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Abstract
Background: The low specificity of serum PSA resulting in the inability to effec-
tively differentiate prostate cancer from benign prostate conditions is a persistent 
clinical challenge. The low sensitivity of serum PSA results in false negatives and 
can miss high- grade prostate cancers. We describe a non- invasive test for detection 
of prostate cancer based on functional enrichment of prostate adenocarcinoma as-
sociated circulating tumor cells (PrAD- CTCs) from blood samples followed by their 
identification by immunostaining for pan- cytokeratins (PanCK), prostate specific 
membrane antigen (PSMA), alpha methyl- acyl coenzyme- A racemase (AMACR), 
epithelial cell adhesion molecule (EpCAM), and common leucocyte antigen (CD45).
Methods: Analytical validation studies were performed to establish the perfor-
mance characteristics of the test using VCaP prostate cancer cells spiked into 
healthy donor blood (HDB). The clinical performance characteristics of the test 
were evaluated in a case– control study with 160 known prostate cancer cases and 
800 healthy males, followed by a prospective clinical study of 210 suspected cases 
of prostate cancer.
Results: Analytical validation established analyte stability as well as acceptable 
performance characteristics. The test showed 100% specificity and 100% sensi-
tivity to differentiate prostate cancer cases from healthy individuals in the case 
control study and 91.2% sensitivity and 100% specificity to differentiate prostate 
cancers from benign prostate conditions in the prospective clinical study.
Conclusions: The test accurately detects PrAD- CTCs with high sensitivity and 
specificity irrespective of stage, serum PSA or Gleason score, which translates 
into low risks of false negatives or overdiagnosis. The high accuracy of the test 
could offer advantages over PSA based prostate cancer detection.
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1  |  INTRODUCTION

Prostate cancer is globally the second most common ma-
lignancy and the seventh highest cause of cancer- related 
mortality among men.1 Detection of prostate cancer at 
advanced stages is associated with significant morbidity 
and mortality as well as reduced survival, while early- 
stage prostate cancer detection is associated with higher 
cure rate and improved survival (~99%, 5- year2). At pres-
ent, evaluation of serum prostate specific antigen (PSA) is 
part of the standard diagnostic work- up in symptomatic 
cases3 but less suitable for prostate cancer screening in as-
ymptomatic males due to low specificity4 and significant 
risk of false positivity5 which leads to overdiagnosis and 
overtreatment.6 In addition, there is a risk of false neg-
atives, especially in advanced undifferentiated prostate 
cancers which may have lower PSA levels.7 More sensitive 
and specific methods which can provide for more effective 
prostate cancer detection are required to reduce morbidity 
and mortality from this disease.8

Circulating tumor analytes in blood have received at-
tention for non- radiological, non- invasive detection of 
prostate cancer.9 Apart from serum tumor antigens, circu-
lating tumor nucleic acids have been evaluated for prostate 
cancer detection but have reported limitations in sensitiv-
ity for localized prostate cancer.10 Circulating tumor cells 
(CTCs) are viable tumor derived cells in circulation, the 
molecular and functional evaluation of which may be com-
parable to that of the tumor tissue from which they orig-
inate.11 CTC evaluations are not prone to the limitations 
in sensitivity and specificity associated with circulating 
tumor nucleic acids or serum tumor antigens. Prior studies 
support the ubiquity of CTCs in prostate cancer, especially 
in early- stage (localized) disease; disseminated tumor cells 
(DTCs) released during early stages of prostate cancer are 
known to remain dormant in the bone marrow and result 
in metastatic recurrence.12 In a study of bone marrow as-
pirates from 533 preoperative prostate cancer cases with 
localized disease (T2- 4, N0), DTCs were detected in 380 
cases (71.3%), irrespective of pathologic stage, Gleason 
grade, or PSA.13 Another study reported CTCs in 19 (79%) 
of 24 treatment naïve localized prostate cancers.14 A third 
study reported >90% sensitivity in 20 known prostate can-
cer cases and 92.6% specificity in 27 asymptomatic men 
undergoing prostate cancer screening.15 A fourth study 
on pre- operative blood from 86 prostate cancer cases re-
ported 38.4%– 62.7% CTC detection rates using CellSearch, 
CellCollector, and EPISPOT individually, and 80.2%16 when 

