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Abstract

In this study, special imaging called PSMA PET/CT was analyzed for 199 men with advanced prostate cancer.
Computer software was used to monitor each tumor over 6-months. The research found that 25% of men had
tumors that responded differently, which was linked to shorter overall survival. Recognizing these patients early
could help doctors monitor them closely and provide treatment sooner.

Introduction: Treatment of men with metastatic prostate cancer can be difficult due to the heterogeneity of response
of lesions. [*®Ga]Ga-PSMA-11 (PSMA) PET/CT assists with monitoring and directing clinical intervention; however, the
impact of response heterogeneity has yet to be related to outcome measures. The aim of this study was to assess
the impact of quantitative imaging information on the value of PSMA PET/CT to assess patient outcomes in response
evaluation. Patients and Methods: Baseline and follow-up (6 months) PSMA PET/CT of 162 men with oligometastatic
PC treated with standard clinical care were acquired between 2015 and 2016 for analysis. An augmentative software
medical device was used to track lesions between scans and quantify lesion change to categorize them as either
new, increasing, stable, decreasing, or disappeared. Quantitative imaging features describing the size, intensity, extent,
change, and heterogeneity of change (based on percent change in SUV,q,) among lesions were extracted and evalu-
ated for association with overall survival (OS) using Cox regression models. Model performance was evaluated using the
c-index. Results: Forty-one (25%) of subjects demonstrated heterogeneous response at follow-up, defined as having
at least 1 new or increasing lesion and at least 1 decreasing or disappeared lesion. Subjects with heterogeneous
response demonstrated significantly shorter OS than subjects without (median OS = 76.6 months vs. median OS not
reached, P < .05, c-index = 0.61). In univariate analyses, SUViqy, at follow-up was most strongly associated with OS
(HR = 1.29 [1.19, 1.40], P < .001, c-index = 0.73). Multivariable models applied using heterogeneity of change features
demonstrated higher performance (c-index = 0.79) than models without (c-index = 0.71-0.76, P < .05). Conclusion:
Augmentative software tools enhance the evaluation change on serial PSMA PET scans and can facilitate lesional
evaluation between timepoints. This study demonstrates that a heterogeneous response at a lesional level may impact
adversely on patient outcomes and supports further investigation to evaluate the role of imaging to guide individualized
patient management to improve clinical outcomes.
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Prostate cancer is the most common cancer affecting men
in Australia,’ and throughout the world.> Over one third of
men experience biochemical recurrence following primary curative
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Assessing the Heterogeneity of Response

therapy, and this is associated with worse patient outcomes.” For
subjects with biochemically recurrent prostate cancer (BCR PCa),
measuring changes in tumor burden over time is crucial to evaluate
treatment response and guide therapy selection. However, patient
response is often complex and heterogeneous. In cases where a
heterogeneous response is present, it is often difficult to assess
whether a patient is benefiting from the current treatment regimen
and how to proceed with subsequent treatment.”

Prostate-specific membrane antigen (PSMA) is a membrane-
bound protein overexpressed on the surface of prostate cancer cells.”
Positron emission tomography/computed tomography (PET/CT)
utilizing PSMA radiolabelled with ®®Gallium ([%® Ga] Ga-PSMA-11)
is an emerging modality for the management of subjects with BCR
PCa.” Multiple sets of standardized PSMA PET-based response
criteria have been proposed and evaluated.®'* However, the optimal
utilization of the quantitative information provided by PSMA
PET/CT for BCR PCa patient management has yet to be deter-
mined. Considering the rapidly evolving landscape of targeted treat-
ments for BCR PCa actionable and eatly response assessment is
needed.

Enabling the assessment of every lesion has clinical value because
the extent and number of lesions not responding to treatment has
been shown to be associated with outcomes in BCR PCa,*!3-!4
and the size, margins, and locations of lesions may influence treat-
ment decisions. Automated software devices can alleviate the time
burden by quantifying the size, extent, intensity, and distribution
of all lesions, and by tracking individual lesions in time, allow-
ing for automated quantification and assessment of heterogeneity
of change in response to treatment. Capturing the overall disease
burden permits the assessment of response criteria based on all
lesions or a subset (1-5 lesions), providing a more comprehensive
evaluation, and leading to better prediction of patient outcomes.

The goal of this study was to use an augmentative software
medical device to analyses heterogeneity of response of lesions in
PSMA PET/CT images of men with BCR PCa, and to assess the
impact of changes in various quantitative imaging features on the
performance of models of patient outcome. We hypothesized that
the inclusion of quantitative imaging features that capture longitu-
dinal change in disease and lesion-specific heterogeneity of change
would improve model performance.

