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Background and purpose: Magnetic resonance-guided focal salvage high-dose-rate brachytherapy (FS-HDR-BT) for
radiorecurrent prostate cancer (PCa) shows low toxicity rates. However, biochemical failure (BF) after treatment
occurs frequently. We developed two prediction models for BF (Phoenix definition) with the aim of enhancing
patient counselling before FS-HDR-BT and during follow-up.

Materials and methods: A prospective cohort of 150 radiorecurrent PCa patients treated with FS-HDR-BT between
2013 and 2020 was used for model development and internal validation. Multivariable Cox Proportional Hazards
regression was applied. For model 1, only pre-salvage variables were included as candidate predictors. For model
2, additional (post-)salvage characteristics were tested. After calibration, nomograms and webtools were con-
structed. Finally, three risk groups were identified.

Results: Sixty-one patients (41%) experienced BF. At baseline (model 1), age, gross tumour volume, pre-salvage
PSA, and pre-salvage PSA doubling time (PSADT) were predictive of BF. During follow-up (model 2), age, pre-
salvage PSA and PSADT, seminal vesicle involvement, post-salvage time to PSA nadir, and percentage PSA
reduction were predictive of BF. The adjusted C-statistics were 0.73 (95% CI: 0.66-0.81) and 0.84 (95% CI:
0.78-0.90), respectively, with acceptable calibration. Estimated 2-year biochemical disease-free survival for the
low-, intermediate-, and high-risk groups were 84%, 70%, and 31% (model 1), and 100%, 71%, and 5% (model
2).

Conclusion: Two models are provided for prediction of BF in patients with radiorecurrent PCa treated with FS-
HDR-BT. Based on pre- and post-salvage characteristics, we are able to identify patients with a high risk of
BF. These findings can aid patient counselling for FS-HDR-BT.

Introduction

Advances in prostate cancer (PCa) treatment have increased cure
rates. However, still up to 50% of high-risk PCa patients treated with
radiotherapy develop a recurrence within 10 years of treatment [1-3].
These recurrences are often confined to the prostate and frequently
located at the site of the primary index lesion [4,5]. Nowadays, re-
currences can be assessed at an earlier stage with prostate specific
membrane antigen positron emitting tomography CT (PSMA-PET-CT)

[6,7]. In this setting, focal therapy, targeting the recurrent lesion while
sparing healthy prostate tissue, is an attractive treatment option with the
aim of postponing initiation of androgen deprivation therapy (ADT)
[5,8]. The main potential advantage of focal over whole-gland salvage
treatments is the reduced chance of side-effects and quality of life
deterioration, without affecting oncological outcomes [9-15].

One of the treatment options for radiorecurrent PCa is magnetic
resonance imaging (MRI)-guided focal salvage high-dose-rate brachy-
therapy (FS-HDR-BT) [10,11]. In previous studies, we found that around
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50% of patients treated with single fraction FS-HDR-BT show
biochemical failure (BF) within 2.5 years, caused by either local re-
currences, regional recurrences, metastatic disease, or a combination
[11]. While several studies have been published on predictive factors for
BF after whole-gland salvage radiotherapy treatments [16-18], no
studies have been published in patients undergoing focal salvage
radiotherapy. Due to differences in patient-, tumour-, and treatment-
characteristics, the results from whole-gland salvage studies are not
directly applicable to FS-HDR-BT. In the current study we evaluated the
predictive value of several pre- and post-salvage variables for BF after
FS-HDR-BT for radiorecurrent PCa. Two models were developed, (1)
with the aim of enhancing patient selection, based on pre-salvage
characteristics, and (2) including additional (post-)salvage characteris-
tics, with the aim of identifying patients at high-risk of BF during follow-
up to support patient guidance and counselling.