used together. In a fifth study, using a hybrid microfluidic- 
imaging along with PSA immunostaining, 38– 222 CTCs 
were reported per mL in recently diagnosed cases of local-
ized prostate cancer.17 In a sixth study, using near- infrared 
dyes and EpCAM immunostaining, up to 439 CTCs per 
mL of blood (mean: 25 CTCs/mL; median: 10 CTCs/mL) 
were observed in a cohort of patients with localized pros-
tate cancer.18 The above studies provide evidence for the 
plausibility of CTC- based prostate cancer detection. Other 
studies have also shown the inability of existing technology 
platforms to efficiently enrich and harvest sufficient CTCs. 
Most prior reports on CTCs in cancer are based on epitope 
capture using epithelial cell adhesion molecule (EpCAM) 
followed by immunostaining for cytokeratins (CK). A criti-
cal limitation of this approach is its acknowledged inability 
to effectively enrich and detect CTCs where the expression 
of target biomarkers such as EpCAM and CK can be sig-
nificantly lower19– 23 than tumor tissue or reference cell 
lines. Further, the expression of EpCAM and CK (as well as 
any other markers) may be even lower in CTCs undergoing 
epithelial to mesenchymal transition (EMT).24

We have previously described a novel functional CTC 
enrichment process which yields numerically sufficient 
CTCs for further applications.25 We have also shown that 
CTCs thus enriched from blood of patients with prostate 
cancer are positive for expression of PSMA, AMACR, 
EpCAM, and PanCK as determined by fluorescence im-
munocytochemistry (ICC).26 This multi- marker CTC 
profiling has high specificity for adenocarcinomas (AD) 
which represent the vast majority (~92%) of prostate can-
cers.27 The test uses standardized fluorescence intensity 
(FI) thresholds for detection of marker positive cells, op-
timized to detect CTCs with a wide range of marker ex-
pression, especially those with significantly lower marker 
expression than tumor derived cells or PrC cell lines. In 
this manuscript, we report the method development as 
well as analytical and clinical validation of this test for 
prostate cancer detection.

2  |  METHODS

2.1 | Study participants and samples

Biological samples used for method development, analytical 
validation, and clinical validation as described in this manu-
script were obtained from participants in the following ob-
servational studies: TRUEBLOOD (http://ctri.nic.in/Clini 

K E Y W O R D S

circulating tumor cells, detection, diagnosis, immunocytochemistry, non- invasive, prostate 
cancer, screening
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caltr ials/pmain det2.php?trial id=31879), ProState (http://
ctri.nic.in/Clini caltr ials/pmain det2.php?trial id=31713), 
and RESOLUTE (http://ctri.nic.in/Clini caltr ials/pmain 
det2.php?trial id=30733). The TRUEBLOOD study (Mar 
2019– ongoing) enrolls patients diagnosed with various 
solid organ cancers or benign (non- malignant) conditions 
as well as suspected cancer cases. The ProState study (Mar 
2019– ongoing) enrolls patients diagnosed with prostate 
cancers as well as symptomatic males suspected of prostate 
cancer. The RESOLUTE study (Jan 2019– ongoing) enrolls 
adults with neither prior diagnosis nor current symptoms 
suspected of cancer. All studies were approved by the Ethics 
Committees of the participating institutes as well as the 
sponsor (Datar Cancer Genetics, DCG) and are performed 
in accordance with the Declaration of Helsinki. Written 
informed consent was obtained from all study participants 
prior to enrolment and sample collection. Fifteen millilit-
ers of peripheral blood were collected from all participants 
in EDTA vacutainers. Tumor tissue samples were obtained 
from TRUEBLOOD and ProState study participants who 
were referred for a biopsy as per Standard of Care (SoC), 
where such tissue sample was already available. Blood sam-
ples were also collected, after obtaining informed consent, 
from healthy (asymptomatic) volunteers, diagnosed cancer 
patients, and suspected cases who were not a part of either 
of the above studies but had availed of the sponsor's services. 
Blood samples were collected prior to the patients undergo-
ing an invasive biopsy where the same had been advised. 
Blood and tissue samples were stored under refrigeration 
(2°C– 8°C) during transport to reach the clinical laboratory 
within 46 h. All samples were identity masked by using 
blood collection vacutainers with a 10- digit alphanumeric 
code. All samples were processed at the CAP and CLIA ac-
credited facilities of the Study Sponsor, which also adhere to 
quality standards ISO 9001:2015, ISO 27001:2013, and ISO 
15189:2012. The reporting of observational studies in this 
manuscript is compliant with STROBE guidelines.28

