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ABSTRACT
◥

Purpose: The phase III PROfound study (NCT02987543) eval-
uated olaparib versus abiraterone or enzalutamide (control) in
metastatic castration-resistant prostate cancer (mCRPC) with
tumor homologous recombination repair (HRR) gene alterations.
We present exploratory analyses on the use of circulating tumor
DNA (ctDNA) testing as an additional method to identify patients
with mCRPC with HRR gene alterations who may be eligible for
olaparib treatment.

Patients and Methods: Plasma samples collected during
screening in PROfound were retrospectively sequenced using the
FoundationOne�Liquid CDx test for BRCA1, BRCA2 (BRCA), and
ATMalterations inctDNA.Onlypatients fromCohortA(BRCA/ATM
alteration positive by tissue testing) were evaluated. We compared
clinical outcomes, including radiographic progression-free survival
(rPFS) between the ctDNA subgroup and Cohort A.

Results: Of the 181 (73.9%) Cohort A patients who gave
consent for plasma sample ctDNA testing, 139 (76.8%) yielded
a result and BRCA/ATM alterations were identified in 111
(79.9%). Of these, 73 patients received olaparib and 38 received
control. Patients’ baseline demographics and characteristics, and
the prevalence of HRR alterations were comparable with the
Cohort A intention-to-treat (ITT) population. rPFS was longer in
the olaparib group versus control [median 7.4 vs. 3.5 months;
hazard ratio (HR), 0.33; 95% confidence interval (CI), 0.21–0.53;
nominal P < 0.0001], which is consistent with Cohort A ITT
population (HR, 0.34; 95% CI, 0.25–0.47).

Conclusions: When tumor tissue testing is not feasible or has
failed, ctDNA testing may be a suitable alternative to identify
patients with mCRPC carrying BRCA/ATM alterations who may
benefit from olaparib treatment.

Introduction
Metastatic castration-resistant prostate cancer (mCRPC) is a

molecularly heterogeneous disease with a poor prognosis (1–3).
Approximately 20%–30% of patients with this disease harbor
deleterious alterations in DNA damage repair genes, including
those with direct or indirect roles in homologous recombination
repair (HRR; refs. 1–3). The PROfound study (NCT02987543) is
the first phase III trial to show that the PARP inhibitor olaparib
provides a statistically and clinically significant improvement in
radiographic progression-free survival (rPFS) and overall survival
(OS) versus control (physician’s choice of enzalutamide or abir-
aterone) in patients with mCRPC and tumor HRR gene altera-
tions (4, 5). Patient tumor tissue was tested for detecting alterations
in 15 prespecified HRR genes using an investigational use only
(IUO) assay based on the FoundationOne�CDx tissue test [Foundation
Medicine Inc. (FMI); ref. 6]. Patients with alterations in BRCA1,
BRCA2, or ATM (BRCA/ATM) were assigned to Cohort A, while
patients with alterations in the other prespecified HRR genes joined
Cohort B. On the basis of the findings of the PROfound study, the
FDA approved olaparib for patients with germline or somatic
14 HRR gene-altered mCRPC, who have progressed following prior
treatment with enzalutamide or abiraterone, while the European
Medicines Agency and the Japanese Ministry of Health, Labour and
Welfare have approved olaparib for patients with germline or
somatic BRCA1 and BRCA2 alterations following new hormonal
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agent progression (7–9). Identifying eligible patients with mCRPC
who may benefit from olaparib treatment using molecular diag-
nostics is key to improving patients’ survival.

