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Abstract The false-negative rate of ultrasound-guided sex-
tant prostate biopsy has been estimated to be as high as 35 %.
A significant percentage (10–35 %) of these prostate cancers
diagnosed at a second or later attempt are high grade and,
therefore, potentially lethal. We discuss the feasibility for
performing optically guided biopsy using elastic scattering
spectroscopy (ESS) to reduce sampling errors and improve
sensitivity. ESS measurements were performed on 42 prostate
glands ex vivo and correlated with standard histopathological
assessment. Sliced glands were examined with wavelength
ranges of 330–760 nm. The ESS portable system used a new
fiber-optic probe with integrated cutting tool, designed specif-
ically for ex vivo pathology applications. ESS spectra were
grouped by diagnosis from standard histopathological proce-
dure and then classified using linear support vector machine.
Preliminary data are encouraging. ESS data showed strong
spectral trends correlating with the histopathological assign-
ments. The classification results showed a sensitivity of 0.83
and specificity of 0.87 for distinguishing dysplastic prostatic
tissue from benign prostatic tissue. Similar results were
obtained for distinguishing dysplastic prostatic tissue from
prostatitis with a sensitivity and specificity of 0.80 and 0.88,
respectively. The negative predictive values obtained with

ESS are better than those obtained with transrectal ultrasound
(TRUS)-guided core-needle biopsy.
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Introduction

Prostate cancer is the most commonly diagnosed cancer
among men in the USA and is the second cause of cancer-
related death among this population. However, if prostate
cancer is detected in its early stage, it can be effectively treated
and cured. Digital rectal examination (DRE) and prostate-
specific antigen (PSA) measurement are the methods used
by clinicians in screening for prostate cancer. However, the
ability of DRE to detect early-stage prostate cancer is limited.
PSA is also not ideal because this enzyme can rise naturally in
men as they age or in other benign prostate diseases such as
prostatitis. PSA cannot distinguish prostate cancer from nor-
mal growth or other benign conditions. The definitive diag-
nostic method for prostate cancer currently relies on
histopathology assessment following a transrectal ultrasound
(TRUS)-guided core-needle biopsy. This procedure is promp-
ted either by an elevated serum PSA level or a palpable
nodule. The prostate biopsy also has limitations due to the
biopsy procedure. Ultrasound imaging of prostate cancer is
not sensitive enough to detect cancer but is used only to guide
the needle to areas of the prostate. This means that all prostate
biopsies typically 6–12 are not targeted but random and false-
negative rates can be high.

In a multicenter clinical trial [1], in which 6,630 men were
screened with PSA and TRUS, an abnormality on TRUS
defined as a hypoechoic region corresponded to prostate
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cancer in only 18 % of the cases. Conversely, 65 % of non-
malignant appearing regions on TRUS (i.e., isoechoic) were
found to contain adenocarcinoma of the prostate. The study
concluded that 52 % of men diagnosed with prostate cancer
would have been missed if only the hypoechoic lesion was
biopsied. As a result, biopsy of the hypoechoic lesion alone is
not sufficient. Therefore, directed biopsies are sometimes
obtained when a palpable nodule is noted on digital rectal
examination and more biopsies have been suggested to gen-
erate a higher yield in men with larger (> 30 cm3) prostate
glands [2–4].

Approximately 66 % of patients, who have an elevated
PSA (> 4 ng/ml), will have a negative biopsy following an
ultrasound-guided sextant sampling [3, 5–7]. It is thought that
the basis of the sampling error is that an 18-gauge biopsy core
samples a 1-mm diameter of tissue over the prostatic rectal
interface whose surface area is approximately 30×30 mm in
the case of a normal size gland (prostate gland volume 25–
30 cm3). Therefore, despite six samples only a 2-×3-mm
region (6 mm2/900 mm2) corresponding to ∼1 % of the entire
surface area is sampled and investigated. In addition, the core
length is typically 1.0–1.5 cm, which at best samples 50 % of
the anterior to posterior extent of the cancer bearing region of
the prostate gland (i.e., peripheral zone). It has been estimated
that the false-negative rate of a standard sextant sampling
ranges from 15–31 % [1–4]. Most important, however, is the
observation that a significant minority (10 %–35 %) of these
prostate cancers diagnosed at a second or later attempt are
high grade (Gleason score 7 or higher) and therefore, poten-
tially lethal [3, 5–7]. This delay in diagnosis due to sampling
error can impact prognosis in some patients.

