.7 vs. 7.8 ng/mL, p = 0.002), higher proportion of Glea-
son grade group 24 disease (46.1% vs. 34.4%, p < 0.001) and was
treated more recently (median year 2008 vs. 2006, p < 0.001). The RT

group had higher socioeconomic disadvantage (median ADI percentile
74 vs. 53.5, p < 0.001). Race distribution, Charlson comorbidity index
and clinical T stage were similar between groups. According to EAU
stratification, 520 patients (61.7%) had low-risk BCR and 323 (38.3%)
high-risk BCR, with higher proportion of high-risk in the RP group
(42.6% vs. 24.4%, p < 0.001). Clinical characteristics are presented in
Table 1.

The 10-year estimated CSM was 12% (95% Cl 7.3%-18%) versus
3.6% (95% Cl 1.7%-6.6%) for EAU high- versus low-risk BCR after RP
and 49.5% (95% Cl 36.4%-61.3%) versus 18.4% (95% Cl 11.8%-
26.1%) after RT (Figure 2). On competing-risk regression analysis,
EAU high-risk BCR was associated with increased CSM in both groups
compared to the low-risk group (RP: HR 2.83, 95% Cl: 1.47-5.46,
p = 0.002; RT: HR 3.98, 95% Cl: 2.43-6.53, p < 0.001). The discrimi-
native ability of the EAU risk stratification was moderate in both
groups (Harrell's C-index 0.62, 95% Cl: 0.53-0.71 for RP; 0.69, 95%
Cl: 0.63-0.75 for RT). Multivariable models (Table 2) including age,
clinical T stage, Gleason grade, PSA doubling time and time to BCR
demonstrated a Harrell's C-index of 0.76 (95% ClI: 0.69-0.83) for both
RP and RT (Table 3).

4 | DISCUSSION

Accurate risk stratification of patients with BCR is essential to identify
those who may benefit from early salvage intervention while avoiding
overtreatment of indolent disease. EAU proposed a simplified BCR
risk classification validated in the European and Asian cohorts after

RP and in a single European study after RT. However, its performance
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TABLE 1 Demographic and disease characteristics of 940 patients with biochemical recurrence, stratified by initial prostate cancer

treatment?.

EAU BCR risk category, n (%)

EAU low risk BCR

EAU high risk BCR
Age at diagnosis

N (missing)

Median (IQR)
Race, n (%)

Black

White

Other

Unknown
CCl at diagnosis, n (%)

0

1

2

>2

Nationwide ADI percentile

N (missing)
Median (IQR)

Years to death or follow-up from BCR

Median (IQR)
Year of PCa Dx
Median (IQR)
PSA at diagnosis
Median (IQR)
Gleason grade, n (%)
<6
3+4
4+3
8
9/10
Clinical T stage, n (%)
cT1
cT2
cT3
Hormone therapy, n (%)
No hormone therapy

Hormone therapy

Treatment

Radical prostatectomy (N = 646)

371(57.4%)
275 (42.6%)

646 (0)
62.0(57.0, 67.0)

253 (39.2%)
345 (53.4%)
17 (2.6%)
31 (4.8%)

376 (58.2%)
127 (19.7%)
45 (7.0%)
98 (15.2%)

646 (0)
53.5(32.0, 83.0)

7.1(3.7,12.1)

2008.0 (2001.0, 2012.0)

5.7 (4.5, 8.5)

34 (5.3%)
314 (48.6%)
175 (27.1%)
68 (10.5%)
55 (8.5%)

475 (73.5%)
164 (25.4%)
7 (1.1%)

646 (100.0%)
0 (0.0%)

Radiation therapy (N = 294)

192 (65.3%)
102 (34.7%)

294 (0)
71.0(65.0, 76.0)

138 (46.9%)
133 (45.2%)
7 (2.4%)

16 (5.4%)

144 (49.0%)
69 (23.5%)
24 (8.2%)
57 (19.4%)

294 (0)
74.0 (50.0, 94.0)

3.4 (1.6,5.6)

2006.0 (2000.0, 2010.0)

