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Abstract

Prostate cancer (PCa) is a significant

healthcare problem worldwide. Current

diagnosis and treatment methods are

limited by a lack of precise in vivo tis-

sue analysis methods. Real-time cancer

identification and grading could dra-

matically improve current protocols.

Here, we report the testing of a thin

optical probe using Raman spectros-

copy (RS) and classification methods to

detect and grade PCa accurately in real-

time. We present the first clinical trial on fresh ex vivo biopsy cores from an

84 patient cohort. Findings from 2395 spectra measured on 599 biopsy cores

show high accuracy for diagnosing and grading PCa. We can detect clini-

cally significant PCa from benign and clinically insignificant PCa with 90%

sensitivity and 80.2% specificity. We also demonstrate the ability to differen-

tiate cancer grades with 90% sensitivity and specificity ≥82.8%. This work

demonstrates the utility of RS for real-time PCa detection and grading dur-

ing routine transrectal biopsy appointments.
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1 | INTRODUCTION

Prostate cancer (PCa) is a significant healthcare problem in
many western countries and particularly in New Zealand
(NZ), where incidence and mortality rates are among the
highest [1–3]. In NZ, around 4000 men are diagnosed each
year, corresponding to an age-standardized incidence rate
of 109.4 per 100 000 males [4]. The mortality rate due to
PCa is comparably high, with more than 600 deaths regis-
tered each year [5]. This makes PCa the third-leading cause
of all male cancer deaths and a significant healthcare prob-
lem in NZ. Following widespread use of prostate specific
antigen (PSA) testing [6], we have observed an increased
incidence of PCa diagnoses [4]. This, in turn, has led to con-
cerns about overdiagnosis and overtreatment of some men
with newly diagnosed PCa [7–9]. The more contemporary
approach to PSA screening focuses on optimized patient
selection. This is primarily achieved using PSA-based risk
calculators and multiparametric magnetic resonance imag-
ing (mpMRI) [10–13]. Long-term data demonstrates a rela-
tively indolent course for low-risk (primary ISUP grade 1)
PCa [14–17]. Therefore, in most clinical settings, only clini-
cally significant PCa (ISUP 2 and higher) is of interest.
Regardless of patient selection strategies, the only accepted
standard for PCa diagnosis is tissue biopsy, either by trans-
rectal or transperineal approach. Biopsy techniques have
significantly improved, particularly with MRI-guided imag-
ing and in-gantry or MRI–ultrasound fusion systems
[18–21]. Regardless of the method, tissue must be extracted
and analyzed for cancer diagnosis and grading. However,
even with optimized utilization of mpMRI, the incidence of
negative or clinically nonsignificant PCa is relatively high
[22]. The rate of clinically significant PCa was 32% in the
MRI-first first study, (37%) in the PRECISION study, and
(25%) in the 4M trial [23, 24]. In addition to the risk of diag-
nosing insignificant cancers, a saturation prostate biopsy is
an invasive and risky procedure. The procedure could lead
to side effects such as sepsis, hemorrhage, and urinary
retention [25]. There is also always a risk of needing a
repeat biopsy if the results come back inconclusive. This
means the patient has to face the same risk and invasive
procedure numerous times.

For these reasons, new approaches to the manage-
ment of the disease are constantly being explored. An
interesting treatment approach was recently suggested by
Meissner et al., who performed radical prostatectomy
procedures without biopsy [26]. This approach negates
the well-known prostate biopsy morbidity issues and
associated stress and apprehension from the patient.
However, as explained by Modi and Eggener [27], wide
adoption of such a treatment strategy would require sig-
nificant improvement of current noninvasive diagnostic
techniques.