2.2 | Isolation of primary tumor 
derived cells

The isolation of primary tumor derived cells (TDCs) 
from an excised tumor (malignant/benign) was per-
formed as described previously25 and is also explained in 
Supplementary Materials.

2.3 | Enrichment of circulating tumor 
cells from peripheral blood

Blood samples were processed for red blood cell (RBC) 
lysis and isolation of peripheral blood mononuclear cells 

(PBMC), following which CTCs were enriched from 
PBMCs as described previously.26,29 The process is also ex-
plained in Supplementary Materials.

2.4 | Immunocytochemistry 
profiling of CTCs

Immunocytochemistry (ICC) profiling of CTC was per-
formed as described previously26 and is also provided in 
Supplementary Materials. A schema showing the various 
steps of the process including CTC detection and ICC pro-
filing is depicted in Figure 1. The decision matrix for sam-
ple classification (“Positive,” “Equivocal,” or “Negative”) 
based on abundance of each type of marker positive cells 
is provided in Figure 2. These cut- offs were based on the 
Limits of Blank, Detection and Quantitation (LoB, LoD, 
and LoQ) as determined in the analytical validation stud-
ies. The Equivocal classification was assigned to include 
those samples with up to 20% lower CTC count than 
the positivity threshold due to losses during storage and 
transport (as explained in the section on Analyte Stability 
under analytical validation).

Samples with Equivocal classification were considered 
positive for the purpose of prostate cancer detection by the 
test.

2.5 | Method development and 
optimization

Comprehensive details of method development and opti-
mization studies as well as their findings are provided in 
the Supplementary Materials.

2.6 | Analytical validation

Analytical validations were performed by determining 
the recovery of reference human prostate cancer cell 
line (VCaP) spiked into healthy donor blood samples. 
VCaP reference cells were spiked at various densities as 
per the design of and requirement for each validation 
parameter (specified in Supplementary Materials) into 
healthy donor blood samples, which were processed as 
per the test for enrichment of CTCs (spiked cells) and 
immunocytochemistry. The spike- recovery study design 
was applicable for validation of analyte stability (and 
recovery), linearity, limit of detection, limit of quanti-
tation, limit of blank, sensitivity, specificity, accuracy, 
precision, and interference. Comprehensive details of 
study design, observations, and inferences are provided 
in Supplementary Materials.
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2.7 | Case control clinical study

The ability of the Test to detect PrAD cases and differ-
entiate PrAD cases from asymptomatic males was es-
tablished in a case control study with pre- biopsy blood 
samples from 160 recently diagnosed, therapy naïve 
cases of PrAD and samples from 800 healthy (“asymp-
tomatic”) males aged 49 years and above with neither 
prior diagnosis nor current suspicion of cancer and 
with serum PSA ≤0.5 ng/mL. The inclusion and exclu-
sion criteria for this study are provided in Table S8. The 
asymptomatic cohort was randomized into Training, 
Test, and Validation Sets in a 60%:20%:20% ratio. The 
PrAD cases were first segregated by extent of disease as 
Localized (confined to primary site), Regional (spread 

to regional lymph nodes), and Distant (metastasized to 
distal lymph nodes or other organs) for which survival 
is known.2 Subsequently, the stratified cohorts were as-
signed to Training and Test Sets in a 60%:20%:20% ratio. 
The Training Set samples comprising of 96 PrAD and 
480 healthy males' samples was first evaluated with the 
analysts unblinded to the status of the samples. Next the 
blinded Test Set comprising of 32 PrAD and 160 healthy 
males' samples was evaluated prior to blinded evalua-
tion of the 32 PrAD and 160 healthy males' samples in 
the Validation Set. Subsequently all Training, Test, and 
Validation set samples (PrAD and healthy) were shuf-
fled and random 20% samples (extent- wise for PrAD) 
were selected for analysis as Validation Set Iteration 2. 
This shuffling step was repeated to obtain 20 iterations 