Patients and Methods
Study Population

The study performs a retrospective analysis using data collected
as part of previous work'” under clinical studies approved by the
Human Research Ethics Committees of Sir Charles Gairdner Hospi-
tal (RGS1736), Fiona Stanley Hospital (2015-125) and The Univer-
sity of Western Australia (2019/RA/4/20/6382). Data for this study
was collected based on the inclusion criteria of a previous prospec-
tive study evaluating change in management for patients which
were negative or oligometastatic (maximum of 3 lesions) on bone
scintigraphy and abdominal CT staging scans. Eligible participants
had a baseline [®*Ga]Ga-PSMA-11 PET/CT scan at BCR and
follow up [*®*Ga]Ga-PSMA-11 PET/CT scan on 6 month follow up.
Biochemical recurrence was defined as either: (i) prostate-specific
antigen (PSA) levels greater than 0.2 ng/mL measured at least 6
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weeks post radical prostatectomy, or (ii) PSA level at least 2 ng/mL
above the previous PSA nadir measured at least 3 months post exter-
nal beam radiotherapy.

A total of 398 [*®*Ga]Ga-PSMA-11 PET/CT scans from 162
subjects with BCR PCa were acquired between 2015 and 2016
and were available for analysis. Between the baseline and follow
up [**Ga]Ga-PSMA-11 PET/CT scan subjects underwent therapy
according to standard clinical care, which included radiotherapy to
the prostatic bed, regional nodes or bone metastases, further surgery,
systemic treatment in the form of chemotherapy or androgen depri-
vation therapy (ADT), or active surveillance.

PET/CT Acquisition

The [*®Ga]Ga-PSMA-11 PET/CT scans were obtained from a
Siemens Biograph 64, Biograph 128 or Biograph mCT 64 PET/CT
scanner (CTT Inc, Knoxville TN) at either Sir Charles Gairdner
Hospital or Fiona Stanley Hospital. Two MBg/kg of [*®Ga]Ga-
PSMA-11 was administered intravenously through a peripheral
intravenous cannula as a slow push. PET/CT image acquisition
began approximately 1 hour after radiotracer administration. Prior
to acquisition, subjects were asked to void their bladders. First, the
low-dose CT (50 mAs, 120 kVp) was acquired from the middle
of the thigh to the vertex of the skull for attenuation correc-
tion. Emission data were acquired immediately following the CT
acquisition to ensure identical field of view. CT data were recon-
structed to voxel resolutions between 0.98 x 0.98 x 2 mm?® and
1.52 x 1.52 x 5 mm?. PET data were reconstructed to a voxel
resolution of 4.07 x 4.07 x 2 mm?.

Image Analysis

PET images were normalized by subject body weight and injected
activity to calculate Standardized Uptake Values (SUV). PSMA-
positive lesions were identified and manually delineated by a Nuclear
Medicine physician (author J.O.) with 5 years’ experience with
PSMA PET/CT using MIM Encore (MIM Software Inc., Cleveland,
OH, USA).

PET/CT images were deidentified and prepared for local cloud-
based analysis. Images were analyzed using TRAQinform IQ software
(AIQ Solutions, Madison, WI, USA) to automatically quantify
physician-delineated lesion regions of interest (ROI) on the baseline
and follow-up scans, and to track and quantify changes in individual
ROI between scans. TRAQinform 1Q is a software medical device
that performs comprehensive ROI-level estimation of anatomical
and functional change derived from augmentative software analy-
sis of multiple CT or PET/CT scans including total and individual
changes of tracer uptake, radiodensity volumes, and heterogeneity of
change, with interpretation and report then performed by a physi-
cian or other qualified healthcare professional using the output of
the software medical device.

From each PET/CT image, 5 single-timepoint image features
were extracted: SUV ., defined as the maximum SUV within any
ROI; SUV,ean defined as the mean of SUV across all ROI; volume,
defined as the volume of all ROL; SUV q, defined as the product
of SUV hean and volume; and ROI count, defined as the number
of lesions identified. Image features were extracted from both the
baseline and follow-up scans. Percent change in each feature was



Published Literature Indicates That 30% Changes
in SUVi, Can be Used to Determine Meaning-
ful Changes in Lesions Over Time. - ROI

Response Categories. Change in ROl SUVigy
is Defined as ASUViya = 100% x (SWM,-,,, F—

SWutag) | SWrstar -
Category Criteria
New ROl not detected on baseline PET/CT
Increasing ASUVygia > 30%
Stable —30% < ASUViya < 30%
Decreasing ASUVygpa < —30%
Disappeared ROI not detected on follow-up PET/CT

also calculated as: 100% x (SUVE — SUVp) / SUVg, where SU V
and SU VF are the feature values for that subject on the baseline and
follow-up scans, respectively.

Individual ROI were tracked between baseline and follow-up
scans and classified as new, increasing, stable, decreasing, or disap-
peared based on their percent change in SUV , (Table 1), enabling
the extraction of image features quantifying lesion heterogeneity of
change. The following heterogeneity features were extracted for each
subject: the number of ROI in each category (e.g., the number of
new ROI, the number of increasing ROI), the proportion of ROI
in each category (e.g., the proportion of ROI classified as new), and
the SUV na, SUV eans SUV o1, and volume of ROI in each category
(e.g., the SUV 4 of increasing ROI).

Subjects were assigned to 1 of 3 categories depending on the
presence of ROI by response category:

* Homogeneous response: subjects with only disappeared, decreas-
ing, or stable ROL.