Materials and methods
Patient selection

For this study we prospectively included 150 patients treated with
FS-HDR-BT for localized radiorecurrent PCa between July 2013 and
January 2020 at the Radiotherapy of the University Medical Center
Utrecht (UMCU). Initially, patients were treated within an institutional
review board (IRB)-approved feasibility study (Netherlands Trial Reg-
ister number NTR6123), following the criteria: PSA level < 10 ng/mL,
PSA doubling time (PSADT) > 12 months, tumour stage (MRI) < T2c,
and acceptable urinary function (International Prostate Symptom Score
< 15). Because of favourable toxicity results after 2 years of inclusion,
patients beyond the initial inclusion criteria were treated off-protocol. In
February 2018, a subsequent phase II study initiated (‘PRostatE Cancer
MRI guided focal SalvagE high-dose-rate brachytherapy’, or PRECISE;
NTR7014). This study expanded the inclusion criteria from the feasi-
bility study: PSA < 20 ng/mL, PSADT > 9 months, and tumour stage <
T3b. All study patients provided written informed consent. A waiver
from the IRB was obtained for patients treated off-protocol. Study and
treatment details have been described previously [11,19]. An overview
of the three study groups, including inclusion criteria, is presented in
Supplementary File A.

Pre-treatment procedures

Patients underwent pre-treatment 3 T multiparametric (mp) MRI
(including T2-weighted (T2W), diffusion-weighted (DWI), and dynamic
contrast enhanced (DCE) sequences) and 18F-Choline-PET-CT (n = 14,
between 2013 and 2015) or 68 Ga-PSMA-PET-CT (n = 136, from 2015
onwards) scans. Initially, biopsies were performed in all patients (n =
88), either systematically (n = 21) or PET-CT/MRI-targeted (n = 67).
However, since the accuracy of Gleason score assessment is debated in
irradiated prostate tissue and because biopsies were predominantly
positive, biopsies were no longer performed from the end of 2017 on-
ward [20-24].

A dose of 19 Gray (Gy) was prescribed to the clinical target volume
(CTV), which consisted of the MRI- and PET-CT-visible lesion (gross
tumour volume [GTV]) plus a 5 mm margin. The GTV was delineated on
MRI using the combination of T2W, DWI, and DCE sequences and the
PET-CT image. In case the GTV only partially overlapped between the
different scans/sequences, the GTV was delineated such that it included
the entire suspected area on all sequences. The planning target volume
(PTV) was equal to the CTV. Dose constraints to organs at risk were
according to protocol and included rectum D1cc and bladder D1cc < 12
Gy, and urethra D10% < 17.7 Gy [11].

Clinical and Translational Radiation Oncology 30 (2021) 7-14
Follow-up and outcome assessment

Follow-up consisted of outpatient clinical visits combined with PSA
measurements at 1 and 3 months, every three months the first year,
biannually the second year, and annually thereafter up to 10 years. The
outcome, BF, was defined according to the Phoenix definition (PSA
nadir + 2 ng/mL). In case of BF, follow-up imaging was performed with
Ga68-PSMA-PET-CT to assess loco-regional recurrence and/or meta-
static disease.

Candidate variables for model building

To minimize the risk of overfitting, a sample size calculation was
performed up front to calculate the number of candidate predictors
allowed for multivariable testing. Assuming a 0.05 acceptable difference
in apparent and adjusted R-squared, an expected R-squared of 0.15, an
overall event rate of 0.2 (200 events per 1000 person-years follow-up),
and a shrinkage factor of 0.8, would allow for seven candidate variables
with 150 patients and 61 events [25]. For model 1, six candidate vari-
ables were selected for multivariable testing based on clinical knowl-
edge and literature [12,17,18]. For model 2, three additional variables
were tested, thereby accepting a small increase in chance of overfitting.
For model 1, the variables assessed pre-salvage included: age at
FS-HDR-BT, seminal vesicle involvement, GTV (crn3), PSADT (months),
PSA (ng/mL), and MRI-based T-stage (T1l, T2, and T3 based on
NCCN criteria). PSADT was obtained using the Memorial Sloan
Kettering Cancer tool (available via: https://www.mskcc.org/
nomograms/prostate/psa_doubling time). For model 2, CTV D95%
(dose to 95% of the CTV, in Gy), time to PSA nadir (months) and PSA
reduction (ratio between pre-salvage PSA and PSA nadir, in %) were
added.