F I G U R E  1  Schema of Test. Functional enrichment of CTCs is achieved using a proprietary CTC enrichment medium (CEM) 
that eliminates all non- malignant cells and permits tumor derived malignant cells to survive. Subsequently, the multiplexed 
immunocytochemistry (ICC) evaluates and identifies PrAD- CTCs based on positivity of the indicated markers.
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of the Validation Set from which median and range of 
Sensitivity, Specificity, and Accuracy were reported. The 
iterative random sampling permitted diverse scenarios 
with respect to relative proportion of samples with true 
positive (TP), false negative (FN), true negative (TN), 
and false positive (FP) findings thus yielding a range of 
sensitivities and specificities, the median of which was 
reported. This design eliminates risks of overfitting due 
to sample enrichment in the Validation Set.

With about 160 cancer samples (cases) and a 90% ex-
pected sensitivity (better than 80%), the power of the 
study for determination of sensitivity is expected to be 
about 0.95. Similarly, with about 800 asymptomatic sam-
ples (controls) in the test set and an expected specificity 
of 99.9% (better than 99.0%), the power of the study for 
determination of specificity is expected to be about 0.97. 
The design of the clinical study is provided in Figure S1.

2.8 | Prospective clinical study

The performance characteristics of the test were estab-
lished in a prospective clinical study of blood samples from 
210 males with enlarged prostate and urological symp-
toms who were suspected of PrAD. Additional considera-
tions for deciding the requirement for a prostate biopsy 
included suspicious findings in digital rectal examination 
(DRE), ultrasonography (USG), or serum PSA (≥4 ng/mL); 
in 78 cases, elevated serum PSA was not observed and the 
indication for a biopsy was based on either DRE or USG 
in addition to the symptoms. The inclusion and exclusion 
criteria for this study are provided in Table S10. All par-
ticipants provided 5 mL blood sample prior to undergoing 
a prostate biopsy. The findings of the histopathological 

examination (HPE) and the final diagnosis (cancer or 
 benign) were initially blinded to the sponsor and unmasked 
only after completion of sample analysis. The concordance 
between test findings and HPE diagnosis was used to deter-
mine Sensitivity, Specificity, and Accuracy. With about 60 
cancer cases and an expected sensitivity of 90% (better than 
75%), this study design has a power of 0.85. The design of 
the clinical study is provided in Figure S1.

2.9 | Molecular concordance studies

In a subset of 20 PrC cases a molecular concordance study 
was performed on matched tumor tissue and blood sam-
ples. Tumor Tissue DNA (ttDNA) was isolated and used 
for next- generation sequencing (NGS) profiling using the 
Ion Proton Platform and the Oncomine Comprehensive 
Assay v3 Panel to identify gene variants with loss of tumor 
suppression or gain of oncogenic function which have 
been previously reported to be significant in/associated 
with prostate cancer. PBMCs isolated from blood samples 
were treated with the CEM for CTC enrichment. Genomic 
DNA (gDNA) was isolated from apoptosis reluctant (sur-
viving) cells and evaluated by a ddPCR assay specific to 
the detected gene variant on a BioRad QX200 platform. 
Concordance between tumor tissue and CTCs was de-
termined as the proportion of the latter where the corre-
sponding gene variant was detected by ddPCR.

Tissue samples from the same 20 patients were also 
evaluated by fluorescence in situ hybridization (FISH) as 
per manufacturer's protocol for TMPRSS2- ERG fusion. In 
samples where tissue was positive for this variation, en-
riched and harvested CTCs were also evaluated by FISH 
for the same biomarker.