Tissue-based next-generation sequencing (NGS) is currently the
gold standard approach for the identification of HRR gene altera-
tions in patients with mCRPC (10–12); however, there may be
instances when this may not be an option. For example, the
logistical challenges of formalin-fixed paraffin-embedded block
retrieval, which can prevent use of existing archival materials (13),
suboptimal success rates in patients with nonaccessible visceral
lesions (14–16), and technical difficulties in obtaining tissue sam-
ples from patients with bone-only metastases (17–20), all can
preclude tissue testing. The overall success rate of tissue NGS
testing in PROfound was 69% (4), compared with 67% in the
IPATential150 trial (21) and 74% in metastatic samples and 56%
in primary tumor samples for TRITON2 and TRITON3 (22). The
PROfound study highlighted factors which may predict successful
generation of NGS results and gives options to optimize the testing
approach; practical considerations for the optimization of tissue
NGS testing have been published previously (13). Circulating tumor
DNA (ctDNA) testing is an evolving technology in the assessment
of patients with advanced prostate cancer, that represents an
additional approach to tissue testing, that is particularly useful
when tumor tissue samples are not available. ctDNA analysis allows
for another means of assessing tumor tissue including gene altera-
tions of somatic and germline origin, suggesting that ctDNA
analysis may be a suitable surrogate for gene alteration testing in
patients with prostate cancer (23). While not the case for all types of
prostate cancer, in metastatic disease high concordance between
alterations detected by ctDNA testing and tumor tissue testing has
been observed, which makes it a potential alternative option when
tissue testing is not possible (2, 24–26). The FoundationOne�Liquid
CDx test has subsequently been approved by the FDA and Japanese
regulatory agency (27) as a companion diagnostic for evaluation of
ctDNA samples to enable identification of patients with mCRPC
who have alterations in BRCA/ATM in ctDNA who may benefit
from PARP inhibitor treatment (28).

The exploratory analyses presented here evaluated the efficacy of
olaparib versus control in patients with qualifying alterations in

BRCA/ATM in Cohort A of the PROfound study as determined
retrospectively by the FoundationOne�Liquid CDx test.

Patients and Methods
Patients

A detailed description of the methods for the PROfound study
(NCT02987543), including patient eligibility criteria, has already
been published (4, 29). In brief, the trial included men with
confirmed mCRPC whose disease had progressed while receiving
enzalutamide or abiraterone. All patients were required to have
tumors harboring a qualifying deleterious or suspected deleterious
alteration in at least one of 15 prespecified genes selected for their
direct or indirect role in HRR. Two cohorts were enrolled: those
with alterations in BRCA1, BRCA2, and/or ATM (Cohort A) and
those with alterations in ≥1 of 12 other prespecified HRR genes
(Cohort B): BRIP1, BARD1, CDK12, CHEK1, CHEK2, FANCL,
PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, and RAD54L.
Gene alterations were identified in archival or recently obtained
biopsy tissue from the primary or metastatic tumor using an
IUO assay based on FMI’s FoundationOne�CDx test (30). During
screening, matched plasma samples were collected from consenting
patients and subsequently assessed using the FoundationOne�Liquid
CDx test (31).

Trial design and interventions
Patients were randomized 2:1 to receive olaparib tablets (300 mg

twice daily; n ¼ 256) or control [prespecified physician’s choice
of enzalutamide (160 mg once daily) or abiraterone (1,000 mg
once daily) plus prednisone (5 mg twice daily); n ¼ 131]. Patients
who were assigned to the control group were eligible to cross
over to receive olaparib treatment after independent review con-
firmed imaging-based progression. All patients provided written
informed consent to participate. In the exploratory analysis pre-
sented here, only patients from Cohort A who had a positive
BRCA/ATM alteration test following tissue testing and who had
provided consent for ctDNA testing of their plasma samples were
evaluated.

Endpoints
We report results from an exploratory analysis for the subgroup

of patients for whom BRCA/ATM alterations were detected by
ctDNA testing. The PROfound study was designed so that the
primary analysis was conducted on patients in Cohort A only,
hence the focus of the article is on Cohort A. Endpoints reported
here include rPFS, objective response rate (ORR), and OS. The
primary endpoint in PROfound was rPFS—assessed by blinded
independent central review (BICR)—in Cohort A for the inten-
tion-to-treat (ITT) population [hazard ratio (HR), 0.34; 95% con-
fidence interval (CI), 0.25–0.47)] and has been reported previous-
ly (4). Key secondary endpoints, such as rPFS in the overall
population (Cohorts AþB), OS, ORR, and time to pain progression
in Cohort A, have also been reported previously (4, 5). Safety was
also assessed in the overall population (Cohorts AþB) through
reporting of adverse events (AE) according to the Common Ter-
minology Criteria Adverse Events, version 4.0 (4, 5). The PROfound
trial was approved by an Institutional Review Board and performed
in accordance with the principles of the Declaration of Helsinki, the
International Conference on Harmonisation Good Clinical Practice
guidelines, and the AstraZeneca andMerck Sharp &Dohme Corp., a

