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ABSTRACT

Background: There is a need for clinically actionable prognostic and predictive tools to guide the management of oligometastatic castration-sensitive prostate cancer
(omCSPCQC).

Methods: This is a multicenter retrospective study to assess the prognostic and predictive performance of a multimodal artificial intelligence biomarker (MMAI; the
ArteraAl Prostate Test) in men with omCSPC (n = 222). The cohort also included 51 patients from the STOMP and ORIOLE phase 2 clinical trials which randomized
patients to observation versus metastasis-directed therapy (MDT). MMAI scores were computed from digitized histopathology slides and clinical variables. Overall
survival (OS) and time to castration-resistant prostate cancer (TTCRPC) were assessed for the entire cohort from time of diagnosis. Metastasis free survival (MFS) was
assessed for the trial cohort from time of randomization.

Results: In the overall cohort, patients with a high MMALI score had significantly worse OS (HR = 6.46, 95 % CI = 1.44-28.9; p = 0.01) and shorter TTCRPC (HR =
2.07, 95 % CI = 1.15-3.72; p = 0.015). In a multivariable Cox model, MMAI score remained the only variable significantly associated with OS (HR = 6.51, 95 % CI =
1.32-32.2; p = 0.02). In the subset of patients randomized in the STOMP and ORIOLE trials, high MMAI score corresponded to improved MFS with MDT (p = 0.039)
compared to patients with a low score, with pinteraction = 0.04.

Conclusion: The ArteraAl MMAI biomarker is prognostic for OS and TTCRPC among patients with omCSPC and may predict for response to MDT. Further work is
needed to validate the MMAI biomarker in a broader mCSPC cohort.

Introduction in the United States and Europe [1]. The incidence of metastatic prostate
cancer has been increasing since 2010, with most deaths occurring
Prostate cancer is the leading cause of non-cutaneous cancer in men within 5 years of diagnosis [2]. This underscores the need for clinically
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actionable prognostic and predictive tools for patients with metastatic
castration-sensitive prostate cancer (mCSPC) [3,4]. Randomized clinical
trials (RCTs) have highlighted a state of limited metastatic disease
within mCSPC termed oligometastatic castration-sensitive prostate
cancer (omCSPC) that derives a progression-free survival (PFS) benefit
from metastasis-directed therapy (MDT) [5-8]. However, the clinical
trajectory of omCSPC and responses to MDT are variable and depend on
underlying disease biology [9,10].

Emerging evidence supports the use of multimodal artificial intelli-
gence (MMAI) biomarkers that leverage hematoxylin and eosin (H&E)
stained histopathology images and clinical data to guide risk-
stratification and treatment in patients with cancer [11,12]. The Arter-
aAl Prostate Test is an Al-derived biomarker with prognostic and pre-
dictive outputs to inform the management of patients with localized
prostate cancer. It is now supported by NCCN Guidelines (4.2024) as a
risk stratification and predictive tool for localized prostate cancer, and is
recommended with Simon level IB data based on validation in pro-
spective RCTs [11-13]. Here, we aim to evaluate the multimodal arti-
ficial intelligence (MMAI) prognostic biomarker within the setting of
omCSPC, including men treated in two omCSPC prospective RCTs
(STOMP and ORIOLE).

Materials and methods

We performed a multi-institutional retrospective study of men (n =
222) with omCSPC, defined as < 5 lesions on either conventional (CT or
nuclear medicine bone scan) or molecular (PSMA or choline PET) im-
aging. H&E-stained slides of prostate biopsy or prostatectomy specimen
were digitized at 40x magnification. MMAI prognostic score was
generated as previously described incorporating Al-detected digital
pathology features and select clinical data including age, PSA, and T
stage (Prostate Prognostic Model Version 1.2) [11,12]. Patients included
those treated at Johns Hopkins Hospital and Ghent Hospital who were
treated with standard of care (SOC; n = 171) or enrolled as part of the
STOMP (n = 39) and ORIOLE (n = 12) RCTs [5,6], which randomized
patients to observation versus MDT. Of these patients, 123 in the SOC
group received MDT; 20 in STOMP and 7 in ORIOLE were assigned to the
MDT arm. SOC treatments included MDT, ADT (intermittent or contin-
uous), and ADT plus ARSI or docetaxel.