Statistical analysis

Baseline characteristics and survival

Normally distributed determinants are presented as mean (+ stan-
dard deviation [SD]). Skewed variables are presented as medians with
interquartile ranges (IQR). Frequencies and percentages are used for
categorical data. The Kaplan-Meier method was used to estimate
biochemical disease-free survival (bDFS). For comparisons between
groups, the log-rank test was used.

Missing data handling

Missing data was considered to be missing at random. Multiple
imputation by chained equations was used to impute missing data,
creating 20 imputation datasets. All predictors listed above, additional
patient and treatment characteristics listed in Supplementary File B, the
outcome, and the cumulative baseline hazard, calculated with the
Nelson-Aalen function, were included in the imputation procedure
[26,27]. All subsequent modelling steps were pooled over the 20
imputation datasets.

Functional form of continuous predictors

Before fitting the multivariable model, non-linear relationships be-
tween continuous predictors and the outcome were assessed visually by
plotting the predictors against log-hazard using restricted cubic splines
with three knots (10th, SOth, and 90™ percentile). In case of visible non-
linearity, spline transformations were tested against linear modelling
through univariable and multivariable Cox proportional hazards models
(likelihood-ratio test). If model fit improved significantly, a spline-
transformation was used. For pre-salvage PSA, a natural logarithm-
transformation was used based on literature and model fit in our data-
set [28].
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Model development

In case correlations between candidate variables were > 0.75, the
clinically most relevant variable was chosen for multivariable testing.
MRI-based T-stage showed high correlation with seminal vesicle
involvement (correlation coefficient 0.78). Based on clinical judgement,
MRI-based T-stage was therefore excluded from multivariable regression
analysis. A multivariable Cox proportional hazards regression model
was fitted, providing hazard ratios (HR) with 95% confidence intervals
(CI). Stepwise backward elimination was performed, using lowest
Akaike’s Information Criteria (AIC) for selection [29]. No interactions
were assessed due to the limited sample size.

Model assumptions

For both models the assumptions of the Cox proportional hazards
model were checked. The proportionality assumption was assessed using
Log-Log curves and Schoenfeld residuals for categorical and continuous
variables, respectively. Linearity of continuous variables was checked
with Martingale residuals. Influential outliers were assessed by calcu-
lating dfbeta residuals.

Model performance and internal validation

The discriminative ability of the model was assessed using Harrell’s
C-statistic. Internal validation was performed through bootstrapping
with 2000 resamples for each imputation set, in which all modelling
steps were repeated. The optimism of each model and shrinkage factors
were calculated, and the f-coefficients and C-statistic were adjusted
accordingly. The predictive accuracy of the optimism-corrected models
was visualized with calibration plots at 12, 24, and 36 months.

Nomogram and risk group construction

For both models a nomogram and webtool were constructed using
the optimism-corrected coefficients. Finally, for each model separately,
three risk groups were identified on the basis of the 25% and 75%
percentile of the linear predictor. The Kaplan-Meier method was used to
display the biochemical disease-free survival curves for each risk group.

All statistical analyses were performed using R studio (version 3.6.1,
R Foundation for Statistical Computing, Vienna, Austria,
https://rstudio.com) and the survival, survminer, rms, pmsampsize,
ggplot2, mice, psfmi, DynNom, and regplot packages [30]. Reporting was
according to the TRIPOD statement [29].

Results
Baseline characteristics and Kaplan-Meier survival analysis

Baseline characteristics are displayed in Table 1. Median (IQR)
follow-up time was 25.1 months (13.5-38.1) for all patients and 18.1
months (9.2-29.6) for patients who did not experience BF (censored).
Sixty-one patients (40.7%) experienced BF after a median (IQR) of 32.9
months (23.5-43.6). Median bDFS was 29.7 months (95% CI:
25.0-38.6) (Fig. S1 in Supplementary File C).