Translational Relevance

Our findings from the phase III PROfound study demon-
strate the clinical utility of circulating tumor DNA (ctDNA)
next-generation sequencing (NGS) testing as an alternative to
tumor-based NGS testing, to identify patients with metastatic
castration-resistant prostate cancer (mCRPC) and BRCA1,
BCRA2, and ATM (BRCA/ATM) alterations that may benefit
from olaparib treatment. In this exploratory analysis, efficacy
and safety of olaparib were consistent between patients with
mCRPC whose alterations in BRCA/ATM were identified by
ctDNA NGS testing and those whose alterations in BRCA/ATM
were identified by tissue-based NGS testing in the intention-to-
treat Cohort A population of the PROfound study. These results
support consideration of ctDNA testing to identify patients with
mCRPC BRCA/ATM alterations who may benefit from olaparib
treatment when tumor tissue testing is not feasible.
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subsidiary of Merck &Co., Inc. policies on bioethics. All the patients
provided written informed consent.

Statistical analysis
For time-to-event endpoints, rPFS and OS, two-sided P values

were calculated using log-rank tests stratified by the variables
selected in the primary pooling strategy (prior taxane use and
measurable disease in Cohort A) and using the Breslow method
for handling ties. HRs and 95% CIs were calculated with the use
of Cox proportional hazards models, adjusted for the variables
selected in the primary pooling strategy. The Efron approach was
used for handling ties. The Kaplan–Meier method was used to
calculate medians. Objective response was analyzed for patients
with measurable disease at baseline. The OR and CI of ORR data
were calculated using a logistic regression model adjusted for
prior taxane use. Where the number of patients with a response
was ≥5, a P value was calculated on the basis of twice the change in
log-likelihood resulting from the addition of the treatment factor
to the model that contains the specified covariates. Where the
number of patients with a response was <5, a two-sided P value
was calculated on the basis of the mid P-value modification of
Fisher’s exact test.

Data availability
Data underlying the findings described in this manuscript

may be obtained in accordance with AstraZeneca’s data sharing
policy described at https://astrazenecagrouptrials.pharmacm.com/
ST/Submission/Disclosure. Data can be requested through Vivli at
www.vivli.org.

Results
Patients

Of the 245 patients in Cohort A of the ITT population, 181 (73.9%)
consented to plasma sample ctDNA testing. Of these, 139 (76.8%) had
a ctDNA result reported (either mutation positive or negative) with
BRCA/ATM alterations identified in 111 (79.9%) of the 139 patients.
In total, 42 patients had a failed ctDNA test; this failure rate was higher
than expected because of a technical failure of a single assay plate
during testing. Because of the limitedDNAyield obtained fromctDNA
samples, it was not possible to attempt a repeat analysis from the
majority of the samples on the plate which failed.

Overall, 28 patients were reported to have BRCA/ATM alterations by
tumor-based NGS testing but were reported negative for BRCA/ATM
alterations by the ctDNA NGS test. This includes 4 patients with
homozygous deletions or large rearrangements in ATM reported by
tissue testing, which were not able to be identified by ctDNA testing as
these variant types have not been analytically validated (32). In addition,
of the 15 patients with a BRCA2 homozygous deletion reported in the
tumor sample, 4 patients reported the presence of a homozygous
deletion by the ctDNA NGS test, 2 patients reported other alterations
in BRCA/ATM but did not report the homozygous deletion, and 9
patients were reported as negative for BRCA/ATM alterations.

Of the identified 111 ctDNA subgroup patients, 73 received olaparib
treatment and 38 received control. Demographics and baseline char-
acteristics of patients with BRCA/ATM alterations evaluated by
ctDNA were generally balanced between treatment arms, and were
compatible with those of patients in the Cohort A ITT population
(Table 1; Supplementary Table S1).

Table 1. Demographics and baseline characteristics of patients in Cohort A ctDNA subgroup and Cohort A ITT population with BRCA/
ATM alterations.