The primary objective was to evaluate overall survival (OS) between
patients with high- and low-MMAI scores. The secondary objective in
the entire cohort was to evaluate time to castration-resistant prostate
cancer (TTCRPC). Both OS and TTCRPC were assessed from time of
diagnosis and visualized using the Kaplan-Meier method and log-rank
test. A univariable Cox regression model was used to evaluate the as-
sociation between clinical variables and outcomes. A multivariable Cox
model for OS was built using a priori-selected covariates (due to small
number of OS events): MDT and enhanced systemic therapy with
androgen deprivation therapy (ADT) plus androgen receptor signaling
inhibition (ARSI) or docetaxel as important treatment variables, and
timing (synchronous versus metachronous oligometastatic disease pre-
sentation) due to its known prognostic importance [14]. Significance for
Cox regression models was calculated using the Wald test.

An additional secondary objective was to evaluate the MMAI score as
a biomarker to predict response to MDT within a subset of patients
enrolled on the STOMP and ORIOLE RCTs. Given too few OS and
castration-resistance events for this subset, we evaluated MMAI for
metastasis-free survival (MFS). MFS was defined from time of random-
ization to development of a new metastasis (by conventional or molec-
ular imaging) or death from any cause. Molecular imaging detected
metastasis were required to have a correlate lesion on the CT portion of
PET-CT. For the STOMP/ORIOLE subset of patients, an interaction test
was performed between MDT treatment and MMALI score.
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Results

MMAI scores were calculated for 222 men with omCSPC. Median
follow-up was 41.4 months. Patient characteristics are detailed in
Table 1. Patients with high MMALI scores (>0.527) had higher PSA at
metastasis (median 5.35 vs 3.00, p = 0.008), higher Gleason score (69.4
% vs 39.6 % Grade Group > 4, p < 0.001), greater percentage of syn-
chronous metastatic disease (28.2 % vs 8.1 %, p < 0.001), and were
more likely to have bone metastases (55.5 % vs 39.6 %, p = 0.019).

Patients with a high MMAI score had significantly worse overall
survival (OS) on univariable Cox regression (HR = 6.46, 95 % CI =
1.44-28.9; p = 0.01) (Table 2). MMAI score outperformed all other
clinical variables assessed. In the multivariable Cox regression using pre-
specified variables, MMAI score was the only variable significantly
associated with OS (HR = 6.51, 95 % CI = 1.32-32.2; p = 0.02)
(Table S1). The median OS was 108.4 months for the MMAI-high group
versus “not reached” for the MMAI-low group (Fig. 1, p = 0.005). Given
most patients had metachronous disease treated with MDT, we also
evaluated the prognostic impact of MMAI score in this more clinically

Table 1
Patient Characteristics.
MMAI Low (n = MMAI High (n = P value
111) 111)
PSA at diagnosis (ng/mL)  5.95 (2.26-10.05) 9.61 (5.00-35.40) <0.001
Gleason Grade Group < 0.001
<4 67 (60.4 %) 34 (30.6 %)
>4 44 (39.6 %) 77 (69.4 %)

PSA at metastasis 3.00 (1.09-8.63) 5.35 (1.44-26.28) 0.008

Age at metastasis (years) 68.0 (63.02-72.2) 67.0 (62.0-72.0) 0.274
Number of Metastasis 0.195

1 59 (53.2 %) 43 (38.7 %)

2 22 (19.8 %) 43 (38.7 %)

3 25 (22.5 %) (25) 16 (14.4 %)

4 2 (1.8 %) 8(7.2%)

5 3 (2.7 %) 1 (0.9 %)
Disease Timing < 0.001

Metachronous 102 (91.9 %) 79 (71.2 %)

Synchronous 9 (8.1 %) 32 (28.8 %)
Pelvic LN 55 (49.5 %) 48 (43.6 %) 0.38
Distant LN 23 (20.7 %) 24 (21.8 %) 0.84
Bone 44 (39.6 %) 61 (55.5 %) 0.019
Visceral 4 (3.6 %) 1 (0.91 %) 0.18
ADT 44 (39.6 %) 53 (47.7 %) 0.18
MDT 84 (75.7 %) 66 (59.4 %) 0.009
Enhanced Systemic 15 (13.5 %) 5 (4.5 %) 0.019

Therapy*

*ADT + ARSI/Docetaxel.