Cox proportional hazards models

Table 2 presents the results from multivariable Cox regressions for
model 1 and 2. At baseline (model 1), four variables were identified as
significant predictors of BF: age (HR 0.94), pre-salvage PSA (HR 2.19),
GTV (HR 1.05), and pre-salvage PSADT (HR 0.87 and 1.18 for PSADT
and PSADT’, respectively). For model 2, six predictors were identified:
age (HR 0.92), pre-salvage PSADT (HR 0.89 and 1.16), pre-salvage PSA
(HR 4.47), seminal vesicle involvement (HR 1.49), post-salvage time to
PSA nadir (HR 0.82), and PSA reduction (HR 0.98). Although seminal
vesicle involvement was not statistically significant in model 2 (p =
0.14), its exclusion affected AIC notably and therefore it remained in the
model. The ranges of the continuous variables in our dataset are dis-
played in Supplementary File D.
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Table 1
Baseline patient-, tumour-, and treatment-related characteristics.

Characteristic Missing (%)

Primary treatment

Primary treatment, n (%) 0
EBRT 80 (53.3)
LDR brachytherapy 67 (44.7)
HDR brachytherapy 3(2)

EBRT dose (Gy), median (IQR)
LDR dose (Gy), median (IQR)
HDR dose (Gy), median (IQR)

76.0 (71.5-77.0) 12.5
145.0 (145.0-145.0) 0
19.0 (19.0-38.0) 0

PLND at primary treatment, n (%) 30 (20.0) 0
Initial NCCN risk group, n (%) 5.4
Low risk 27 (18.0)
Intermediate risk 56 (37.3)
High risk 59 (39.3)
ADT use (adjuvant/neoadjuvant), n (%) 30 (20.0) 0

ADT duration (mos.), median (IQR) (n = 30)
PSA nadir post-primary treatment (ng/mL),
median (IQR)

36.0 (18.0-36.0) 10
0.56 (0.25-1.10) 3.3

FS-HDR-BT
Pre-salvage PSADT (months), median (IQR) 15.7 (11.6-23.6) 0
Interval between primary and salvage treatment 97 (63-128) 0

(months), median (IQR)
Age at FS-HDR-BT (years), mean (£SD)
Pre-salvage PSA (ng/mL), median (IQR)

71.5 (£5.0) 0
4.88 (2.80-6.80) 0

Imaging T-stage at FS-HDR-BT, n (%) 0
T1-2a 45 (30.0)
T2b-2c 40 (26.7)
T3a-3b 63 (42.0)
T4 2(1.3)
Gleason at FS-HDR-BT, n (%) 45.4
3+3=6 14 (9.3)
3+4=7 27 (18.0)
4+3=7 21 (14.0)
Sum score = 8 6 (4.0)
Sum score = 9/10 14 (9.3)
Tumour location, n (%) 0
Base 21 (14.0)
Midgland 29 (19.3)
Apex 21 (14.0)
Combination base/midgland/apex 31 (20.7)
Seminal vesicle 23 (15.3)
Prostate body and seminal vesicle 25 (16.7)
Seminal vesicle involvement at FS-HDR-BT, n 48 (32.0) 0
(%)
GTV at FS-HDR-BT (cms), median (IQR) 3.0 (1.7-5.1) 0.7
CTV at FS-HDR-BT (cm3), median (IQR) 8.5 (6.0-12.8) 0
Prostate volume at FS-HDR-BT (cm®), median 31.4 (25.7-39.6) 0
(IQR)
D95% CTV (Gy), median (IQR) 18.8 (17.4-19.7) 0
V200% CTV (%), median (IQR) 26.3 (18.4-27.9) 0
Post-salvage PSA nadir (ng/mL), median (IQR)  0.76 (0.26-1.30) 0
Post-salvage time to PSA nadir (months), median 6.1 (3.6-9.6) 0

(IQR)
Percentage PSA reduction (%), median (IQR)
Biochemical recurrence, n (%)
Follow-up time (months), median (IQR)

84.2 (68.3-92.9) 0
61 (40.7) 0
25.1 (13.5-36.1) 0

Abbreviations: IQR = interquartile range. SD = standard deviation. EBRT = external
beam radiotherapy. LDR = low-dose rate. HDR = high-dose rate. PLND = pelvic
lymph node dissection. NCCN = national comprehensive cancer network. ADT =
androgen deprivation therapy. PSA = prostate specific antigen. FS-HDR-BT = focal
salvage high-dose-rate brachytherapy. PSADT = PSA doubling time. GTV = gross
tumour volume. D95% = dose to 95% of the volume. V200% = volume receiving
200% or more of the prescribed dose. CTV = clinical target volume.