Cohort A ctDNA subgroupa Cohort A ITT populationb

Olaparib Olaparib
300 mg bid Control 300 mg bid Control
(n ¼ 73) (n ¼ 38) (n ¼ 162) (n ¼ 83)

Age, median (years) 65.0 68.5 68.0 67.0
Site of metastases

Lymph nodes 46 (63.0) 26 (68.4) 94 (58.0) 52 (62.6)
Bone 64 (87.7) 34 (89.5) 140 (86.4) 73 (88.0)
Respiratory 18 (24.7) 6 (15.8) 30 (18.5) 11 (13.3)
Liver 8 (11.0) 8 (21.1) 18 (11.1) 13 (15.7)
Other distant sites 17 (23.3) 9 (23.7) 34 (21.0) 15 (8.1)

Measurable disease at baseline 43 (58.9) 21 (55.3) 84 (51.9) 43 (51.8)
PSA (mg/L)

n 72 38 160 81
Median 51.65 193.80 62.18 112.92
Range 0.22–2,980.75 1.85–7,115.00 0.20–7,240.74 1.85–7,115.00

ECOG performance status
0–1 67 (91.8) 36 (94.7) 151 (93.2) 80 (96.4)
2 6 (8.2) 2 (5.3) 11 (6.8) 3 (3.6)

Prior taxane use
Yes 54 (74.0) 25 (65.8) 106 (65.4) 52 (62.7)
No 19 (26.0) 13 (34.2) 56 (34.6) 31 (37.3)

Note: Data presented as n (%) unless stated otherwise.
Abbreviations: bid, twice daily; ECOG, Eastern Cooperative Oncology Group; PSA, prostate-specific antigen.
aPatients with BRCA/ATM alterations identified by ctDNA testing.
bPatients with BRCA/ATM alterations identified by tissue testing.
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Efficacy analyses
In the subgroup of patients with alterations in BRCA/ATM

determined by ctDNA testing, rPFS was longer in the olaparib
group than in the control group (median 7.4 vs. 3.5 months; HR,
0.33; 95% CI, 0.21–0.53; nominal P < 0.0001; Fig. 1A; Table 2). In
addition, rPFS percentage rates at 6 and 12 months were 61% and
20%, respectively, in the olaparib group and 24% and 7%, respec-
tively, in the control group. These findings are comparable with the

overall Cohort A ITT population in which rPFS was statistically
significantly longer in the olaparib group than the control group
(HR, 0.34; 95% CI, 0.25–0.47; P < 0.001; Fig. 1B), with similar rPFS
rates at 6 and 12 months for olaparib and control treatment
(Table 2; ref. 4). Within the 28 patients who were reported to
have BRCA/ATM alterations by tumor-based NGS testing but
were reported negative for BRCA/ATM alterations by the ctDNA
NGS test, rPFS was also longer in the olaparib group compared

A 1.00

20 1

0.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

No. at risk

73 68 57 51 48 48 38 36 23 23 20 16 00044578

38 38 22 20 12 10 00000001113477

Olaparib

Control

543 876 109 11 12 13 14 15 16 17 18 19

rPFS rate at 
6 months

P
ro

ba
bi

lit
y 

of
 r

P
F

S

Olaparib

Control

0.61

rPFS rate at 
12 months

0.20

0.24

0.07

Time from randomization (months)

B 1.00

20 1

0.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

No. at risk

162 149 126 116 102 101 82 77 56 53 42 37 26 24 18 11 11 23 0Olaparib

83 79 47 44 22 20 13 12 7 01111223336Control

43 98765 10 11 12 13 14 15 16 17 18 19

Olaparib
Control

0.60

0.28

0.23

0.09

P
ro

ba
bi

lit
y 

of
 r

P
F

S

Time from randomization (months)

rPFS rate at 
6 months

rPFS rate at 
12 months

Figure 1.

Kaplan–Meier plot of rPFS in Cohort A ctDNA subgroup� (A), and Cohort A ITT population† (B). �Patients with BRCA/ATM alterations identified by ctDNA testing;
†Patientswith BRCA/ATM alterations identifiedby tissue testing. (Figure 1B fromNEngl JMed, de Bono J, et al., Olaparib forMetastatic Castration-Resistant Prostate
Cancer, Vol. 382, pp. 2091–102, Copyright 2020 Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.)

Table 2. rPFS, OS, and ORR in patients from the Cohort A ctDNA subgroup and Cohort A ITT population.