Optical techniques promise to provide real-time informa-
tion in situ, without the need to excise and process speci-
mens. By combining optimized optical guidance with core
biopsy, the sampling errors inherent in core biopsy could be
significantly reduced, improving the sensitivity and reduc-
ing false negatives. Optical “biopsy” measurements can be
conducted through very fine needles (as small as 25-gauge)
and thus can be integrated with core biopsies to reduce
sampling error and improve sensitivity. Alternatively, opti-
cal assays with a fine needle can precede and provide
guidance for core biopsies. This results in reduced trauma
from multiple excisions of core specimens. Moreover, con-
tinuous measurement can be performed over the entire in-
sertion track of the needle, from the entrance surface to the
opposite side of the capsule. Thus, a much larger range of
sites can be assessed in the gland, with reduced trauma
compared with TRUS-guided core biopsies. The above pro-
cedure may cause blood contamination effect. However,
moving the needle slightly and/or changing the location,
by pushing the probe tip through any blood to directly
contact the tissue typically helps reduce the effect of blood
contamination. Although the sampled volume by optical

“biopsy” techniques is still small (∼1 % of the total gland
volume), this technique when associated with TRUS has the
potential to provide real-time diagnostic signatures.

Optical techniques offer a range of modalities for diag-
nosis, and include elastic scattering spectroscopy (ESS),
laser-induced fluorescence spectroscopy [8–11], optical co-
herence tomography [9, 12], and Raman spectroscopy
[13–15]. ESS is distinguished from diffuse-reflectance spec-
troscopy [16], in that the source-detector separation for ESS
is small—much less than the scattering mean free path. ESS
is a particularly attractive technique since it provides spectra
that contain information about the sub-cellular morphology
of the tissue as well as the chromophore content (e.g.,
hemoglobin and melanin) [17]. Because ESS translates tis-
sue morphological changes at the cellular and sub-cellular
level into spectral features [18], it can be correlated with
standard histopathologic assessment, which is commonly
based on the analysis of microscopic structure [19]. Hence,
ESS may be an appropriate technique for prostate cancer
diagnosis, with the advantage of providing minimally inva-
sive real-time diagnostic signatures in situ, which are related
to histopathology.

Salomon et al. have conducted an ex vivo study in which
95 liquid nitrogen frozen tissue samples, from 32 patients
undergoing radical prostatectomy for clinically localized pros-
tate cancer, were studied using a triple spectroscopy technique
(laser-induced autofluorescence, white-light remission (ESS),
and high-frequency impedance spectroscopy) [15]. They
reported promising statistics of detecting prostate cancer. A
combination of laser-induced autofluorescence and white-
light remission data demonstrated a differentiation of benign
and malignant prostate tissue with a sensitivity of 87.5 % and
a specificity of 87.3 %. These numbers improved to 93.8 %
sensitivity and 92.4% specificity when the data collected from
high-frequency impedance was included in the statistical anal-
ysis and validated using leave-one-out cross-validation. Prieto
et al. used picosecond Kerr-gated Raman spectroscopy on
frozen samples of the prostate obtained at different depths
during core biopsy [14]. They concluded that with the help
of Raman spectroscopy and Kerr gating, it might be possible
to detect the spectral differences from a small focus of adeno-
carcinoma of the prostate gland in an otherwise benign gland
at a depth of 20 μm.

Crow et al. investigated a fiber-optic Raman system for
diagnosis of bladder and prostate pathologies ex vivo, which
included 38 snap-frozen prostate samples collected at tran-
surethral resection of the prostate. Their studies have shown
that this technique can be used to identify and characterize
prostate adenocarcinoma ex vivo [13]. The diagnostic algo-
rithms that they developed were able to differentiate benign
prostate samples (benign prostatic hyperplasia and prostatitis)
from malignant samples (prostate cancer) with an overall
accuracy of 85 %.
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Our research group has previously reported on clinical
studies of ESS for diagnosing breast tissues, and sentinel
lymph nodes [20], upper and lower GI tract mucosa
[21–23], bladder [24], and melanoma [25], showing promis-
ing results. In this paper, we report on an ex vivo preliminary
study of the potential for diagnosing prostate cancer based on
ESS, with the goal of developing a method for optically
guided biopsy to reduce sampling errors and thereby improve
sensitivity, in detecting prostate cancer. As ESS uses small
fiber-optic probes for performing spectroscopic measure-
ments, the probes can be introduced into solid tissues or
organs through fine needles with minimal trauma and, thus,
can be integrated with core biopsies to reduce sampling error,
improve sensitivity, and decrease false-negative rates. Typical
spectroscopic measurements sample tissue within a few hun-
dredmicrons of the probe. Our intent is to demonstrate that the
spectral signatures from ESS measurements on prostate tissue
exhibit repeatable differences for normal and hyperplastic
glandular tissue vs. dysplastic conditions. This project should
demonstrate the feasibility for performing optically guided
biopsy to improve the diagnostic and therapeutic capabilities
of physicians in prostate cancer. This would have important
implications not only for prostate cancer diagnosis but also for
guidance of interventional approaches. The long-term goal of
this work is to investigate the feasibility of optical guidance
techniques for in situ diagnostic and therapeutic applications
in prostate disease.