Calibration and internal validation

Calibration curves at 12, 24, and 36 months for both models are
depicted in Fig. 1. Calibration was reasonable up to 24 months. Internal
validation showed an optimism of 0.15 and 0.19 for model 1 and 2,
respectively. The B-coefficients were therefore adjusted with a factor of
0.85 (model 1) and 0.81 (model 2). The C-statistic was adjusted from
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Table 2
Multivariable Cox proportional hazards regression analysis for biochemical recurrence for model 1 and model 2.
Model 1 Model 2
Candidate predictor Corrected* Corrected” p-value Corrected” Corrected” p-value
B-coefficient HR (95% CI) B-coefficient HR (95% CI)
Age (years) —0.065 0.94 (0.90-0.98) 0.003 —0.087 0.92 (0.87-0.96) 0.0005
Pre-salvage PSADT (months) —0.14 0.87 (0.83-0.92) <0.0001 —0.12 0.89 (0.83-0.94) 0.0001
Pre-salvage PSADT’ (months)s 0.16 1.18 (1.09-1.27) <0.0001 0.15 1.16 (1.07-1.26) 0.0004
Pre-salvage PSA (ng/mL) (natural logarithm) 0.78 2.19 (1.50-3.18) 0.0001 1.50 4.47 (2.94-6.80) <0.0001
Seminal vesicle involvement X X X 0.40 1.49 (0.87-2.55) 0.14
GTV (cm®) 0.053 1.05 (1.00-1.11) 0.037 X X X
D95% CTV (Gy) NA NA NA X X X
Time to PSA nadir post-salvage (months) NA NA NA —0.20 0.82 (0.76-0.88) <0.0001
PSA reduction post-salvage (%) NA NA NA —0.021 0.98 (0.97-0.99) 0.0003

Baseline survival model 1: Sp(12) = exp(—12.82); So(24) = exp(—65.71); So(36) = exp(—159.00). Baseline survival model 2: So(12) = exp(—214.58); So(24) = exp
(—1869.63); Sp(36) = exp(—5167.25).
Abbreviations: HR = hazard rate. CI = confidence interval. PSA = prostate specific antigen. FS-HDR-BT = focal salvage high-dose-rate brachytherapy. PSADT = PSA doubling
time. GTV = gross tumour volume. D95%=dose to 95% of the volume. CTV = clinical target volume. So(t) = baseline survival at time point t.

" Corrected for optimism with shrinkage factor = 0.845. *Corrected for optimism with shrinkage factor = 0.812. SPSADT is modelled using restricted cubic splines (3
knots at lOﬂ‘, 50‘1“, and 90t percentile), resulting in one extra parameter, PSADT’, which is depended on PSADT and can be calculated according to the formula for
PSADT’ in Supplementary File E. NA = not applicable. X = excluded using backward elimination based on AIC.
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Fig. 1. Calibration plots for model 1 (upper row) and model 2 (lower row) depicting the observed (y-axis) versus the predicted probability (x-axis) of biochemical
disease-free survival (bDFS) at 12, 24, and 36 months, respectively. Vertical bars indicate the 95% confidence interval. The grey diagonal line depicts the ideal line
for complete concordance between observed and predicted probabilities. The blue crosses indicate the optimism-corrected probabilities. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

0.75 to 0.73 (95% CI: 0.66-0.81) for model 1 and from 0.85 to 0.84 297-334, and > 334, respectively) are shown in Fig. 4. Estimated bDFS
(95% CI: 0.78-0.90) for model 2. The full regression equation for both at 24 months for low-, intermediate, and high-risk groups was 84%,
models can be found in Supplementary file E. 70%, and 31% for model 1 (p < 0.0001) and 100%, 71%, and 5% for
model 2 (p < 0.0001), respectively. Both models can be used as webtools
through: https://fs-hdr-bt-prediction.shinyapps.io/modell/ (model 1)
and https://fs-hdr-bt-prediction.shinyapps.io/model2/ (model 2).