F I G U R E  2  Decision matrix for 
classifying samples. The detection 
threshold for PrAD- CTCs is ≥15 PanCK 
cells/5 mL, which is constituted by 
the detection of ≥5 PSMA+ cells, ≥5 
AMACR+ cells and ≥5 EpCAM+ cells in 
the respective aliquots. Priority is given to 
PSMA and AMACR over EpCAM while 
classifying samples as “Positive” to ensure 
specificity for PrAD over other epithelial 
malignancies where EpCAM+ cells may 
be detected.
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3  |  RESULTS

3.1 | Method development

The method development studies showed the viabil-
ity of multiplexed fluorescence ICC for detection of 
PrAD- CTCs with a wide range of EpCAM, PanCK, 
AMACR, and PSMA expression levels (Figure  S2), 
as well as other key aspects including specificity of 
marker combination to prostate cancer (Figure  S3), 
absence of PrAD CTCs in benign prostate conditions 
(Table S1), and the ability of the test to detect CTCs ir-
respective of patient age (Figure S4), serum PSA levels 
(Figure S5), Gleason Score (Figure S6), or extent of dis-
ease (Figure S7). Comprehensive details are provided 
in Supplementary Materials.

3.2 | Analytical validation

Table 1 is a summary of all the findings of the analyti-
cal validation study. Analytical validation established 
analyte stability (Tables  S2 and S3), demonstrated 
high sensitivity, and specificity of the test (Table  S4), 
significant linear characteristics (Figure S8), high pre-
cision (Table  S5), and no loss of sensitivity in pres-
ence of potentially interfering substances (Table  S6). 
Comprehensive details are provided in Supplementary 
Materials.

3.3 | Clinical studies

The performance characteristics of the test were estab-
lished in two clinical studies. The demographics of the 
study cohorts are provided in Tables  S7 and S9 and the 
inclusion/exclusion criteria are provided in Tables S8 and 
S10. Both studies were conducted in a South Asian co-
hort with <0.005% reported prostate cancer incidence,30 
and also where the prostate cancer risk in asymptomatic 
males is significantly lower than the <7% reported among 
Caucasians with ≤0.5 ng/mL serum PSA31,32 most of whom 
are also expected to be clinically insignificant prostate 
cancer.31,33 Due to this low probability of an underlying 
prostate cancer in healthy subjects, they were a suitable 
“control” population. Further, the selection of such a con-
trol population is also more ethical since it would be un-
ethical to perform a biopsy on asymptomatic individuals 
for the sole purpose of ruling out prostate cancer for this 
study. The Case Control Study had a stringent, blinded, it-
erative cross- validation design which minimized the risk 
of overfitting. In this study, the median sensitivity was 
100% for local, regional and for metastatic disease as well 
as overall (Table 2). Figure 3 is a graphical representation 
of the extent- wise sensitivities in the Training and Test 
Sets as well as the 20 iterations of the Validation sets. The 
break- up of Positive, Negative, and Equivocal findings in 
each these sets are provided in Table S11. In absence of any 
positive or equivocal findings in the asymptomatic cohort, 
the specificity of the test (cancer v/s healthy) was 100%.

In the second (prospective) clinical study with 210 
symptomatic males, 68 (32.4%) were eventually diagnosed 
with PrAD and 142 (67.6%) were diagnosed with benign 
prostate conditions. There were no positive or equivocal 
findings among those diagnosed with benign prostate con-
ditions. Hence the specificity of the test (cancer v/s benign) 
was 100%. Among the 68 cancer cases, the Test assigned 
56 samples as positive, six as equivocal and six as negative 
(Table S12), yielding a sensitivity of 91.2% since equivocals 
were considered as positive (Table 2). Equivocals were con-
sidered as positive for higher PrC detection sensitivity. In 
the clinical setting, considering equivocals as positive may 
lead to reduced specificity for PrC (as compared to other 
cancers where either PSMA or AMACR may be positive), 
however this improves the chances for detection of PrC or 
other cancers in such patients who undergo follow- up in-
vestigations. Further, considering equivocals as positive did 
not decrease the specificity of the test to differentiate PrC 
cases from asymptomatic individuals. In the prospective 
study, the sensitivity of the test was observed to correlate 
positively with Gleason Scores and PSA levels (where avail-
able) (Table S13). Among the 68 cancer cases in the prospec-
tive cohort were 10 cases with PSA < 10 ng/mL. Of these 10 
cases, four were clinically significant with histological grade 