Materials and methods

Measurements were made with an ESS probe on 42 freshly
excised prostate glands. The ESS measurements were cor-
related to standard histopathological assessment, at co-
registered sites of measurement, following standard fixation
and staining procedures.

Prostate samples

Prostate tissue samples (205 total) were collected from
radical prostatectomy specimens from 42 patients, within
30–60 min of surgical excision, from patients diagnosed
with prostate cancer by prior core-needle biopsy. The
patients were selected for the greatest likelihood of grossly
identifiable tumor in the prostatectomy specimen. Samples
are chosen without compromising clinical diagnosis or path-
ologic staging. The patient demographic information was
not collected, as our goal was only to ascertain whether our
method can discriminate between malignant and benign
sites, not as a prospective study, nor with any intent to assess
clinical potential across populations.

One of the key issues in this study is specimen handling for
precise co-registration of spectroscopic measurements with

histology. The measurement protocol is as follows: Upon
receipt of the excised tissues in the pathology laboratory, the
surgical margins of the fresh prostatectomy specimen are
differentially inked. The specimen is symmetrically sectioned
at 3–5-mm intervals in planes perpendicular to the posterior
prostate surface, exposing different volumes of the gland. ESS
measurements are performed on various locations of each
section (mainly in the area where multiple biopsy cores con-
taining cancer on either the right or left sides were taken). The
opposite surface of each section (opposite to the side where
ESS measurements were taken) is colored so the pathology
reading can be done on the ESS-exposed surface. An average
of five sites on each gland is examined. Each examined site
was removed (using a new biopsy probe design described
below) and placed in separate cassette for standard patholog-
ical assessment.

ESS system

The general principles of elastic scattering spectroscopy
and the operating features of the optical system have
been described in earlier publications [8, 23, 24]. The
fiber-optic probe consists of two silica–silica adjacent
fibers (Polymicro Technologies, LLC, Arizona, USA),
one for illumination (400-μm-core diameter) and the
other for collection (200-μm-core diameter). The UV–
visible spectroscopic system uses an S2000 Ocean
Optics spectrometer (Ocean Optics, Florida, USA) and
a pulsed broadband 20-Watts-Xenon arc lamp (LS-
11301, Perkin Elmer Optoelectronics, Massachusetts,
USA) as the light source, resulting in a system response
that covers a useful spectral range of 330–760 nm.
Contribution from autofluorescence was neglected as
the signal was <0.2 % of the ESS signal, and masked
by noise.

For each site on the prostate gland sections, three to five
measurements were taken. The number of pulses for each
measurement was adjusted to cover 80 % of the dynamic
range of the 12-bit CCD of the spectrometer. Tissue samples
from the precise sites on the gland section, where the ESS
measurements were taken, were then removed for the histo-
pathological assessment. For each measurement, two spectra
were acquired with and without triggering the light source to
enable background subtraction. The average of at least three
measurements was then used to represent the ESS spectrum
of the examined site. The spectral response of the system
was calibrated by recording a reference spectrum from a
spectrally flat diffuse reflector (Spectralon®). Thus, output
spectra were calculated according to:

I lð Þ ¼ I lð Þtissue � I lð Þtissue background
I lð Þref � I lð Þref background
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Optical probe design

The probe, shown in Fig. 1, incorporates two silica–silica
optical fibers, of 400- and 200-μm-core diameters, for illu-
mination and collection, respectively, with a center-to-center
separation of 350 μm.

The numerical aperture (NA) in air for both fibers is 0.22.
The cladding thickness is 20±9 for the 400-μm-core diam-
eter fiber and 10±4 for the 200-μm-core diameter fiber. A
concentric tube (3-mm ID) with a sharp tip surrounds the
probe core and is used as a cutting tool for the tissue sample.
Once the optical measurement is taken, the external tube is
advanced to remove the tissue sample in the exact location
of the measurement. The sample is secured to the probe tip
by means of three metal spikes incorporated in the probe
core. These spikes serve a dual function: (1) preventing the
movement of the probe while the measurement is taken; (2)
holding the tissue sample after it is cut, to be placed in a
biopsy cassette for histopathological assessment. This tool
design assures accurate co-registration of tissue site for ESS
measurement and histopathology assessment.