7.8(5.2,12.8)

40 (13.6%)
138 (46.9%)
56 (19.0%)
24 (8.2%)
36 (12.2%)

221 (75.2%)
64 (21.8%)
9 (3.1%)

197 (67.0%)
97 (33.0%)

Total (N = 940)

563 (59.9%)
377 (40.1%)

940 (0)
65.0(59.0, 70.0)

391 (41.6%)
478 (50.9%)
24 (2.6%)
47 (5.0%)

520 (55.3%)
196 (20.9%)
69 (7.3%)

155 (16.5%)

940 (0)
60.0 (37.0, 88.0)

5.5(2.7,10.3)

2007.0 (2000.0, 2011.0)

6.0 (4.6, 9.6)

74 (7.9%)
452 (48.1%)
231 (24.6%)
92 (9.8%)
91 (9.7%)

696 (74.0%)
228 (24.3%)
16 (1.7%)

843 (89.7%)
97 (10.3%)

p-value

0.02°

<0.0001°

0.12°

0.069°

<0.0001°¢

0.0001°

<0.0001°

<0.0001°

0.055°

<0.0001°

Note: EAU BCR risk classification: After radical prostatectomy, low-risk BCR was defined as PSA doubling time >12 months AND pathological ISUP grade
group <4; high-risk BCR was defined as PSA doubling time <12 months OR pathological ISUP grade group 24. After radiation therapy, low-risk BCR was
defined as time to BCR > 18 months AND biopsy ISUP grade group <4; high-risk BCR was defined as time to BCR < 18 months OR biopsy ISUP grade
group 4. Values in bold emphasis indicate statistically significant p-values (p < 0.05).

2All patients were node-negative (c(NO/pNO) at the time of diagnosis per study inclusion criteria.

bChi-square p-value.
“Kruskal-Wallis p-value.
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FIGURE 2 Cumulative incidence of prostate A
cancer-specific mortality after biochemical CSM In RP Patients With BCR by EAU Risk Group
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in North American populations, characterized by different racial com-
positions and healthcare systems, remained unknown. In this study,
we provide the first validation of this tool in a North American popula-
tion after both RP and RT. Our cohort included 41.6% African Ameri-
can patients, reflecting a substantially different racial composition
than prior European validation cohorts. The EAU classification demon-
strated moderate discriminative ability for prostate cancer-specific
mortality in both treatment groups (C-index 0.62 for RP and 0.69 for
RT), comparable to previous results in the literature.®~® Multivariable
models incorporating PSA doubling time and time to BCR together
with other clinical features demonstrated a Harrell's C-index of 0.76

for both RP and RT. The EAU classification, as a simplified two-
category tool, offers practical clinical utility through its ease of imple-
mentation in routine practice.

Our findings in RP patients are consistent with prior EAU BCR risk
stratification validations. Specifically, Tilki et al. observed in 1125 Ger-
man RP patients moderate discriminative ability for CSM (C-index
0.69).6 Likewise, Falagario et al. reported in 1750 Swedish RP patients a
similar discrimination for CSM (C-index 0.66).2 Our C-index of 0.62 is
slightly lower than the previous validations; however, confidence inter-
vals suggest similar and moderate performance of the models. The con-

sistent moderate discrimination across European (C-index 0.66-0.69)
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TABLE 2 Multivariable Cox regression model predicting prostate cancer specific mortality in patients with BCR after radical prostatectomy

(A) and after radiation therapy (B).