T A B L E  1  Findings of analytical validation studies

EpCAM, 
PanCK, 
CD45

PSMA, 
PanCK, 
CD45

AMACR, 
PanCK, 
CD45 Overall

Analyte stability 48 h

Recoverya 97.2% 94.4% 94.4% 91.7%

Limit of detection <1 cell/mL

Linear range 1– 256 cells/mL

Linearity R2 ≥ 0.99 R2 ≥ 0.99 R2 ≥ 0.99 R2 ≥ 0.99

Sensitivity 95.0% 92.5% 92.5% 92.5%

Specificity 100.0% 100.0% 100.0% 100.0%

Accuracy 97.1% 95.7% 95.7% 95.7%

Precision CV ≤ 9% CV ≤ 6% CV ≤ 6% CV ≤ 9%

Robustness CV < 10%

Note: The analytical validation studies established that the Test provides 
consistent, accurate, and reproducible results with no interference from 
endogenous or exogenous factors when samples are obtained, stored, and 
processed under the recommended conditions.
aAbove 10 cells/5 mL as determined from the Linearity experiment. Values 
within parentheses represent 95% CI.
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   | 7LIMAYE ET AL.

T A B L E  2  Findings of clinical studies

Case control study: cancer v/s asymptomatic
Specificity: 100.0% (95% CI: 97.7%– 100.0%)

Prospective study: cancer v/s benign
Specificity: 100.0% (95% CI: 97.4%– 100.0%)

Sensitivity Accuracy Sensitivity Accuracy

Cumulative 100.0%
95% CI: 89.1%– 100.0%

100.0%
95% CI: 98.1%– 100.0%

91.2%
95% CI: 81.8%– 96.7%

97.14%
95% CI: 93.9%– 98.9%

Local 100.0%
95% CI: 79.4%– 100.0%

100.0%
95% CI: 97.9%– 100.0%

75.0%
95% CI: 50.9%– 91.3%

96.9%
95% CI: 92.9%– 98.9%

Regional 100.0%
95% CI: 97.7%– 100.0%

100.0%
95% CI: 97.8%– 100.0%

85.7%
95% CI: 42.1%– 99.6%

99.3%
95% CI: 96.3%– 99.9%

Distal 100.0%
95% CI: 97.7%– 100.0%

100.0%
95% CI: 97.8%– 100.0%

100.0%
95% CI: 90.8%– 100.0%

100.0%
95% CI: 97.9%– 100.0%

Note: The Stage- wise and overall performance characteristics of the Test were determined from 20 iterations of the Validation Set in the Case Control Study as 
well as from the Prospective Study.

F I G U R E  3  Observed Sensitivity in 
the Case Control Study. The test initially 
classifies samples as Positive, Equivocal 
or Negative based on the Decision 
Matrix provided in Figure 2. Samples 
with Equivocal findings are considered 
as Positive for the purpose of reporting 
and determination of Sensitivity. Each 
panel depicts the observed sensitivities 
in the Training set (Tr, solid orange), 
Test set (Tt, solid blue), the 20 iterations 
of the Validation set (Val1- Val20, green 
pattern) as well as the median Sensitivity 
in the Validation set (Val- M, solid green). 
The four panels depict findings based 
on extent of cancer, that is, Local (A), 
Regional (B), Distal (C), and Overall 
(D). Table S11 provides a break- up of 
the number of Positive, Equivocal, and 
Negative findings in each of the above 
sets.
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3 (n = 1, Gleason score 4 + 3) or 4 (n = 3, Gleason score 8). 
The Test was able to detect 75% of these cases.