The spectra are taken with the fiber-probe tip in optical
contact with the tissue surface. At this small source-detector
separation, the collected light is highly sensitive to scatter-
ing but is also sensitive to the stronger absorption features of
tissue [24, 26], predominantly hemoglobin and oxyhemo-
globin. With this configuration, collected scattered light
undergoes one to several scattering events at a typical depth
(in the UV–visible region) of between 200 and 600 μm,
from the surface of the tissue. For the specific probe geom-
etry used in this work, our Monte Carlo simulations show
that collected photons from tissue come from a volume of
approximately 0.06 mm3, from the typical “banana”-shaped
zone of the scattered photons between the illumination and
the collection fibers [27]. The propagation of the photons

within the medium was determined with a reduced
scattering coefficient (μs′) of 10 cm−1, an absorption
coefficient (μa) of 0.1 cm−1 and a mean cosine of
scattering angles (g) of 0.9 with modified Henyey
Greenstein (MHG) phase function.

Histopathology

The tissue samples were processed with standard methods in
the pathology laboratory of the Boston Medical Center
following spectroscopy ESS measurements. The specimens
were processed and embedded in paraffin so that the planes
of sectioning are defined. Sections were stained with hema-
toxylin and eosin for evaluation. A total of 205 prostate sites
from 42 prostate glands were measured with ESS.
Histopathology examination classified 136 sites as be-
nign prostatic tissue (BPT), 34 as prostatitis (Pros), 9 as
prostatic intra-epithelial neoplasia and high-grade pros-
tatic intra-epithelial neoplasia, and 26 as prostatic
adenocarcinoma.

Data analysis

The endpoints of this data analysis are the sensitivity and
specificity of spectroscopy-based diagnoses, compared with
routine histopathologic assessment, which is considered to
be the gold standard. Each ESS spectrum consists of ∼900
elements over the 330–760-nm wavelength range. Before
analysis, the spectra are subjected to preprocessing in order
to reduce noise and normalization to account for variations
in intensity, since our analysis is based only on the spectral
shape. After smoothing, cropping, and normalization, the
resulting spectrum consists of 126 wavelength bands in the
range of 330–760 nm. To classify the measured spectra we
used pattern recognition and machine learning methods to
develop a diagnostic algorithm to differentiate the different
pathologies of interest. Given the high dimensionality of the
data, we used an approach of an initial dimensionality
reduction step, followed by classification. Dimensionality
reduction was accomplished using principal component
analysis [28]. For classification, a linear support vector
machine (SVM) classifier was used [29, 30]. Leave-one-
out cross-validation was used to obtain performance esti-
mates of sensitivity, specificity, error rate, positive predic-
tive value, and negative predictive values (NPV).

Results and discussion

As mentioned above, 205 individual sites from 42 prostate
glands were measured with ESS. For analysis, the sites were
grouped into three categories based on the grade of the
histopathology as follows:

Fig. 1 Image of the customized probe used to insure co-registration of
the spectral and pathology readings
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– Benign prostatic tissue BPT/benign hyperplasia BHP,
(BPT, n0136);

– Prostatitis, atrophy, and inflammatory prostate tissues
(pros, n034);

– Dysplastic that includes prostatic intra-epithelial neo-
plasia, high-grade prostatic intra-epithelial neoplasia,
and prostatic adenocarcinoma (dysplastic, n035).

The data sets used in this study were unbalanced with
135 BPT and 35 dysplastic samples. The subsets of dysplas-
tic group were too small to build a diagnostic classifier.
Consequently, we have developed a binary classifier to
indicate the presence of malignancy for comparison with
the overall sensitivity and specificity. This is particularly
useful when determining the tumor margins.

Figure 2 shows the average ESS spectra for each catego-
ry. For purpose of analysis and display, all traces are nor-
malized to intensity at 650 nm, so that only spectral shape is
compared. Clear differences between the diagnostic catego-
ries are visible “by inspection” of the averaged spectra,
although variability within each class was large. Some of
the distinguishing spectral features are related to an increase
in the size distribution of the scattering centers for malignant
conditions (nuclei, organelles, etc.). We also note that, on
average, there is an absorption feature centered at 480 nm,
which is larger for the spectra of malignant sites. To the
naked eye the tumor sites had a slight yellow tinge com-
pared with hyperplastic and normal zones of the gland. The
shape of this spectral feature is consistent with the absorp-
tion spectrum of beta-carotene, a frequent constituent of
lipids and cholesterol.