(A)

Covariate

Doubling time risk category

Age at diagnosis
Clinical T stage

Gleason grade

Years to BCR from surgery
(B)

Covariate

Doubling time risk category

Age at diagnosis
Clinical T stage

Gleason grade

Level
High risk doubling time (<=12 months)

Low risk doubling time (>12 months)

cT2
cT1
4+3
8
9/10
<6
3+4

Level
High risk doubling time (<=12 months)

Low risk doubling time (>12 months)

cT2
cT1
4+3
8
9/10
<6

Time unit = years from BCR

Hazard ratio HR p-value
2.06 (1.01-4.17) 0.046

1.00 (0.95-1.04) 0.8
1.31(0.63-2.71) 0.4
2.15(0.91-5.11) 0.08
2.43(0.77-7.69) 0.13

6.04 (2.26-16.15) <0.001
0.00 (0.00-0.00) <0.001
0.91 (0.76-1.10) 0.3

Time unit = years from BCR

Type3 p-value
0.046

0.8
0.5

<0.001

0.3

Years to BCR from radiation therapy

3+4

Hazard ratio HR p-value
0.94 (0.43-2.06) 0.9
1.00(0.97-1.03) 0.8
0.91(0.51-1.63) 0.7

1.28 (0.64-2.59) 0.4

6.08 (3.08-11.98) <0.001
2.95(1.48-5.89) 0.002

1.70 (0.70-4.11) 0.2

0.74 (0.63-0.88) <0.001

Type3 p-value
0.9

0.8
0.7

<0.001

<0.001

Note: Number of observations in the original data set = 646. Number of observations used = 646. Number of observations in the original data set = 294.
Number of observations used = 294. Values in bold emphasis indicate statistically significant p-values (p < 0.05).

TABLE 3 Discriminative performance of EAU BCR risk stratification compared to multivariable model for prostate cancer-specific mortality
after radical prostatectomy (A) and after radiation therapy (B).

(A) Harrell's concordance statistic

Comparable Pairs

Source Estimate (95% Cl) Concordance Discordance Tied in predictor Tied in time
EAU risk 0.62(0.53,0.71) 4357 1624 5292 0

MVA 0.76 (0.69, 0.83) 8581 2692 0 0

(B) Harrell’s concordance statistic

Comparable pairs

Source Estimate (95% Cl) Concordance Discordance Tied in predictor Tied in time
EAU risk 0.69 (0.63, 0.75) 4819 944 4418 0

MVA 0.76 (0.69, 0.83) 7778 2403 0 0

Abbreviations: EAU risk, European Association of Urology BCR risk stratification; MVA, multivariable model.
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and North American (C-index 0.62) cohorts confirms that the EAU strat-
ification provides a reasonable risk prediction for CSM in patients with
BCR after RP across diverse populations. In addition, the only
extra-European validation by Pak et al. in 817 Asian RP patients con-
firmed significantly superior metastasis-free survival and CSM-free sur-
vival for low-risk versus high-risk BCR, despite not reporting C-index.”

Validation of the EAU BCR stratification after initial RT remains
extremely limited. To the best of our knowledge, Falagario et al. pro-
vided the only prior validation in RT patients predicting CSM, report-
ing moderate discrimination in 1191 Swedish patients (C-index 0.69).
Our study therefore represents only the second validation of this clas-
sification after RT and the first outside Europe. Our C-index of 0.69 in
294 RT patients is consistent with this finding.

While the EAU risk stratification demonstrated similar discrimina-
tive ability after both treatment modalities, evaluation of absolute
mortality rates reveals markedly different prognostic implications
between RP and RT patients. Among RP patients in our cohort,
10-year CSM was remarkably low in the low-risk group (3.6%), with
only 38 of 646 patients (5.9%) dying from prostate cancer during
median 7.1-year follow-up after BCR. These findings align closely with
prior validations: Falagario et al. reported 10-year cancer-specific mor-
tality of 4% for low-risk RP patients, while Preisser et al. documented
only 9 prostate cancer deaths among 805 low-risk BCR patients dur-
ing median 54-month follow-up.®

In contrast, both our study and Falagario’s reveal concerning mor-
tality even among low-risk RT patients. Our 10-year CSM of 18.4%
for low-risk RT BCR patients is fivefold higher than the 3.6% observed
in low-risk RP patients and even higher than in the high-risk RP group
(12%). Falagario similarly reported substantial 10-year mortality of
24% for low-risk RT patients, reinforcing that even ‘low-risk® RT BCR
carries nonnegligible mortality.® For high-risk RT patients, the risk is
even more dramatic: our 10-year cancer-specific mortality of 49.5%
underscores the aggressive biology of these recurrences.