Nomograms

The static nomograms for models 1 and 2 are depicted in Figs. 2 and

3, respectively. An exemplary case is included in the figure caption. The Discussion

Kaplan-Meier curves for bDFS for low-, intermediate-, and high-risk

groups, as identified by model 1 (nomogram score < 193, 193-222, This study provides two clinically useful multivariable prediction
and > 222, respectively) and model 2 (nomogram score < 297, models for BF in patients with radiorecurrent PCa treated with FS-HDR-
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Nomogram for 12, 24, and 36 months biochemical failure probability

Points 0 ~— 20 40 60 8 100
GTV (cmd) . y . —
0 8 6 22

Age (vears) 86 82 78 74 70 66 62 58
Pre-salvage 2520 15 12 10 8 6 4
PSADT (months) 30 4555 70
Pre-salvage
PSA (ng/mi) 0.5 i 2 4 6 8 10 14 1822 28 38
Total points -5 180 200 220 240 260 280
BF probability

36 months 03 05 07 085 094 0985 0.998

24 th ) . T : . . , .

months 0.08 0.12 072 04 06 08 003 008
12 months 0015 0025 0.4 0.08 015 025 035 05

Fig. 2. Nomogram based on model 1 for prediction of biochemical failure among patients who underwent FS-HDR-BT. Probabilities of biochemical failure within 12,
24, and 36 months can be calculated. Instruction: Locate the patient’s GTV (cm®) of the recurrent prostate cancer lesion on the ‘GTV (cm®)’ axis. Draw a line straight
upward to the ‘Points’ axis to determine the number of points based on the GTV. Repeat this process for each of the four variables. Sum the points that are received for
each of the four predictors (‘Total points’). Finally, draw a line straight down from the ‘Total points’ axis to find the patient’s probability of having biochemical
failure within 36, 24, and 12 months, respectively. An interactive version of the nomogram can be used online through: https://fs-hdr-bt-prediction.shinyapps.
io/modell/. As an example, a 72-year-old patient with a GTV of 4.0 cm®, a PSA-level of 6.0 ng/mL, and a pre-salvage PSADT of 25 months has an estimated 12-
, 24-, and 36-months bDFS probability of 95% (95% CI: 93-98%), 78% (95% CI: 70-87%) and 53% (95% CI: 40-71%), respectively. Abbreviations: GTV = gross tumour
volume. PSADT = prostate specific antigen doubling time. PSA = prostate specific antigen. BF = biochemical failure.

BT. Model 1 can be used to support clinical decision making and patient
guidance at baseline, while model 2 could be used during follow-up to
counsel patients regarding their prognosis and potentially adapt follow-
up intensity accordingly.