This project explores the use of Raman spectroscopy
(RS) for real-time intraoperative tissue analysis to
enhance PCa detection strategies further and minimize
the number of biopsies required for disease diagnosis.
This approach has the potential to significantly decrease
the number of required biopsies and their associated
morbidity while enabling accurate diagnosis. It could
provide an alternative for developing new treatment
options mentioned previously [26, 27]. RS is a powerful
analytical technique that utilizes the inelastic scattering
of light [28, 29]. RS is robust, minimally invasive, capable
of label-free analysis, and efficiently implemented into a
portable design. It has already been shown to have a high
potential for diagnosing many cancers [30–33]. In recent
years, it was proved it can accurately detect PCa on large
tissue samples obtained from radical prostatectomies
[34–36]. Aubertin et al. demonstrated 86% classification
accuracy between cancer and healthy tissue on freshly
excised prostates [34]. They differentiated benign tissue
from various Gleason grades with sensitivities and speci-
ficities ranging between 73% and 91% [36]. Pinto et al.
adapted a RS probe to a Da Vinci robot in a proof-of-
concept demonstration. They showed its ability to differ-
entiate prostatic from extraprostatic tissue with accuracy,
sensitivity, and specificity of 91%, 90.5%, and 96%, respec-
tively [35]. Most recently, Picot et al. [37] combined RS
with electromagnetic tracking to detect PCa during trans-
perineal biopsy procedures. Though their dataset was
limited, they achieved 86% sensitivity and 72% specificity.

Here, we have conducted a clinical study to assess the
utility of RS as a diagnostic tool during transrectal prostate
biopsy procedures. We present our progress toward develop-
ing a thin handheld fiber optic probe that can detect clini-
cally significant PCa in real-time using optical prostate
biopsy. We perform RS measurements on fresh prostate
biopsy cores seconds after collection and demonstrate that
we can accurately classify benign from malignant tissue
and identify various Gleason patterns. The fast measure-
ment time (1–2 s), classification algorithm (2–3 s), and thin
probe design are suitable for use with current biopsy tools
and do not disrupt the clinical workflow. This makes the
technique suitable for use during transrectal prostate biopsy
procedures, which are carried out routinely, while transper-
ineal biopsy procedures are generally more complex and
could require general anesthetic.

2 | MATERIALS AND METHODS

2.1 | Patient consent

Biopsy-naïve men with elevated PSA who were scheduled
for prostate biopsy based on standard clinical parameters
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were included in the study. All biopsy procedures were
performed at Manukau SuperClinic (Counties Manukau
District Health Board, Auckland, New Zealand). All
patients were adults that were able to give their own
informed consent. This project has been approved by the
New Zealand Health and Disability Ethics Committees
(HDEC, Ethics Reference Number 20/NTB/308).

2.2 | Specimen handling and analysis

Participants underwent standard transrectal ultrasound
(TRUS)-guided or MRI-Fusion guided transrectal biopsies
using an 18-gauge biopsy needle. The excised biopsy cores
were placed onto filter paper irrigated with saline (0.9%
NaCl), separated per location. Any cores that were fragile or
contained substantial amounts of blood were not included
and immediately immersed in 10% neutral buffered forma-
lin solution (NBF) for fixation. The included cores were
kept hydrated in saline before measurement.

Acquisitions were performed inside a lightproof
experiment box. The RS probe was lowered to approxi-
mately 1 mm above the specimen using a micrometer
precision translation stage. The area of the tissue mea-
sured by the probe equates to approximately 2.14 mm2.
Four spectra were measured at the same location on each
biopsy core. Up to two cores per biopsy location were
measured. After all the RS measurements were com-
pleted, the location was marked using red or black tissue
marking dye (Bradley Davidson) (see Figure 1). The tis-
sue marking dye was fixed onto the tissue using 5% acetic
acid solution.