* Homogeneous progression: subjects with only new, increasing, or
stable RO, or with exclusively stable ROI.

* Heterogeneous response: subjects who had at least 1 disappeared
or decreasing ROT and at least 1 new or increasing ROIL

Survival Models

Quantitative imaging features were assessed for their potential
to stratify subjects by overall survival (OS) using Cox propor-
tional hazards regressions. A complete listing of individual quanti-
tative imaging features within each feature set used for univariate
and multivariable analysis are detailed in Table 2 . As previously
described, OS was defined as the time between the follow-up PSMA
PET/CT and death following previous work.'* In the case of surviv-
ing subjects, OS data were censored to the amount of time between
the follow-up PSMA PET/CT and the censor date (March 13,
2023).

Varied Input Feature Sets. To evaluate the importance of different
image features, multivariable Cox models were trained using multi-
ple feature sets. Feature sets were assessed cumulatively, where each
feature set includes features from the previous sets (e.g., baseline
only, baseline plus follow-up, baseline plus follow-up plus longi-
tudinal change, etc). For each feature set, 1000 bootstrap samples
were constructed and the c-index for that sample to order subjects
correctly by OS was calculated. The 4 feature sets were:
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(1) Baseline only: single-timepoint image features extracted from

baseline images only.

(2) +Follow-up: the previous feature set, plus single-timepoint image

features extracted from the follow-up images only.

(3) +Longitudinal change: the previous feature set, plus the percent

change in each single-timepoint feature from baseline to follow-

up.

(4) +Heterogeneity: the previous feature set, plus the lesion hetero-

geneity of change features.

Varied Number of Target Lesions. To evaluate the importance of
analyzing all lesions in a subject, 5 models were fit using different
sets of target lesions selected on each scan. Target lesion sets were
designed to capture either the largest ROI by volume, or the most
metabolically active RO, as characterized by SUV . Sets of 1 and
up to 5 ROI were used, to match other published response crite-
ria.'®'” For this experiment, the +Heterogeneity feature set was used
for all models. As in the analysis of varied input feature sets, 1000
bootstrap samples were constructed and the c-index was calculated.
The 5 target lesion sets were:

(1) One hottest: where the single ROI with highest SUV . is consid-

ered,

(2) One largest: where the single ROI with the highest volume is

considered,

(3) Five hottest: where up to the 5 ROI with the highest SUV ,, are

considered,

(4) Five largest: where up to the 5 ROI with the highest volume are

considered,

(5) All: where all ROI are considered.

Statistical Analysis

Continuous variables are reported as median (range), and categor-
ical variables are reported as number and percentage. The associa-
tion between PSMA PET/CT image features and OS was assessed
using Cox proportional hazards regressions. The Box-Cox transform
was used to ensure normality of image feature values.”” The hazard
ratio (HR), its 95% confidence interval (95%CI), and associated
P-value were derived. The performance of fitted models was quanti-
fied using Harrell’s concordance-index (c-index). Statistical analyses
were carried out using Python’s lifelines (version 0.27.8)*' package
and R (version 4.3.2).”?

Results
Subject Characteristics

Subject characteristics are summarized in Table 3. A total of 398
[**Ga]Ga-PSMA-11 PET/CT images from 199 men with BCR
PCa were initially identified. Of these, 37/199 (19%) had no
disease identified on PET/CT at both imaging timepoints and were
excluded, leaving 162 subjects for analysis.

For the included subjects, the median age was 70 years (range
46-90). The median time between baseline and follow-up PSMA
PET/CT was 6.0 months (range: 3.2-8.5), and the median OS was
79.1 months (range: 6.1-87.6). Total 49/162 (30%) subjects experi-

enced an event prior to the censor date.
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Feature

Global max 1

Global mean 1
Global volume 1
Global total 1

Global count 1
Global max 2

Global mean 2
Global volume 2
Global total 2

Global count 2
Global max response
Global mean response

Global volume
response

Global total response
Global count response

nDIS
nDEC
nSTB
nING
nNEW
pctDIS
pctDEC
pctSTB
pctiNG
pCtNEW

Heterogeneous
response

Inc. max 1

Inc. mean 1

Inc. total 1

Inc. count 1

Inc. max 2

Inc. mean 2

Inc. total 2

Inc. count 2

C. Max response

=

=

C. Mmean response
Inc. total response

Dec. max 1
Dec. mean 1
Dec. total 1
Dec. count 1
Dec. max 2
Dec. mean 2

Assessing the Heterogeneity of Response

Table 2 = PSMA PET/CT Image Features by Feature Set.

Description

SUVimax on the baseline scan.
SUVimean 0n the baseline scan.
Volume on the baseline scan.
SUVigir ON the baseline scan.

The number of ROI on the baseline scan.
SUVmax on the follow-up scan.
SUVean 0n the follow-up scan.
Volume on the follow-up scan.
SUVigtal 0N the follow-up scan.