The predictors in both models and the direction of their effects were
mostly as expected. Increased age was associated with a lower hazard of
BF. Although causal inference is not applicable in prediction, this could
be explained by the potentially longer disease-free survival interval
(DFSI) between primary and salvage treatment indicating more indolent
tumours. DSFI was longer in elderly patients (median 92 versus 108
months for < 75 years versus > 75 years, respectively). Data on pre-
salvage Gleason score is mostly lacking in our cohort, which hinders
assessing this relation. Both a higher pre-salvage PSA level and larger
GTV were associated with an increased hazard. Both indicate higher
tumour load and were therefore expected to be correlated with BF. For
pre-salvage PSADT, which was non-linearly related to the outcome,
hazard decreased with longer doubling times. This was expected given
previous reports [17]. However, from approximately 32 months on-
ward, the hazard increased slightly again, as displayed by a HR of 1.18
for PSADT’. PSADT was > 32 months in only 19 patients (12.7%). Me-
dian post-primary PSA nadir, post-salvage PSA nadir, and pre-salvage
PSA were higher in these patients compared to those with a PSADT of
< 32 months (1.1 vs 0.5 ng/mL, 0.9 vs 0.6 ng/mL, and 6.1 vs 4.6 ng/mL,
respectively), but the percentage of patients classified as high-risk
(NCCN) at primary treatment was comparable (39% vs 42%). There-
fore, we have no clear explanation, and these findings might be caused
by the limited sample size. Seminal vesicle involvement, which is a sign
of extensive disease, was associated with an increased hazard of BF. A
longer post-salvage time to PSA nadir was associated with a lower
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hazard, potentially reflecting tumour biology (a faster response after
radiotherapy could be a sign of more malignant/dedifferentiated PCa) as
previously observed [31]. Finally, a larger reduction in PSA level was
protective of BF.

Several studies have identified predictors for BF in patients with
radiorecurrent PCa treated with focal or whole-gland salvage high-
intensity focused ultrasound (HIFU), low-dose rate brachytherapy
(LDR-BT), and cryotherapy [17,32-34]. However, it is questionable to
what extent predictors from whole-gland salvage studies are applicable
to focal salvage treatments. Spiess et al. reported a risk stratification
model in a whole-gland salvage cryotherapy cohort (n = 132), using the
Phoenix definition of BF [33]. Upon multivariable analysis, post-salvage
PSA nadir and pre-salvage Gleason score were identified as predictors
for BF. PSA nadir was also identified as a predictor of BF after salvage
whole-gland HIFU in a small cohort of 50 patients [34]. Peters et al.
showed that DFSI between primary and salvage treatment, T-stage
before salvage, prostate volume (cmg), PSA, and PSADT were predictors
of BF in patients treated with focal salvage HIFU [17]. This model shows
overlap with our model, indicating that pre-salvage PSA and PSADT are
strong predictors for BF after focal salvage treatment for radiorecurrent
PCa. While we did not investigate the predictive value of PSA nadir
alone, we did incorporate it in our model by using PSA reduction. We
argue that this might be a better predictor than PSA nadir, given its
dependence on pre-salvage PSA. Furthermore, PSA nadir is also influ-
enced by other factors, such as prostate volume [12]. In another study by
Peters et al., univariable analysis showed that age was associated with
BF in 62 patients treated with whole-gland brachytherapy. Upon
multivariable analysis, age was excluded [18]. This is potentially
explained by the limited sample size that was used. It could also be that
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Nomogram for 12, 24, and 36 months biochemical failure probability

Points . .

T

T T T

T T

0 20 40 60 80 ' 100
Seminal vesicle NO
involvement YES
A N , : :
ge (vears) 86 80 74 66 58
Pre-salvage 25 15 10 751
PSADT (months) 30! 65
45
%PSA reduction : r : ; ,
100 75 50 25 0
Post-salvage time . . . . ‘ . . . ‘ . . . . .
to nPSA (months) 26 24 22 20 18 16 14 12 10 8 6 4 2 O
Pre-salvage . . ' . . . . . . . .
PSA (ng/ml) 0.5 1 2 4 6 8 10 14 18 22 28 38
Total points 5 260 300 330 340 360 380
BF probability
36 months : . ; . . : ; ,
0.005 0.015 0.04 0.1 0.3 0.7 0.94 0.998
24 months r T r r r T T r .
0.002 0.006 0.015 0.04 0.1 0.3 0.7 0.94 0.998
12 th. : T T : . . . )
months 0.002 0.006 0015 004 01 03 07 056