2.3 | Instrumentation

RS measurements were performed using a custom-made
handheld fiber optic probe (EmVision LLC). The probe
has an external diameter of 1.65 mm and is coupled to a
785 nm wavelength-stabilized laser operated at 20 mW at
the probe tip (Innovative Photonic Solutions) to respect
the maximum permissible exposure limit of 5.5 W/cm2 as
set in the Australia/New Zealand standards (AS/NZ S
IEC 60825.1:2014). The probe consists of one excitation
fiber (300 μm diameter) surrounded by 12 collection
fibers with 200 μm diameter. It also comprises a set of fil-
ters to prevent excitation photons from entering the col-
lection fibers and to cut out the Raman signal produced
in the excitation fiber. The probe was coupled to a porta-
ble back-illuminated deep-depletion charge-coupled
device camera for detection of the Raman scattered pho-
tons (iVac; Andor Technology) (see Figure 1C). The spec-
trometer was calibrated using a known Raman signature

of acetaminophen each time it was deployed. One output
spectrum is the sum of 50 measurements of 200 ms. This
was repeated four times for each location to obtain four
spectra for each location. The system was controlled
using Andor Solis software.

2.4 | Pathology reporting

Specimens were fixed using 10% NBF immediately after
measurement completion. Samples were then transferred
for routine assessment by experienced pathologists. The
samples were paraffin embedded, hematoxylin and eosin
(H&E) stained, and cut at a slice thickness of 4 μm. The
pathology of the tissue at the location of the tissue dye
was determined using microscopy assessment at a combi-
nation of �40, �100, �200, and �400 magnification. For
each core, three serial H&E-stained sections were
assessed. When necessary, three more serial sections
were assessed or immunohistochemistry stains were used
for further assessment (high molecular weight cytokera-
tin and α-methyacyl-CoA racemase).

Cores with a uniform pattern within the studied inked
area were reported. The Gleason pattern was recorded in
case of malignancy. The Gleason grading system was first
described by Gleason et al. [38] in 1974 and is based on
architectural differences in tumor cells. The Gleason pat-
tern can help clinicians determine the tumor's aggressive-
ness and decide on treatment options. The regions in the
tissue are assigned a Gleason pattern between 1 and 5, with
1 being the least aggressive or low-risk and 5 being the
most aggressive or high-risk. The most prevalent grade
and the highest secondary grade are combined into an
ISUP grade group. There are five ISUP grade groups:
ISUP1 = Gleason patterns 3 + 3, ISUP2 = Gleason pat-
terns 3 + 4, ISUP3 = Gleason patterns 4 + 3,
ISUP4 = Gleason patterns 4 + 4 and ISUP5 = Gleason
patterns 4 + 5 and higher [39]. Examples of benign and
malignant biopsy cores within the inked area are shown
in Figure 2. In this study, the pathologist reported single
Gleason patterns as the observed area was small. The ISUP
grading system is mentioned when the clinical significance
of the malignancy is assessed. In case of uncertainty
within the reported area, the core was removed from the
study.

2.5 | Data processing and analysis

Before analyzing the spectra, Raman peaks are isolated
from background noise and system noise (etaloning
effects) using an in-house Matlab signal processing code.
Cosmic rays are removed from the spectra using a
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modified Z score and the median absolute deviation
shown in Equations (1) and (2). After removal of the
cosmic rays, the deleted data points are recalculated
using a six-point moving average window. Etaloning
effects result from undesired resonators in the probe in
which reflected light interferes with incoming light to
produce a ripple with slowly varying frequency across

the Raman spectrum [40]. Removal of this ripple is
implemented in several steps. A “pure” ripple spectrum
specific to this probe is acquired using a highly fluores-
cent sample. A scaled ripple spectrum is then removed
from each Raman spectrum. Calculation of the scaling
ratio for each Raman spectrum is done in a low Raman
activity region. Finally, the remaining baseline is

FIGURE 2 Microscope histology slides of (A) benign biopsy core, (B) malignant biopsy core (Gleason pattern 3), (C) malignant biopsy

core (Gleason pattern 4) marked with black or red tissue dye.

FIGURE 1 (A) Marking of a core inside an 18 gauge biopsy needle with red tissue dye during study preparation. (B) Measurement

location marked with black tissue dye on a prostate biopsy core placed on filter paper during the study. (C) Portable Raman apparatus used

for the study.
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removed using standard asymmetric least squares
smoothing.