The number of ROI on the follow-up scan.
Change in SUVimax from baseline to follow-up.
Change in SUVean from baseline to follow-up.
Change in Volume from baseline to follow-up.

Change in SUV,g, from baseline to follow-up.

Change in the number of ROI from baseline to
follow-up.

The number of disappeared ROI at follow-up.
The number of decreasing ROl at follow-up.
The number of stable RO at follow-up.

The number of increasing ROI at follow-up.
The number of new RO at follow-up.

The percentage of disappeared ROI at follow-up.
The percentage of decreasing RO at follow-up.
The percentage of stable ROI at follow-up.
The percentage of increasing ROl at follow-up.
The percentage of new RO at follow-up.

A binary feature: True if at least 1 DIS or DEC ROI
and at least 1 INC or NEW ROl is present.

SUVmax at baseline of ROI that increase.
SUVmean at baseline of ROI that increase.
SUVigta at baseline of ROI that increase.
The number of ROI at baseline that increase.
SUVinax at follow-up of ROI that increase.
SUVinean at follow-up of ROI that increase.
SUVigta at follow-up of ROI that increase.
The number of RO at follow-up that increase.

Change in SUVimax from baseline to follow-up of
ROI that increase.

Change in SUVmean from baseline to follow-up of
ROl that increase.

Change in SUVygy from baseline to follow-up of
ROI that increase.

SUVmax at baseline of ROI that decrease.
SUVimean at baseline of ROI that decrease.
SUViqy at baseline of ROI that decrease.
The number of ROI at baseline that decrease.
SUVmax at follow-up of ROI that decrease.
SUVinean at follow-up of ROI that decrease.
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Feature Set

Baseline

> X X Xx X

+
Follow-Up

>X X X X X X X X X X

+ Longitudinal
Change

X X X X X X X X X X X X X

+
Heterogeneity
X

>X X X X X X X X X xX xX Xx

>X X X X X X X xX Xx X X X X X X X X X xX x

< X X X X

(continued on next page)
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Table 2 | (continued)

Feature Description
Dec. total 2 SUVigra @t follow-up of ROI that decrease.
Dec. count 2 The number of ROI at follow-up that decrease.

Dec. max response Change in SUVmax from baseline to follow-up of

ROI that decrease.

Change in SUViean from baseline to follow-up of
ROl that decrease.

Change in SUVygy from baseline to follow-up of
ROl that decrease.

Dec. mean response

Dec. total response

Feature Set

Baseline + Longitudinal 4

Change Heterogeneity
X
X
X

_|_
Follow-Up

Subject Characteristics. Subjects May Have

Received 1 or More Treatment Between Scans,
Thus the Percentages for Treatment Between Scans

Sum to Greater Than 100%. Gleason Score Data
was Not Available for 4 Subjects.

Characteristic Number %
Subjects 162 100
Age [yl - -
Median (range) 70 (46-90) -
PSA at baseline PSMA PET scan [ng/mL] - -
Median (range) 3.7 (0.2-79.46) -
PSA at follow up PSMA PET scan [ng/mL] - -
Median (range) 3.3(0.01-120.8) -
Gleason score - -
<8 86 54
>8 72 46
Treatment between scans = -
Radiotherapy 58 36
Surgery 6 4
Chemotherapy 9 6
Androgen-deprivation 102 63
Surveillance 15 9
Unknown 17 10
Time to follow-up PET [mo] - -
Median (range) 6.0 (3.2-8.5) -
0S [mo] - -
Median (range) 79.1 (6.1-87.6) -

Disease Burden on PSMA PET/CT

Physician review of the PSMA PET/CT images identified 607
lesions at baseline (median 1 per subject, range 0-33), and 628 at
follow-up (median 1 per subject, range 0-100). The median disease
volume was 3.2 mL (range 0-112.3) at baseline and 2.3 mL (range
0-507.9) at follow-up.

Lesion Response Heterogeneity

In the final cohort, 41/162 (25%) subjects demonstrated
heterogenous response. Of patients without heterogeneous response,
71/162 (44%) demonstrated homogeneous response, and 50/162
(31%) demonstrated homogeneous progression. Lesion-wise hetero-

geneity of change is summarized in Figure 1. Volume renderings
of selected subjects demonstrating each response categorization are
shown in Figure 2.

Subjects classified as having heterogeneous response demon-
strated significantly shorter OS compared to subjects with homoge-
neous response (log-rank test, 2 < .001), and compared to subjected
with homogeneous progression (log-rank test, P = .04). Kaplan—
Meier curves with subjects stratified by response category are shown
in Figure 3.

Univariate Survival Models

The prognostic value of individual quantitative imaging features
was evaluated using univariate Cox proportional hazards regres-
sions (Figure 4). The PSMA imaging feature which demonstrated
the strongest association with OS was SUV,q, on the follow-
up scan (c-index = 0.728, HR = 1.29 [1.19-1.40], P < .001).
Similar performance was seen for SUV,,,x on the follow-up scan
(c-index = 0.725), and disease volume on the follow-up scan (c-
index = 0.704). Disease burden metrics at baseline were also associ-
ated with OS (P < .05) including disease volume at baseline (c-
index = 0.685), SUV 4 at baseline (c-index = 0.681), and number
of lesions at baseline (c-index = 0.654). Kaplan—Meier curves of the
highest performing feature in each category are shown in Figure 5.