Cohort A ctDNA subgroupa Cohort A ITT populationb

Olaparib Olaparib
300 mg bid Control 300 mg bid Control
(n ¼ 73) (n ¼ 38) (n ¼ 162) (n ¼ 83)

rPFS
Events, n (%) 49 (67.1) 34 (89.5) 106 (65.4) 68 (81.9)
Median (95% CI), months 7.39 (5.65–10.38) 3.53 (1.77–3.71) 7.39 (6.24–9.33) 3.55 (1.91–3.71)
HR (95% CI) 0.33 (0.21–0.53) 0.34 (0.25–0.47)
P <0.0001c <0.0001
OSd

Events, n (%) 47 (64.4) 31 (81.6) 91 (56.2) 57 (68.7)
Median (95% CI), months 17.51 (15.47–20.11) 13.59 (8.21–18.10) 19.1 (17.4–23.4) 14.7 (11.9–18.8)
HR (95% CI) 0.58 (0.37–0.92) 0.69 (0.50–0.97)
P 0.0100a 0.0200
Confirmed ORR by BICR
Objective responders/total number of patients with measurable disease at
baseline, n (%)

17/43 (39.5) 1/21 (4.8) 28/84 (33.3) 1/43 (2.3)

OR (95% CI) 13.17 (2.37–247.69) 20.86 (4.18–379.18)
P 0.0013a <0.0001

aPatients with BRCA/ATM alterations identified by ctDNA testing.
bPatients with BRCA/ATM alterations, identified by tissue testing.
cP values are two-sided nominals for Cohort A ctDNA.
dNot adjusted for crossover.
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with the control group (median 10.9 vs. 3.5 months; HR, 0.11; 95%
CI, 0.03–0.35).

Patients in the olaparib group also had a longer duration of OS
compared with control in patients with alterations in BRCA1, BRCA2,
or ATM detected by ctDNA testing (HR, 0.58; 95% CI, 0.37–0.92;
nominal P ¼ 0.01; Fig. 2A; Table 2). Survival rates at 6, 12, and
18monthswere 93%, 68%, and 47%, respectively, in the olaparib group
and 74%, 58%, and 37%, respectively, in the control group for the
Cohort A ctDNA subgroup. These findings are also comparable with
the overall Cohort A ITT population in which OS was statistically
significantly longer in the olaparib group than the control group (HR,
0.69; 95%CI, 0.50–0.97; P¼ 0.02; Fig. 2B). These results have not been
adjusted for patients crossing over from control therapy to olaparib
following disease progression.

The ORR was higher in the olaparib group (39.5%) compared with
control group (4.8%) in patients with alterations in BRCA/ATM as
detected by ctDNA testing (Table 2). These response rates are com-
parable to those reported for the overall Cohort A ITT population.

Discussion
The findings presented here from the phase III PROfound study

demonstrate the clinical utility of ctDNA testing as an alternative to
tumor-based NGS testing to identify patients with mCRPC with HRR
alterations that may benefit from olaparib treatment when tumor
testing cannot be undertaken due to insufficient tissue orwhen a tumor
test has failed. In the PROfound study, a NGS result generation rate of
69% was reported for tumor tissue-based testing; there is a need to
further optimize tumor-based NGS testing approaches and the study
recognized areas for improvement and ways to increase success
rates (4, 13, 33). In Cohort A, for BRCA/ATM alterations, ctDNA
testingwas concordant with tumor tissue testing in approximately 80%
of patients (34). This concordance rate is similar to that reported for
the rucaparib TRITON-2 study (74%) evaluating BRCA alterations in
tumor tissue and matched ctDNA samples in patients with
mCRPC (35). Other studies comparing ctDNA and tumor-based NGS
testing in samples from patients with prostate cancer, including de

novo metastatic disease, have shown concordance rates of 80%–90%
for a wider range of gene alterations beyond HRR (24, 36).

Our exploratory analyses of the subgroup of 111 patients from
Cohort A of the PROfound study who had BRCA/ATM alterations
by retrospective ctDNA testing showed that olaparib resulted in
improved efficacy compared with control treatment. Nominally sig-
nificant improvements in rPFS, ORR, and OS, were reported for the
olaparib group compared with the control treatment group for the
Cohort A ctDNA subgroup; these improvements were comparable
with those that have previously been reported for the 245 patients from
the overall Cohort A ITT population with BRCA/ATM alterations
identified by prospective tumor-based NGS testing (4, 5). The benefit
of olaparib on OS in this study may be underestimated as the results
reported here were not adjusted for patient crossover from the control
arm to the olaparib arm following disease progression. Approximately
60% of patients in the control arm switched to olaparib treatment, and
previous analyses showed that when adjusted for switching, the benefit
of olaparib treatment for patients with mCRPC could be even greater
for patients in Cohort A, as well as the overall population (crossover-
adjusted analysis of OS in Cohort A: HR, 0.42; 95% CI, 0.19–0.91;
refs. 5, 37). The safety profile of olaparib in the Cohort A ctDNA
subgroup was also consistent with that in the overall PROfound study
population (Cohorts A þ B) with similar proportions of patients
reporting AEs, grade ≥3 AEs and serious AEs, as well as requiring dose
modifications in the two cohorts, which for the overall population
includes patients with HRR gene alterations beyond BRCA/ATM
(Supplementary Table S2).