Zi ¼
0:6745 xi�X

� �

MAD
, ð1Þ

MAD¼median j xi�X j : ð2Þ

After preprocessing the spectra, multivariate statistical
analysis was carried out using Matlab (MathWorks) and
PLS Toolbox (Eigenvector Research Inc). Principal compo-
nent analysis (PCA) decomposition was used to explore rel-
evant biomarkers in the Raman spectra. Partial least
squares-discriminant analysis (PLS-DA) was used as a clas-
sification technique. For PLS-DA, the data was prepro-
cessed using mean-centering, and Venetian blinds was used
for leave-one-patient-out cross-validation. Variable selection
was performed using the relevant biomarkers found in PCA
and using automated variable selection by PLS Toolbox.
External validation was performed by randomly splitting
the data set in 75% training set and 25% validation set.
Repeat measurements (the four spectra acquired at the
same location on each biopsy core) were kept together.
Classification performance was assessed by computing
receiver operating characteristic (ROC) curves and obtain-
ing sensitivity, specificity, and area under the curve (AUC)
values. The reported values for these parameters correspond
to the point on the ROC curve closest to the upper left cor-
ner of the graph. Support vector machining (SVM) classifi-
cation using a radial basis function and optimized cost and
gamma parameters was trialed to improve classification
results further. The cost parameter was optimized by choos-
ing nine values between 0.001 and 100. This parameter rep-
resents the penalty that is associated with errors in the
calibration set where higher cost values lead to narrower
margins between classes. The gamma parameter was ran-
ged using nine values between 10�6 and 10 and decides the
shape of the hyperplane that separates the data. The SVM
classification model tested all 81 combinations of cost and
gamma parameters. The final parameter selection was
based on a compromise between achieving good classifica-
tion output while taking caution not to over-fit the calibra-
tion data by letting high gamma parameters distort the
shape of the hyperplane. This meant that the final parame-
ter selection was not necessarily the combination with the
best classification outcome.

3 | RESULTS

In total, 84 men underwent biopsy, 31 patients under-
went TRUS-guided biopsy, 53 patients underwent 3D

Semi-Robotic MRI and TRUS Fusion (Artemis; Innome-
dicus) guided biopsy. The average age of the 84 partici-
pants included in this study was 66 years old. The
median PSA level of all participants was 13.78 ng/mL. In
total, 2555 spectra were taken from 639 biopsy cores. On
average, approximately seven biopsy cores were mea-
sured per patient. Ninety-four percent of cores were
reported, while 6% were not reported as the marked spot
could not be visualized by the pathologists. The spectra
corresponding to the unreported cores were excluded
from the study. For the reported cores, 75% were benign
and 25% were malignant. Of the malignant biopsy cores,
65% were Gleason pattern 3, 33% were Gleason pattern
4, and 2% were Gleason pattern 5. Altogether 2395 spec-
tra were included in the study (1799 were benign and
596 were malignant). The patient data and tumor statis-
tics are summarized in Table 1.

3.1 | Classification of significant and
nonsignificant cancer tissue

On the included 2395 spectra, exploratory analyses using
PCA scores and loadings plots were used to find relevant
biomarkers for differentiating benign and malignant tis-
sue. These are displayed in Figure 3A alongside the aver-
aged benign and malignant (Gleason pattern 4) spectra.

TABLE 1 Patient and tumor characteristics.

No. of patients 84

Patient age, mean (range), years 66 (48–85)

PSA level, mean (range), ng/mL 13.78 (0.2–120)

Ethnicity, No.

NZ European 47

Other 37

Type of procedure, No.

TRUS guided 31

3D semi-robotic MRI and
TRUS fusion guided

53

No. of specimen 639

Pathology, No.

Benign 450

Malignant 149

Gleason pattern, No.

3 97

4 49

5 3

Abbreviations: MRI, magnetic resonance imaging; TRUS, transrectal
ultrasound.
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An extended list of the relevant biomarkers can be found
in Table 2.