Analysis of spectra is performed using principal compo-
nent analysis and support vector machine classification
techniques. The training sets of spectroscopic results are
correlated with histological findings, and statistics are

obtained using leave-one-out cross-validation. The statisti-
cal performance of the algorithms is tested on all samples.
Sensitivity, specificity, positive predictive value, negative
predictive value, and total error, for the detection of prostate
cancer are calculated. Table 1 summarizes these results.

Comparing our results with that reported in the literature
[13, 15], we could conclude that the sensitivity reported here
for diagnosing prostate cancer is comparable to reported
values by others [13, 15]. In this work we used ESS only,
while Ref. [15] reports a combination of white-light reemis-
sion and autofluorescence spectroscopy then added Raman
spectroscopy. Thus, the ESS method is simpler and less
costly, but achieves similar statistics. Although, Crow et
al. have reported an overall accuracy of 0.85 for detecting
prostate cancer using fiber-optic Raman spectroscopy, they
measured only 12 malignant specimens retrospectively.
Based on our study, ESS by itself could help reduce the
number of false negatives when compared with convention-
al techniques. As stated earlier, it has been estimated that the
false-negative rate of a standard sextant sampling ranges
from 15 to 31 % [1–4]. With fine-needle mediation of
ESS, more extensive sampling of the prostate volume is
possible with reduced trauma (compared with core biop-
sies). Given our preliminary results, with false-negative
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Fig. 2 ESS spectra obtained
from prostate specimens ex
vivo. The probe has a 350-μm
separation between the excita-
tion and collection fibers. Bold
dashed line: prostatitis, atrophy,
and inflammatory prostate tis-
sues (n034); thin dot-dashed
line: BPT/BPH (benign prostat-
ic tissue/hyperplasia, n0136);
solid bold line: prostatic intra-
epithelial neoplasia, high-grade
prostatic intra-epithelial neo-
plasia and prostatic adenocarci-
noma (dysplastic, n035)

Table 1 Classification performance between dysplastic and non-
dysplastic groups and among non-dysplastic groups

Sensitivity Specificity Error rate PPV NPV

Dysplastic
vs BPT

0.83 0.87 0.14 0.62 0.95

Dysplastic
vs pros

0.80 0.88 0.16 0.88 0.81

Pros vs
BPT

0.88 0.75 0.22 – –
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rates of 15–20 %, improved results of biopsy yield can be
expected, with fewer cores. Our calculated NPV reaches
0.95 for dysplastic vs benign prostatic tissue (Table 1) and
is also clinically relevant. Given such a high NPV, the
physician can be confident that a negative ESS test is
reassuring that the patient may not have the disease since
there is a larger magnitude of tissue sampling than can be
accomplished with traditional tissue biopsies. Furthermore,
as seen in Table 1 ESS can accurately distinguish among
BPT and prostatitis, which could further benefit patient care.

In summary, combining ESS with conventional tech-
niques for performing optically guided biopsy may help
to reduce sampling errors and improve sensitivity. This
would have important implications not only for prostate
cancer diagnosis but also for guidance of interventional
approaches. The potential benefits include:

& Guidance of core biopsy and improving sensitivity by
reducing sampling errors;

& Aiding brachytherapy, by verifying the placement of
insertion guide needles into diseased tissue before re-
leasing the radioactive seeds;

& Aiding surgical prostatectomy: determining tumor mar-
gins, especially to verify whether the capsule is involved
(i.e., whether or not malignancy is confined to the pa-
renchyma). Providing a real-time in situ assessment of
extra-capsular malignancy (metastases) in nearby areas;

& Assessing the response of the prostate to novel treatment
modalities such as photodynamic therapy, hyperthermia,
or cryosurgery;

We hope to demonstrate in future clinical studies that the
spectral signatures from ESS measurements on prostate
tissue will exhibit reliable differences for normal and hyper-
plastic glandular tissue vs. and dysplastic conditions. The
potential impact of such spectral signatures will be the
benefits to diagnostic and surgical applications.

Conclusion

We have shown the potential to reduce the false-negative rate
in ex vivo experiments. The results are encouraging, although
we are mindful of the small number of cancerous samples and
the unbalanced data set. In vivo studies should be performed to
evaluate whether this technique, when combined with TRUS,
can be successful in an intraoperative setting to detect focal
cancers. We anticipate that combining both ESS and TRUS
would improve the sensitivity of detecting prostate cancer.
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