These findings have important clinical implications for managing
patients with BCR. For RP patients, the extremely low CSM in the
low-risk category (3.6% at 10 years) supports a de-escalation in treat-
ment as a deferred salvage intervention. This approach aligns with
previous literature and guidelines and may reduce overtreatment and
treatment-related morbidity in a population with indolent disease tra-
jectory.*>® In contrast, the nonnegligible mortality observed in low-
risk RT BCR patients in our cohort (18.4% at 10 years) raises concerns
about the adequacy of current EAU criteria after RT. Current EAU
guidelines recommend monitoring with PSA alone for low-risk BCR
patients after RT (weak recommendation), mirroring the surveillance
approach for low-risk RP patients.* However, our findings challenge
the safety of this approach: Even patients classified as ‘low risk’ dem-
onstrated mortality rates that in our population exceeded those of
high-risk RP patients. Consistent with Falagario’s findings, these data
suggest that the EAU low-risk BCR definition after RT may require
more stringent criteria to adequately identify truly indolent
recurrences.®

The EAU BCR risk stratification represents the only validated tool
currently available and demonstrates practical utility through its

simplicity and ease of clinical implementation. However, the consis-
tent moderate discrimination across all validations (C-index 0.62-
0.69) suggests limitations of traditional clinical parameters. Future risk
stratification tools incorporating genomic classifiers (e.g. Decipher
score), advanced imaging (e.g. PSMA-PET) or tissue-based biomarkers
may enhance discriminative ability beyond what can be achieved with
clinicopathologic features alone, better identifying patients requiring
early intervention.18-2°

This is the first North American validation of the EAU BCR risk
stratification for both treatment modalities and only the second
worldwide validation after RT. Our cohort appears different in terms
of racial composition, enhancing generalizability of the EAU BCR risk
stratification to slightly different populations.

Several limitations warrant consideration. Similar to prior valida-
tions, we lacked data on metastatic progression and timing, preventing
assessment of the complete disease trajectory from BCR to metastasis
to death.? The retrospective design and reliance on electronic medical
records prevented detailed ascertainment of post-BCR management:
We captured only initial treatment and lacked information on salvage
treatment and use of advanced imaging (e.g., PSMA-PET). Indeed,
PSMA-PET was not utilized for staging in this cohort, as it was not
widely available during the study period (1995-2023). Future valida-
tion studies incorporating PSMA-PET staging may provide additional
prognostic information. Furthermore, patients undergoing RP versus
RT differed significantly in patient- and disease-related baseline
characteristics, reflecting treatment selection bias inherent to obser-
vational studies, which may have influenced outcomes despite our
risk-adjustment approach. Although our report represents only the
second RT external validation, our cohort (n = 294) had limited sam-
ple size and short median follow-up after BCR (3.4 years). The short
follow-up was at least partially attributable to the high mortality rate
in this population, which constrained statistical power for long-term
outcomes. Low event rates in RP low-risk patients (10-year CSM
3.6%) similarly limited discriminative assessment. Confidence intervals
for Harrell's C-index were estimated using the delta method as
described by Kang et al.; while this represents the most rigorous
approach currently available, no universally accepted method exists
for calculating confidence intervals around concordance indices.t”
Finally, our single-institution design may limit generalizability,
although our racially diverse patient population enhances external
validity.

5 | CONCLUSIONS

Our validation confirms that the EAU BCR risk stratification provides
consistent, although moderated, discriminative ability in a North
American population, with performance comparable to European and
Asian cohorts. For RP patients, the extremely low cancer-specific mor-
tality in the low-risk category supports surveillance as a safe strategy,
avoiding overtreatment in patients with indolent disease. In contrast,
low-risk RT BCR patients demonstrate nonnegligible cancer-specific

mortality, suggesting that these patients require a better stratification
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and that surveillance is not necessarily a good choice in these individ-
uals. This consistent pattern across independent cohorts strengthens
confidence that the limitations observed after RT are inherent to the

classification rather than population-specific.
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