Using PLS-DA classification, 90% sensitivity and
80.2% specificity were achieved for diagnosing clinically
significant cancers. Specifically, we classify Gleason pat-
terns 4 and 5 (ISUP grade 2 and higher) against benign
tissue and nonsignificant cancers (Gleason pattern
3, ISUP grade 1) (see Figure 4A,B). SVM classification
found a 72% sensitivity and 98.9% specificity.

3.2 | Classification of various Gleason
patterns

Of the 596 malignant spectra included in this study,
388 were Gleason pattern 3, 196 were Gleason pattern
4, and 12 were Gleason pattern 5. Because of the relatively
small sample size of Gleason pattern 5 spectra (only origi-
nating from two patients), these were excluded from the
current data set. PLS-DA was performed to classify different
Gleason patterns as described earlier for clinically signifi-
cant cancers. The classification model to separate all types
of cancers (ISUP grades 1–5) against benign tissue yielded
lower performance with an optimum result of 63.1% sensi-
tivity and 84.8% specificity corresponding to an AUC of
0.78. Similar performance was reached to classify Gleason
pattern 3 alone against benign tissue with an AUC of 0.77.

Using SVM classification, the optimized performance was
improved to 76.2% sensitivity and 96.6% specificity. The
classification performance improves notably for clinically
significant cancers. To compare the ability of our model to
classify various tissue types or cancer grades, we calculated
the corresponding specificity for a sensitivity of 90%. With
these settings, we can classify Gleason pattern 4 from Glea-
son pattern 3 with 90% sensitivity and 82.8% specificity. This
corresponds to an AUC of 0.91 as can be seen in
Figure 4C,D. Optimized settings translate to an accuracy of
82.6% and a precision of 74.1% to diagnose Gleason pattern
4 against Gleason pattern 3. The sensitivity and specificity
for distinguishing Gleason pattern 4 from benign tissue
were 90% and 85.3% with an AUC of 0.93 (see Figure 4E,F).
Finally, when Gleason pattern 5 spectra were included in
the data set, they could be separated from Gleason patterns
3 and 4 with both sensitivity and specificity above 90%.
However, as mentioned earlier, the sample size should be
increased for this result to be significant. Using SVM classi-
fication, the optimized sensitivity and specificity for diag-
nosing Gleason pattern 4 against Gleason pattern 3 were
improved to 77.0% and 92.0%. Likewise, these parameters
also improved for distinguishing Gleason pattern 4 from
benign tissue with a sensitivity and a specificity of 93.8%
and 100%, respectively.

The differences in the spectra of Gleason pattern
3 and Gleason pattern 4 tissues can be observed in

FIGURE 3 (A) Averaged benign

and Malignant (Gleason pattern 4)

spectra. (B) Averaged Gleason patterns

3, 4, and 5 spectra.

TABLE 2 Biomarkers found for benign and malignant PCa tissue by exploratory PCA using the scores and loadings plots.

Band (cm�1) Molecular bond Molecular species Molecule Dominant class

881 CH2 Proteins Tryptophan Malignant

1307 CH2/CH3 Proteins, lipids Collagen Malignant

1310 CH2 Protein Collagen Malignant

1396 CH2 Lipids β-Carotene Benign

1583 C═C Proteins Phenylalanine Malignant

1602 C═C Proteins Phenylalanine, tyrosine, tryptophan Malignant

Abbreviations: PCa, prostate cancer; PCA, principal component analysis.
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Figure 3B. The phenylalanine protein (1600 cm�1 peak)
plays an important role in the classification of these two
tissue types.

4 | DISCUSSION

Applying the current standard of care in this study, (38%)
of TRUS patients had no evidence of malignancy (13%)
or had clinically nonsignificant cancer (ISUP grade 1)
(25%). Similar statistics are observed for 49% of ARTEMIS
patients who had no evidence of malignancy (17%) or
were diagnosed with ISUP grade 1 (32%). In vivo, real-
time analysis of prostate tissue could help minimize these
high numbers of negative biopsies.