The TRITON2 and TRITON3 studies evaluating rucaparib have
also assessed the feasibility of using ctDNA testing (FoundationACT�
and FoundationOne�Liquid assays) to identify specific gene altera-
tions in patients with mCRPC (35). In an evaluation of 620 plasma
ctDNA samples and 888 tissue samples from screened patients, the
incidence of BRCA/ATM alterations was marginally higher in ctDNA
samples than tumor tissue for both studies. Homozygous BRCA
alterations could not be detected in these ctDNA samples as the
FoundationOne�Liquid CDx test is not validated to detect them. A
subsequent analysis of >3,000 samples, including those from patients
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Figure 2.

Kaplan–Meier plot of OS in Cohort A ctDNA subgroup� (A), and Cohort A ITT population (B)†. �Patients with BRCA/ATM alterations identified by ctDNA
testing; †Patients with BRCA/ATM alterations identified by tissue testing. (Figure 2B from N Engl J Med, Hussain M, et al., Survival with Olaparib in Metastatic
Castration-Resistant Prostate Cancer, Vol. 383, pp. 2345–57, Copyright 2020 Massachusetts Medical Society. Reprinted with permission from Massachusetts
Medical Society.)
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screened for TRITON2 and TRITON3, reported a high level of
agreement in detection of BRCA alterations by ctDNA testing com-
pared with tissue testing (38). Of the 94% of samples that had
detectable ctDNA, the median tumor fraction was 7.5%. Another
analysis of data from the TRITON2 study reported that the ORR was
46.3% (95% CI, 30.7–62.6) in 41/62 (66%) patients from the primary
efficacy population with BRCA alterations retrospectively confirmed
by ctDNA testing, which is comparable with the ORR of 43.5% (95%
CI, 31.0–56.7) reported in patients with BRCA alterations identified by
tumor testing (32).

In the patients who had BRCA/ATM alterations reported by tumor
tissue testing, but who were BRCA/ATM negative by ctDNA testing,
the observed efficacy in olaparib-treated patients demonstrated a
longer median PFS (10.9 months) than in olaparib-treated patients
who were positive in both tissue and ctDNA testing (7.4 months). The
reasons for this difference are unclear.However, it should be noted that
only 28 patients contributed to this analysis. Furthermore, ctDNA
shedding, and hence ability to detect alterations in ctDNA have been
linkedwith increased disease burden in other tumor types (39). ctDNA
testing has several advantages over tumor testing, including being less
invasive. Although the majority of HRR gene alterations appear
truncal and so present in primary tumor tissue with changes over
time being rarely observed (40–42), it has been shown that BRCA2/
RB1/RNASEH2B loss can develop post–next-generation endocrine
agent therapy (43). In these instances, where multiple plasma samples
can be collected at different timepoints, ctDNANGS testing could be a
useful tool to provide an overview of the patient’s mutational status
over disease progression and to monitor the emergence of new
acquired alterations and resistance mechanisms that cannot be iden-
tified by single-site biopsies or archival sample analyses. Timelines for
obtaining ctDNA test resultsmay be shorter, as there is no requirement
for retrieval of archived samples, and as a consequence costs for ctDNA
testing may be lower than for tumor testing.

There are also several limitations of ctDNA testing. The amount of
detectable ctDNA can vary greatly depending on the timing of testing
in relation to treatment, as well as the histologic type and cancer
clinical stage (44). Higher ctDNA fractions are associated with poor
prognosis and are correlated with overall tumor burden in patients
with mCRPC, suggesting that those with lower ctDNA fractions, who
might be more likely to have a non-HRRm ctDNA test result, might
have a more favorable prognosis (45). However, in PROfound
Cohort A, the ctDNA subgroups positive and negative for HRRm
and the ITT cohort all showed comparable baseline characteristics,
although patient numbers for the non-HRRm ctDNA subgroup were
small (olaparib, n ¼ 20; control, n ¼ 8; Supplementary Table S1). A
comparable rPFS for the ctDNA subgroup positive for HRRm and the
ITT cohort was also observed. These similarities in baseline character-
istics across the different subgroupsmean the detectability of ctDNA is
not affected by demographic factors or by the disease characteristics
assessed in PROfound.