Of features characterizing lesion heterogeneity of change, features
describing the number, extent, and intensity of lesions which
increased in PSMA SUV,,,, were more strongly associated with OS
than features describing lesions which decreased in PSMA SUV 1.
For example, the SUV,,,, of increasing lesions (c-index = 0.670)
outperformed the SUV,,, of decreasing lesions (c-index = 0.580).
In general, lesion count features were outperformed by other
features, with the number of stable ROI (c-index = 0.619) and the
number of new ROI (c-index = 0.613) achieving the highest perfor-

mance.

Multivariable Survival Models

Varied Input Feature Sets. For the 4 feature sets, the c-indices
across bootstrap samples were (mean £ sd): baseline only 0.716
=+ 0.036, +follow-up 0.765 % 0.030, +longitudinal change 0.777
=+ 0.031, and +heterogeneity 0.795 £ 0.029. Adding each succes-
sive feature group resulted in a significant increase in c-index (2-
sample t-test, P < .05, Bonferroni corrected for 3 comparisons).
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Assessing the Heterogeneity of Response

Figure 1

Lesion-wise heterogeneity of change in 162 BCR PCa patient imaged with [®8GalGa-PSMA-11 PET/CT. Each column

represents 1 subject, where the column is divided into colors representing the percent (top) or number (bottom) of ROI

in each response category.
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Subjects

Box plots summarizing performance of models fit on each feature
set are shown in Figure 6A.

Varied number of Target Lesions. The c-indices for the 5 ROI sets
were (mean & sd): 1 hottest 0.757 £ 0.031, 1 largest 0.789 +
0.028, 5 hottest 0.795 £ 0.030, 5 largest 0.792 £ 0.032, and all
0.795 £ 0.029. The model fit using the 1 hottest lesion was outper-
formed by all other lesion sets. Additionally, the model fit using the
1 largest lesion was outperformed by models fit using the 5 hottest
and all lesion sets. Box plots summarizing performance of models fit
on each lesion set are shown in Figure 6B.

Discussion

In this study, PSMA PET/CT images of 162 men with BCR PCa
were analyzed using an augmentative software medical device which
enabled lesion tracking over time to calculate longitudinal change
in disease from baseline (acquired prior to treatment) to follow-up
(after 6 months on therapy). In this cohort, 25% of men demon-
strated heterogeneous response, where 1 or more lesion disappeared
or was associated with decreasing PSMA uptake, and there were
additional lesions that were new or were associated with increas-
ing PSMA uptake. Subjects with heterogeneous response as assessed
by PSMA PET/CT demonstrated significantly shorter OS than
subjects with homogeneous response (median OS = 76.6 months
vs. median OS not reached, P < .001), as well as subjects with
homogeneous progression (median OS = 76.6 months vs. median
OS not reached, P = .04). Identifying this subset of oligometastatic
patients with heterogeneous response is important as it was found
to be associated with reduced OS in this study, suggesting there
may be an opportunity to intervene in this patient group to improve
outcomes.
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To assess the impact of quantifying lesion heterogeneity of change
on the prognostic value of PSMA PET/CT, we fit multivariable
Cox regression models on varied sets of image features extracted
from the PET images. PSMA PET/CT scans capture heterogene-
ity across disease sites, providing insight into disease biology in
addition to evaluating tumor burden. These insights can comple-
ment PSA measurements and potentially lead to more optimal treat-
ment strategies. The inclusion of image features characterizing lesion
heterogeneity of change increased model performance, demonstrat-
ing the value of software medical device assessment of lesion hetero-
geneity of change for potential to contribute to therapeutic decision-
making in this cohort of oligometastatic BCR PCa patients imaged
with PSMA PET/CT.

In univariate analysis, the feature most strongly associated with
OS was SUV 1 on the follow-up PSMA PET/CT (c-index = 0.73).
Heterogeneity features capturing the extent and intensity of lesions
increasing in PSMA activity at follow-up were more strongly associ-
ated with OS (c-index = 0.64-0.67) than features capturing lesions
decreasing in total PSMA activity (c-index = 0.52-0.59), suggesting
the critical role that disease increasing in size or PSMA expression
has in driving disease progression and patient outcome. SUV .y at
the 6 month follow-up was more strongly associated with patient
outcome than the same metric at baseline (c-index = 0.73 vs. c-
index = 0.68), suggesting the added value of follow-up PSMA
PET/CT in the setting of treatment response assessment.