3.4 | Molecular concordance studies

Among the 20 tumor samples tested, driver mutations 
with allele frequency were detected in 15 samples by 
NGS profiling of tumor tissue DNA using the Oncomine 
Comprehensive Assay v3 Panel on the Ion Proton Platform. 
Among these 15 patient samples, a specific TaqMan 
ddPCR assay was available for variants detected in 12 
cases. Genomic DNA was isolated from enriched CTCs 
and evaluated by ddPCR assays for the corresponding 
driver mutation (detected on ttDNA by NGS) on a BioRad 
QX200 platform. Variants in ttDNA detected by NGS were 
also detected by ddPCR in nine (75%) CTCs (Table S14). A 
subset of four PrAD cases were identified where the tissue 
was positive for TMPRSS2- ERG fusion by FISH. The CTC 
enriched fraction from these four samples was evaluated 
by FISH and the TMPRSS2- ERG fusion was detected in 
three cases (75%). Overall, the orthogonal concordance 
studies appeared to confirm that the CTCs detected by the 
Test originated from the same prostate malignancy. The 
75% concordance was considered satisfactory considering 
clonal diversity in tumor cells and CTCs.

4  |  DISCUSSION

We describe a blood test for Prostate cancer detection 
based on multiplexed fluorescence ICC profiling of CTCs 
functionally enriched from a 5 mL blood sample. The test 
detected Prostate cancer with high sensitivity irrespective 
of age, serum PSA level, Gleason score, or the extent of 
disease. Analytical validation ascertained accuracy and 
reliability of the test. The case control cross- validation 
study demonstrated 100% specificity as well as 100% sen-
sitivity across all stages of Prostate cancer. The subsequent 
prospective clinical validation study demonstrated 91.2% 
Sensitivity and 100% Specificity in the real world setting 
for detecting Prostate cancer and differentiating prostate 
cancer from benign prostate conditions. The Test has high 
sensitivity for all stages, including early stages as well as 
high specificity to minimize the risk of false positives. The 
performance characteristics of the test support its poten-
tial clinical utility in Prostate cancer detection.

Serum PSA which is evaluated during standard prostate 
cancer diagnostic work up in symptomatic men is often 
assessed as part of elective prostate cancer screening in 
asymptomatic males.34,35 However, PSA testing has lower 
specificity and is associated with a high false positive rate, 
for example ~66%.5 Other PSA- based tests such as %- free 

PSA,36 [−2]pro- PSA (p2PSA),37 and Prostate Health Index 
(PHI)38 with documented sensitivity/specificity trade- 
off36,39,40 are currently not recommended or approved for 
routine prostate cancer screening. The inverse relationship 
between specificity and sensitivity of PSA and PSA- based 
tests40 implies inefficient triaging where a significant pro-
portion of individuals who do undergo a prostate biopsy 
based on these tests may actually be free from prostate 
cancer. Based on the limitations of serum PSA evaluations 
alone to provide meaningful insight into prostate cancer 
detection, Thompson et al. suggested that “PSA levels 
should no longer be referred to as “normal” or “elevated” 
but should be incorporated into a multivariable risk assess-
ment to provide individualized risk information for deci-
sion making”.41 Among other non- invasive (blood- based) 
approaches, a pan- cancer detection test based on meth-
ylation profiling in cfDNA reported very low sensitivity 
(~10%) for localized Prostate cancer.42,43 While the above 
tests have been utilized for prostate cancer screening, 
other tests have been described for triaging of suspected 
cases so as to improve the specificity of PrC detection and 
minimize the risk of overdiagnosis. The 4Kscore Test is a 
follow- up blood test after an abnormal PSA and/or digi-
tal rectal exam (DRE) to determine the probability of ag-
gressive prostate cancer.44 The ExoDx™ Prostate Test is a 
urine- based test to determine the probability of clinically 
significant prostate cancer in men with PSA 2– 10 ng/mL 
(“gray zone”) who are considering an initial biopsy.45 A 
recent study by Hugosson et al. demonstrated that the 
avoidance of systematic biopsy in favor of MRI- directed 
targeted biopsy in males with  elevated serum PSA levels 
led to a significant decrease in the risk of overdiagnosis 
but led to delayed detection of intermediate- risk PrC in 
some patients.46