In PROfound, in approximately 20% of patients, BRCA/ATM
alterations detected by tumor testing were not detected by ctDNA
NGS testing. This is to be expected for two main reasons. First, some
patients may not shed, or shed very low quantities of ctDNA into the
blood stream. For these patients, detection of BRCA/ATM gene
mutations using ctDNA NGS may not be possible due to insufficient
target ctDNA in the collected samples. Assessing the ctDNA content in
samples is therefore important. Second, in contrast to tumor tissue
testing, ctDNA test assays are not validated to accurately detect
homozygous loss and zygosity of mutations. For example, ctDNA
testing can detect homozygous deletions ofBRCA2 but only with 30%–

40% positive percentage agreement with tissue testing due to low
tumor content in at least half of ctDNA samples with this being
critically important because these patients are the ones that appear to
benefit most from PARP inhibition (46). As a consequence, the FDA-
approved label for the FoundationOne�Liquid CDx test reports that a
negative result does not rule out the presence of an actionable key
alteration, such asBRCA2 homozygous deletion, and that patients who
are negative for companion diagnostic mutations should undergo
tumor tissue testing and alteration status confirmed using an FDA-
approved tumor tissue test, if feasible (28). Finally, a known con-
founder of ctDNA testing is clonal hematopoiesis of indeterminate
potential (CHIP), which can lead to false-positive results during
ctDNA analysis. CHIP is an age-related phenomenon, which may be
particularly relevant in patients with metastatic prostate cancer who
tend to be older at diagnosis (38). A recent study found that around
10% of patients with advanced prostate cancer showed CHIP inter-
ference in plasma ctDNA in HRR genes, such as ATM and CHEK2, to
mitigate the risk of misdiagnoses; ctDNA results should therefore be
compared with results from a paired whole-blood control or tumor
tissue (47).

While our study has demonstrated that the efficacy and safety of
olaparib in theCohortA subgroupwho hadBRCA/ATM alterations by
ctDNA testing is similar to that for the Cohort A ITT population, there
are some limitations of these exploratory analyses. All patients in
Cohort A had already been identified as having BRCA/ATM altera-
tions by a tissue test, and this is important to consider when inter-
preting these findings. Further studies are needed to investigate the
efficacy of olaparib in patients whose BRCA/ATM alterations were
detected by ctDNA testing in the absence of a tumor test result.
Furthermore, data from ctDNA testing were not performed to validate
alterations in the 12 prespecified genes with a direct or indirect role in
HRR, other than BRCA/ATM, that were identified by tumor tissue
testing in patients from Cohort B. As such, the impact of these
alterations on olaparib efficacy was not assessed. In addition, the
efficacy of olaparib in patients identified solely using ctDNA testing
remains to be determined. The exploratory analyses reported here
were not part of the prespecified statistical testing hierarchy for the
PROfound study and so were not alpha controlled, and the sample size
of the Cohort A ctDNA subgroup included in this exploratory analysis
was relatively small, with only 111 patients being eligible for evalu-
ation. Furthermore, although baseline characteristics appeared bal-
anced overall between the olaparib group and the control groups,
analyses of this subgroup were not adjusted for confounding factors
(e.g., baseline prognostic factors, differences in disease burden and
treatment history at baseline, and crossover from the control arm to the
olaparib arm following disease progression).

In conclusion, the efficacy of olaparib was consistent between
patients with mCRPC whose alterations in BRCA/ATM were identi-
fied by ctDNA testing and thosewhose alterations in BRCA/ATMwere
identified by tissue testing in the ITT Cohort A population of the
PROfound study. The overall safety profile of olaparib of Cohort A
ctDNA subgroup was similar to that reported for the overall ITT
(Cohorts AþB) population. These results support consideration of
ctDNA testing to identify patients with mCRPC and BRCA/ATM
alterations who may benefit from olaparib treatment when tumor
tissue testing is not feasible (43).
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