ADT: Androgen Deprivation Therapy; ARSI: Androgen Receptor Signaling In-
hibitor; LN, lymph node; MDT: Metastasis Directed Therapy; PSA: prostate
specific antigen. Continuous variables reported as Median (IQR).
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Table 2

Univariable Cox regression for OS.
Variable HR (95 % CI) p-value
MMAI (high vs low) 6.46 (1.44-28.9) 0.01
Timing (synchronous vs metachronous) 3.83 (1.24-11.9) 0.02
ADT 2.42 (0.86-7.11) 0.11
Enhanced systemic therapy 2.12 (0.46-9.77) 0.33
iPSA 1.00 (0.99-1.01) 0.48
Grade Group > 4 1.25 (0.43-3.61) 0.68
PSA at metastasis 1.00 (0.98-1.02) 0.92
MDT 1.04 (0.34-3.22) 0.94

HR, hazard ratio, MMAI, multimodal artificial intelligence; ADT, androgen
deprivation therapy; iPSA, initial prostate-specific antigen; MDT, Metastasis
Directed Therapy.

homogenous cohort (Fig. S1), which similarly demonstrated that high
MMAI score associated with worse OS (p = 0.029). High MMALI score
was also associated with shorter TTCRPC (HR = 2.07, 95 % CI =
1.15-3.72; p = 0.015), with median TTCRPC of 74 months for the
MMAI-high group versus 113 months for the MMAI-low group (Fig. 1, p
= 0.013).

In the STOMP/ORIOLE subset (N = 51, median follow-up 64
months), MMAI score was not prognostic for MFS (HR = 0.78, 95 % CI =
0.39-1.58; p = 0.50) (Fig. S2). However, MMAI score appeared to
predict for MDT benefit. Patients with MMAI-high (p = 0.039) but not
MMAI-low (p = 0.69) demonstrated improved MFS with MDT (Fig. 2).
The test for interaction between MDT treatment and MMAI score
showed p = 0.04.

Discussion

This study demonstrates for the first time that the ArteraAl MMAI
biomarker is prognostic for OS and TTCRPC in patients with omCSPC.
Previously, the MMAI biomarker has been shown to be prognostic in
localized prostate cancer and predictive for treatment benefit with
androgen deprivation therapy [11-13], and was included in the 2024
NCCN guidelines based on a significant improvement in performance
over standard risk stratification groups. An advantage of the MMAI
model is the ability to use digitized information from routine histology
slides at diagnosis (H&E-stained slides created from biopsies during
routine care). This has the potential for wide availability and rapid
turnaround time as compared to other types of molecular tissue or
serum-based markers being investigated for prognostic value [15].

This study also showed that high MMAI score appears to predict
benefit of MDT for patients randomized to MDT versus observation in
the STOMP and ORIOLE RCTs. Previous work describing a prognostic
high-risk genomic signature (based on mutations in TP53, BRCA1/2,
RB1, or ATM) for omCSPC showed a trend towards prediction of
response to MDT [9]. In contrast, the prognostic MMAI score was able to
stratify patients into those that benefit most from MDT, which is an
unmet need in the omCSPC setting. Importantly however, these findings
are limited to benefit of MDT over observation and may not translate in
the setting of ADT + ARSI/docetaxel.

There are other limitations to this study including its retrospective
nature. Therefore, the results can be construed as largely hypothesis
generating. Furthermore, the MMAI algorithm applied in this cohort was
initially trained on data from RCTs of localized prostate cancer rather
than metastatic disease. Additionally, most of the cohort presented with
metachronous omCSPC (91.9 % for MMAI-low and 71.8 % for MMAI-
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Fig. 1. Kaplan-Meier estimates of overall survival (OS) and time to castration-
resistant prostate cancer (TTCRPC) for oligometastatic castration-sensitive
prostate cancer (omCSPC) stratified by MMAI score. P-value computed using
log-rank test.

high cohorts), limiting interpretation of this study for synchronous
omCSPC. While the MMAI score was prognostic for OS in the overall
cohort (N = 222), it was not prognostic for MFS in the STOMP and
ORIOLE subgroup (N = 51), which may be due to small sample size.
In conclusion, we show for the first time in this retrospective study
that the ArteraAl MMAI biomarker is prognostic for overall survival and
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Fig. 2. Kaplan-Meier estimates of metastasis free survival (MFS) for patients in
the STOMP and ORIOLE clinical trials randomized to MDT versus observation
stratified by high (A) versus low (B) MMAI-score. P-value computed using log-
rank test.

time to castration-resistance among patients with omCSPC and can
identify responders to MDT. Further work validating the MMAI
biomarker in a broader omCSPC cohort will help to clarify its utility in
risk stratification and guidance for use of other standard of care
therapies.
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