Here, we present the first reported validated PLS-DA
and SVM models of classification between benign and
malignant prostate tissue, as well as classification between
Gleason patterns 3, 4, and 5 malignant prostate tissue,
using core biopsy samples obtained from transrectal biopsy

procedures. Several of the biomarkers identified are in
accordance with recent literature [34, 36, 41]. A RS study
on blood samples from healthy patients and PCa patients
showed similar findings. For example, PCa samples were
found to have decreased contributions for β-carotene and
increased contributions of phenylalanine and tryptophan
[42]. Our results also show that β-carotene had stronger
scores for benign tissue. It has been found that β-carotene
levels might decrease in cancer conditions, and β-carotene
intake has also been correlated with reduced cancer risk
for breast, colorectal, and ovarian cancers [43]. The higher
scores for proteins and lipids for malignant tissue can be
associated with increased metabolic activity and cell prolif-
eration in cancer tissues [44].

The present results demonstrate the ability of the
technique to accurately detect and classify clinically sig-
nificant cancers. With the inclusion of all cancer patterns
(ISUP grades 1–5), we can distinguish benign prostate tis-
sue from malignant prostate tissue with an AUC of 0.78.
The lower sensitivity of detection is due to the inclusion

FIGURE 4 Receiver

operating characteristic curves

for validated partial least

squares-discriminant analysis

(A, C, E) and support vector

machining (B, D, F)

classifications of clinically

significant prostate cancer

(ISUP ≥ 2) versus benign and

ISUP grade 1 tissues (A, B);

Gleason pattern 4 versus

Gleason pattern 3 tissues (C, D);

and Gleason pattern 4 versus

benign tissues (E, F). GP,

Gleason pattern.
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of cores with a reported Gleason pattern 3 whose tissue
structure and biochemical composition is closer to benign
tissue compared to higher-grade cancers. This favors a
more accurate detection of higher-grade cancers. As
shown, significantly better classification was achieved for
the identification of clinically significant cancers
(Gleason 4) against benign tissue and against Gleason
3 with an AUC >0.91 in both cases, and a sensitivity of at
least 90% was achieved with corresponding specificity
>82.8%. Finally, Gleason pattern 5 was also well sepa-
rated from Gleason patterns 3 and 4, however, more data
is required for this result to be statistically significant. In
all cases, SVM yielded excellent results for the classifica-
tion of clinically significant cancers (GP4) against benign
tissue with sensitivity higher than 90% and with specific-
ity reaching 100%. These are the highest reported to date.
These findings suggest that higher Gleason patterns have
more significant biochemical differences from benign tis-
sue, making it easier to differentiate them by RS. We sug-
gest that this difference originates from the fact that
higher-grade malignant tissue contains significantly less
healthy tissue between cancer cells leading to more sig-
nificant biochemical differences and more defined key
biomarkers, thus enabling higher detection accuracy.
Furthermore, higher-grade malignant tissue has more
significant differences from benign tissue with regard to
biochemical composition and tissue structure. These find-
ings, in line with data obtained from postprostatectomy
specimens using a macroscopic handheld RS probe where
the AUC improved with each increasing Gleason pattern
[36], confirm that PCa grading can be achieved in clinical
settings using a minimally invasive probe.

5 | CONCLUSION

In conclusion, this study on a large patient cohort
enabled the acquisition of an extensive data set and
increased classification accuracy. It shows that, for the
first time, both benign and malignant prostate tissue as
well as different Gleason patterns can be accurately dis-
criminated in small tissue samples (i.e., biopsy cores)
using RS. The results presented herein for the classifica-
tion of various PCa grades report the highest AUC to
date. The ability of the technique to accurately diagnose
cancers of ISUP grade 2 and higher using a hand-held
probe with ultrashort measurement times (a few seconds)
is extremely promising as it shows it can be applied for
efficient intraoperative detection of high-risk and clini-
cally significant cancers. The short integration time and
thin probe design used to perform measurements make
this technique suitable for translation into in vivo appli-
cation during routine transrectal biopsies that do not

require general anesthetic. This method would help
reduce the need for a saturation biopsy strategy with its
well-known side effects.
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