Fig. 3. Nomogram based on model 2 for prediction of biochemical failure among patients who underwent FS-HDR-BT. Probabilities of biochemical failure within 12,
24, and 36 months can be calculated. The model can be used online through: https://fs-hdr-bt-prediction.shinyapps.io/model2/. As an example, for the same patient
(72 years old, PSA-level 6.0 ng/mL, and a pre-salvage PSADT of 25 months) with no seminal vesicle involvement, PSA nadir after 6 months and a PSA reduction of
90%, the score based on model 2 would be 313, with estimated bDFS probabilities of 98% (95% CI: 96-100%), 80% (95% CI: 71-91%) and 52% (95% CI: 36-74%) at
12, 24, and 36 months. Abbreviations: PSADT = prostate specific antigen doubling time. PSA = prostate specific antigen. %PSA = percentage PSA. PSA nadir = PSA nadir. BF

= biochemical failure.
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Fig. 4. Kaplan-Meier plots for biochemical disease-free survival for low-, intermediate-, and high-risk groups (based on linear predictor/nomogram score), as
identified by model 1 (left, nomogram sum scores < 193, 193-222, and > 222, respectively) and model 2 (right, nomogram sum scores < 297, 297-334, and > 334,

respectively). Scores are as calculated by the respective nomograms.
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age and DSFI are associated, as explained in the previous paragraph, and
that the effect of age disappears when corrected for DSFI (or vice versa).
However, due to the limited sample size we chose not to include DSFI as
a candidate predictor. We did not assess pre-salvage Gleason score as a
potential predictor, as biopsies were not performed from the end of 2017
onwards (leading to 45.4% missing values). Also, while some have
identified variables from the primary tumour and/or treatment as pre-
dictors, we did not investigate any primary tumour characteristics
because of our limited sample size and missing data in these charac-
teristics. Furthermore, the predictive value of these variables in focal
salvage studies seems limited [17]. With an extended sample size and
follow-up, we could potentially investigate the added value of some of
these predictors.

There are several strengths to our study. Missing data for candidate
pre-salvage predictors was very low (0.7%) due to prospective data
collection. The inclusion of patients treated off-protocol also makes the
study sample more representative and increases external validity.
Furthermore, candidate predictors for multivariable analysis were
selected based on literature and clinical knowledge rather than by per-
forming univariable analysis, thereby minimizing the occurrence of
type-I errors [29]. The online dynamic nomograms we created are
helpful tools to quickly assess and visualize individual predicted bDFS.

The study has some limitations. First, external validation of this
model is necessary. Several other focal salvage strategies have been
described, all with minor differences with respect to eligibility of pa-
tients. Therefore, such cohorts offer an opportunity for external vali-
dation. Especially since both models use predictors that are known to be
related to PCa progression and none of them are treatment specific.
External validation of our models could lead to adjustment of these
models and thereby improve predictive accuracy and be applicable to
other focal salvage modalities. Although evidence is still scarce and
mainly limited to the primary treatment setting, fractionated salvage
treatment (i.e., 2x13.5 Gy) might improve oncological outcomes in
recurrent prostate cancer patients [35-37]. Despite taking into account
the sample size, some overfitting is indicated by the suboptimal
shrinkage factors of 0.85 and 0.81, indicating 15% and 19% optimism,
respectively. Furthermore, limiting the number of candidate variables
might have led to missing important predictors, such as DSFI [17].
Consequently, the C-statistic of 0.73 of the first model might be
improved by including other potential predictors when sample size has
increased. Third, length of follow-up was relatively short with a median
of 25.1 months, thus the models perform optimal within a timeframe of
approximately two years. Fourth, tumour volume was based on the
delineated GTV. Although GTV delineation was based on mpMRI and
PSMA PET-CT, which improves the estimation of tumour volume
compared to mpMRI alone [38], interobserver variability due to the lack
of delineation guidelines will be present and influences the accuracy and
predictive value of this variable.

Conclusions

This study provides two models for BF prediction in patients with
radiorecurrent PCa treated with FS-HDR-BT. Our findings support that
both pre- and post-salvage PSA characteristics (PSA level, PSADT, time
to PSA nadir, and PSA reduction) are important predictors of BF, in
addition to age, tumour volume, and seminal vesicle involvement. These
models could aid patient selection, counselling, and guidance at baseline
and during follow-up. Potentially, these models can also be used for
other salvage techniques, for which external validation remains
necessary.
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