Our test is based on detection of CTCs, which are ubiq-
uitous in blood of patients with an underlying solid organ 
cancer29 and unlikely in the blood of individuals without 
an underlying malignancy as well as those with other non- 
malignant or inflammatory conditions. CTCs are hence an 
ideal analyte to differentiate individuals with and without 
an underlying malignant condition with high specificity 
and sensitivity. The risks associated with use of the test 
are only marginal since it is non- invasive, requiring only 
a 5 mL peripheral blood sample. The potential benefits of 
the test include more effective detection of Prostate can-
cer and reduced requirement for biopsies in symptom-
atic males. The strengths of our study include (a) use of 
adequately powered sample sizes, (b) sample blinding 
to eliminate bias, (c) an iterative cross- validation design 
intended to eliminate risk of over- fitting, and (d) a pro-
spective study in a real- world setting. The analytical and 
clinical validations described in this manuscript provide 
tangible evidence of the test performance which supports 
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the hypothesis (design) as well as the intended use of the 
test. The high specificity translates into an exceedingly low 
risk of false positives in individuals with benign prostate 
conditions which eliminates or significantly reduces risks 
of overdiagnosis or overtreatment in these individuals.

Although the test has high performance characteris-
tics for Prostate cancer detection, we note the following 
potential limitations of the test. Non- (adeno)- carcinoma 
types which account for <8% of Prostate cancer are not 
detected by this test. The sensitivity for the detection was 
lower (~75%) for localized Prostate cancer in the prospec-
tive study. However, these false negatives would not add to 
pre- existing risks since the lower sensitivity for localized 
cancers can be partially mitigated by the higher sensitiv-
ity for subsequent detection at regional stage which has a 
comparable 5- year survival.

The risk stratification of prostate cancer includes 
serum PSA level, clinical stage and Gleason score; a 
Gleason score of >8 is considered an independent predic-
tor of high- risk disease with increased rates of treatment 
failures and poorer outcomes. While test is not intended 
to provide information on, or correlate with, the Gleason 
score, it can detect high- grade/aggressive prostate cancers 
where early detection is vital for more effective clinical 
management. As can be seen from the findings in the pro-
spective clinical study, a significant advantage of the test 
is its ability to detect clinically significant prostate cancers 
(histological grade 3 or 4) in patients with low serum PSA.

The prospective study had a lower representation of 
early- stage disease since it was conducted in a popula-
tion where prostate cancer is typically detected at ad-
vanced stages; of the 68 patients diagnosed with prostate 
cancer, only 20 (30%) had localized disease (T1- 3N0M0). 
Since this was an anticipated limitation, the design of 
the case control study pre- emptively addressed this 
challenge by having a higher representation of samples 
from patients with localized disease; of the 160 patients 
with prostate cancer, 80 (50%) had localized disease 
(T1- 3N0M0).

In 78 cases in the prospective cohort, the decision to 
perform a prostate biopsy despite unremarkable serum 
PSA (<4 ng/mL) was based on clinical findings/DRE/
USG. While this proportion would appear to be higher, 
they represent standard approaches in India (study loca-
tion) based on the observations that 15% of symptomatic 
males with PSA <4 ng/mL are diagnosed with prostate 
cancer47 and that most prostate cancers in India are di-
agnosed at advanced stages. Notably a prior retrospective 
cohort analysis reported that 67% of patients were referred 
for a prostate biopsy at a tertiary centre in Ireland based 
on abnormal DRE alone.48

There would appear to be a minimal risk of overdiagno-
sis from detection of low- grade (lower risk) prostate cancers 

which account for up to 66% of all prostate cancers.49 
However, since up to 40% of patients initially diagnosed 
with low- risk prostate cancer demonstrate pathological 
progression over time,50 detection of low- grade prostate 
cancers can benefit from active surveillance.51

5  |  CONCLUSION

The high sensitivity and specificity of the test enables 
prostate cancer detection and differentiation from benign 
prostate conditions (or healthy individuals) and presents 
significant advantages over PSA based approaches. The 
test has potential to reduce the need for invasive biopsies 
and thus significantly mitigates risks of overdiagnosis 
and overtreatment. The potential benefits of the test are 
compelling and support the need for further prospective 
large cohort clinical studies to determine the performance 
characteristics of the test for detection of prostate cancer, 
especially localized disease.
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