To assess the impact of performing comprehensive response
assessment of all lesions versus sampling only a subset of RO, as is
undertaken in commonly used response criteria such as RECIST'®
or PERCIST," multivariable Cox regression models using lesion
quantification features extracted from different sets of target lesions
were applied. When only 1 lesion with the highest SUV,,,, or
only 1 lesion with the highest volume was quantified, model
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Figure 2 Volume renderings of selected example subjects. Subject skeletons and select organs are rendered in grey, and
overlaid with disease ROI colored by response category, as determined by . Homogeneous response: a
76-year-old man receiving ADT treatment imaged with PSMA PET/CT at month 6 demonstrates homogeneous response,
with 2 lesions in the pubis and proximal femur decreasing in SUV,y,. This subject was still alive at time of censoring 86
months after follow-up imaging. Homogeneous progression: a 73-year-old man receiving ADT treatment imaged with
PSMA PET/CT at month 6 demonstrates homogeneous progression, with numerous new PSMA-avid lesions appearing

throughout the axial skeleton. Existing lesions in the pubis and lumbar spine demonstrate increased PSMA SUViyq).
The overall survival for this subject was 62 months after follow-up imaging. Heterogeneous response: an 83-year-old
man receiving ADT treatment imaged with PSMA PET/CT at month 8 demonstrates heterogeneous response, with
several sites of nodal disease in the abdomen decreasing in SUV,y, while several others are increasing, and 1 thoracic
lesion demonstrating stable PSMA uptake. The overall survival for this subject was 30 months after follow-up imaging.

Homogeneous Response Homogeneous Progression Heterogeneous Response
‘
‘! ._' ..
.
o by y ®
= . ol 44
B - -
" b .
‘i . !’
) “ Al
[}
/ f | (W
.. | & "
« ® E New
BN Increasing
- Stable
B Decreasing
Disappeared

Figure 3 Kaplan—Meier curve of subject OS by response group. Subjects with exclusively stable, decreasing, or disappeared
lesions were classified as homogeneous response. Subjects with exclusively stable, increasing, or new lesions were
classified as homogeneous progression. All other subjects were classified as heterogeneous response. The P-values
compare 0S between each homogeneous group and the heterogeneous response group (log-rank test).
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Figure 4 = Forest plot of univariate predictors. Features are divided by category and sorted by c-index within each category.
Log-rank test was used to test each feature for association with 0S. P-values are Bonferroni corrected for multiple
hypotheses (n = 48), and P > .2 are not reported. Inc. = Increasing, Dec. = Decreasing. NEW = new lesions,

INC = increasing lesions, STB = stable lesions, DEC = decreasing lesions, DIS = disappeared lesions. See for
definitions of lesion response categories.

Variable

Baseline
Global Volume 1 1.33(1.18 to 1.51)
Global Total 1 1.25(1.14 to 1.36)
Global Count 1 1.37(1.16 to 1.61)
Global Max 1 1.28(1.13 to 1.44)
Global Mean 1 1.21(1.01 to 1.45)

Followup
Global Total 2 1.29(1.19 to 1.40)
Global Max 2 1.37(1.22 to 1.83)
Global Volume 2 1.37(1.23 to .1.51)
Global Count 2 1.44(1.26 to 1.64)
Global Mean 2 1.45(1.23 to 1.70)

Longitudinal Change
Global Max Response 1.13(1.05 to 1.21)
Global Mean Response 1.15(1.06 to 1.25)
Global Total Response 1.09(1.03 to 1.16)
Global Volume Response 1.08(1.02 to 1.14)
Global Count Response 1.10(0.86 to 1.42)

Heterogeneity
Inc. Max 2 .09(1.04 to 1.14)
Inc. Mean 2 .09(1.04 to 1.15)
Inc. Total Response .07(1.03 to 1.11)
Inc. Total 2 .08(1.04 to 1.13)
Inc. Count 2 .09(1.04 to 1.15)
nSTB .02(1.01 to 1.04)
nNEW .01(1.00 to 1.02)
Heterogeneous response .01(1.00 to 1.02)

Inc. Max Response .14(1.05 to 1.24)
pCtNEW .01(1.00 to 1.01)
pctSTB .02(1.01 to 1.03)
Dec. Mean Response .07(1.00 to 1.15)
Inc. Total 1 .03(1.00 to 1.05)
Inc. Count 1 .02(1.00 to 1.04)
nINC .02(1.00 to 1.04)
Inc. Max 1 .03(1.00 to 1.05)
Inc. Mean 1 .02(1.00 to 1.05)
Dec. Max 2 .03(0.99 to 1.07)
Dec. Mean 2 .03(0.99 to 1.07)
Dec. Max Response .06(0.99 to 1.14)

FRRERHERPRRERRRRHERHRERERRRERRRRRHRERRERERRRRRSH B
S R e e R R e R b R S e e R S e e R e e e

Inc. Mean Response .06(0.99 to 1.13)
Dec. Total 2 .03(0.99 to 1.07)
nDEC .03(0.99 to 1.07)
Dec. Count 2 .03(0.99 to 1.07)
Dec. Total 1 .04(0.98 to 1.10)
pctINC .02(1.00 to 1.04)
Dec. Max 1 .03(0.95 to 1.11)
pctDIS .00(0.96 to 1.03)
Dec. Total Response .04(0.97 to 1.11)
Dec. Count 1 .03(0.94 to 1.14)
nDIS .01(0.97 to 1.04)
Dec. Mean 1 .02(0.93 to 1.11)
pctDEC .02(0.98 to 1.07)

p-value c-index

1
——— <0.001  0.685
[— <0.001 0.681
[ <0.05  0.654
[ <0.01  0.639
:—-— 0.583
[ <0.001 0.728
I <0.001 0.725
I <0.001 0.704
| - <0.001 0.7
: — <0.001 0.694
. <0.05  0.635
| o 0.05 0.633
| 0.16 0.626
la 0.608
—:—u— 0.541
| = <0.05 0.67
| <0.05 0.659
| = <0.05 0.656
| = <0.05 0.655
|- <0.05 0.646
4 <0.05  0.619
M <0.05  0.613
™ <0.05  0.611
| —m— 0.1 0.606
h <0.05  0.604
4 0.06 0.602
[ 0.601
9 0.595
B 0.591
. 9.591
m 0.589
B 0.589
- 0.58
B 0.58
ta- 0.58
[ 0.577
I~ 0.562
I 0.56
- 0.56
- 0.558
B 0.555
- 9.551
" 0.551
- 0.537
. 0.534
® 0.528
.- .52
. " . 9.492
0 1 2

Hazard Ratio

performance was significantly diminished relative to quantifying all
lesions. When 5 lesions with the highest SUV,,,,, or highest volume
were quantified, no difference in model performance was observed
relative to quantification of all lesions. This may be explained by the
relatively low disease burden in the study cohort, where 121/162
(75%) of subjects had fewer than 5 lesions, meaning that using
a RECIST-like sampling of up to 5 target lesions would result in
quantification of all lesions present. This characteristic of the study
cohort can be explained by the study inclusion criteria,'* which
required participants to demonstrate either no evidence of disease,

Clinical Genitourinary Cancer October 2024

or only oligometastatic disease (<3 lesions) on bone scan or CT
imaging. We hypothesize that if a similar analysis were conducted in
a cohort of subjects with higher disease burden, a difference in the
prognostic value of quantifying all lesions may be observed.

In this study cohort, subjects with heterogeneous response
demonstrated shorter OS than subjects with either homogeneous
response or homogeneous progression. While the appearance of
new lesions, or increase in PSMA-avid disease volume on PSMA
PET/CT has been demonstrated to be associated with worse
outcomes,” the prognostic significance of heterogeneous response
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Figure 5 Kaplan-Meier curves for the highest performing feature in each feature category: (A) Baseline: Global Total 1: the
overall burden SUV,y, of disease at baseline. (B) Follow-up: Global Total 2: the overall burden SUV,y, of disease at

follow-up. (C) Longitudinal change: Global Max Response: the percent change in SUV,,,, from baseline to follow-up.
(D) Heterogeneity: Inc. Max. 2: the SUV ;. of increasing lesions at follow-up.
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is unclear, and the finding that subjects with heterogeneous response
demonstrate shorter OS than subjects with homogeneous progres-
sion is perhaps unexpected. It is possible that a response categoriza-
tion of heterogenous response reflects adverse genomic or biological
heterogeneity of disease, and even if some lesions do respond to the
current treatment, future treatments may be ineffective, leading to
shorter OS. This finding may also be attributable to the varied treat-
ment schedules received by subjects in the study cohort, as subjects
with homogeneous progression at the time of follow-up imaging
may have then changed treatment, leading to improved outcome.
Conversely, subjects with heterogeneous response at follow-up may
have remained on a treatment that only a subset of their disease was
responding to, leading to poorer outcome. Future work in prospec-
tively collected cohorts is required to determine the clinical implica-
tions of homogeneous versus heterogenous response.

Previous work by our group has investigated the prognostic value
of PSMA PET/CT in this cohort of patients.'* The current study

adds to our previous work in several important areas, including
the use of an augmentative software medical device to perform
lesion matching, the assessment of image features that characterize
lesion heterogeneity of change, and the assessment of varied image
feature sets and target lesion sets on the prognostic value of PSMA
PET/CT in BCR PCa. Other groups have also conducted similar
studies in similar patient cohorts. In a retrospective analysis of 58
men with BCR PCa, Harsini et al. found that the number of lesions
detected on PSMA PET/CT was associated with biochemical
progression-free survival.”* This is in line with our analysis, where
the number of lesions at both baseline (c-index = 0.65) and follow-
up (c-index = 0.70) were associated with OS. In a similar analysis of
PSMA PET images of 103 men receiving '””Lu-PSMA radioligand
therapy (RLT), lower SUV ., at baseline was associated with
reduced OS.” In our analysis baseline SUV .., was not associated
with patient OS (c-index = 0.58). This may be attributed to the

5

different in treatments between cohorts. Subjects in®’ received
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Figure 6 Performance of multivariable Cox models fit on varied Feature Sets (A) and Lesion sets (B) to order BCR PCa subjects
by 0S. Feature sets were assessed cumulatively, where each feature set includes the features from the previous sets.
For “Largest” lesion sets, lesions were sorted by volume with the top N (e.g., n = 1, n = 5) lesions being retained for

quantification. For “Hottest” lesion sets, lesions were sorted by SUV,,,x with the top N lesions being retained for
quantification. For “All”, all lesions were retained for quantification. Boxes summaries 1000 bootstrapped samples.
Asterisks indicate significant differences between distributions (2-sample t-test, P < .05, Bonferroni corrected).
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177Lu-PSMA RLT, whereas subjects in our cohort received a mix of
surgery, chemotherapy, external beam radiotherapy, and hormonal
therapy.

Software devices and the functions they perform for the clini-
cian such as the device utilized in this study may provide value
in any setting where the assessment of lesion-specific response is
desired. For example, Probst et al. assessed interval changes in
PSMA PET/CT before and after 6 cycles of 2*Ra RLT.*® The
authors note that 89% of patients had PSMA PET progressive
disease, however all patients also demonstrated decreases in PSMA
uptake in some disease sites. Automated quantification of lesion-
specific changes in PSMA uptake may provide value in this context.
This description of discordant changes matches the definition of
heterogeneous response used in our study, where patients have both
newly appearing or increasing lesions and disappearing or decreasing
lesions. Heterogeneous response, also called dissociated response,
is an emerging pattern of response shown to occur in 8%-48% of
patients depending on disease, stage, and treatment modality.”” In
our study, heterogeneous response was associated with reduced OS,
however literature assessing whether this pattern of response is a
positive or negative prognostic factor are mixed, 83! perhaps due
to variations in the methods used to define this pattern of response.
The prognostic implications of heterogeneous response are likely to
depend on disease, stage, treatment, and other factors.

In our study, all disease ROI were delinecated by a nuclear
medicine physician. While this is feasible in a research setting,
manual delineation of all disease ROI in a clinical setting is labori-
ous and not routinely undertaken with clinical workflows due to
the high time requirement. Automated delineation of whole-body
PET/CT via deep learning has been demonstrated to be feasible

33-35

both by our group,” and by others. However, these tools are

not yet available in routine clinical practice.
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This study had several limitations which should be discussed.
Subjects in the study cohort were imaged with PSMA PET/CT
while receiving a variety of localized and systemic treatments includ-
ing external beam radiotherapy, further surgery, chemotherapy,
androgen deprivation therapy, and active surveillance. The burden
of PSMA-avid disease in this cohort was relatively low, as the inclu-
sion criteria for study entry specifically required participants with
either no evidence of disease, or only oligometastatic (<3 lesions)
disease on bone scan and CT imaging. Additionally, the time
between baseline and follow-up PSMA PET/CT imaging varied
between 3 and 8 months. The variability in treatment effects and
scan timing may limit the prognostic value of models fit in this
study, and higher performance may be obtained if the analyses were
repeated in a larger, prospectively gathered cohort.

Conclusion

Patients with biochemically recurrent metastatic prostate cancer
demonstrated heterogeneous response to treatment on [*Ga]Ga-
PSMA PET/CT, defined as the presence of new lesions or lesions
increasing in PSMA uptake alongside disappearing lesions or lesions
decreasing in PSMA uptake. Patients with heterogeneous response
demonstrated significantly shorter OS than subjects with homoge-
neous response and homogeneous progression. Multiple PSMA
imaging features were significantly associated with patient overall
survival, with SUV 1 at follow-up demonstrating the strongest
association. When fitting multivariable models of survival, the inclu-
sion of image features which capture lesion heterogeneity of change
increased model performance. These results suggest that heteroge-
neous disease response on PSMA PET/CT imaging may have clini-
cal significance in oligometastatic prostate cancer patients. When
detected, there may be an opportunity to escalate treatment strate-

gies to optimize patient outcomes.



Clinical Practice Points

* Treatment of men with metastatic prostate cancer can be diffi-
cult due to the heterogeneity of response of lesions. [ Ga]Ga-
PSMA-11 (PSMA) PET/CT assists with monitoring and direct-
ing clinical intervention; the response of individual lesions within
a patient to treatment and its correlation with overall survival
remains less explored. This study addresses this gap by analyzing
PSMA PET/CT images from 162 men with metastatic prostate
cancer over a 6 month period, using augmentative software to
assess individual lesion response. The study reveals that 25% of
men demonstrated heterogeneous responses, indicating different
responses between lesions within the same patient. Importantly,
this heterogeneous response pattern was associated with signif-
icantly shorter overall survival. The results also demonstrated
that inclusion of lesion heterogeneity information improved the
performance of multivariable outcome models. These findings
underscore the importance of not only considering overall tumor
response but also evaluating responses at the level of individual
lesions. In clinical practice, identifying patients with heteroge-
neous responses early on could prompt closer monitoring and
more timely clinical intervention. This personalized approach
may lead to improved patient outcomes by enabling clinicians to
tailor treatment strategies based on the distinct response patterns
exhibited by individual lesions within a patient’s tumor burden.
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