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Abstract

Raman spectroscopy is promising as a

noninvasive tool for cancer diagnosis. A

superficial Raman probe might improve

the classification of bladder cancer,

because information is gained solely

from the diseased tissue and irrelevant

information from deeper layers is omit-

ted. We compared Raman measure-

ments of a superficial to a nonsuperficial probe, in bladder cancer diagnosis.

Two-hundred sixteen Raman measurements and biopsies were taken in vivo

from at least one suspicious and one unsuspicious bladder location in

104 patients. A Raman classification model was constructed based on histo-

pathology, using a principal-component fed linear-discriminant-analysis and

leave-one-person-out cross-validation. The diagnostic ability measured in

area under the receiver operating characteristics curve was 0.95 and 0.80,

the sensitivity was 90% and 85% and the specificity was 87% and 88% for the

superficial and the nonsuperficial probe, respectively. We found inflamma-

tion to be a confounder and additionally we found a gradual transition from

benign to low-grade to high-grade urothelial carcinoma. Raman spectroscopy

provides additional information to histopathology and the diagnostic value

using a superficial probe.
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1 | INTRODUCTION

Bladder cancer is the 10th most common malignancy
worldwide [1, 2], and urothelial carcinoma is the most
prominent subtype.

Generally, the detection of bladder cancer is
performed using white light cystoscopy, which has
a limited sensitivity (62%–82%) and specificity
(43%–98%) [3–5].

Subsequently, transurethral resection of a bladder
tumor (TURBT) using white light cystoscopy is
performed for pathologic assessment, but it is also
therapeutic. Because recurrence and progression rates
are high, up to 55% after nonmuscle-invasive bladder
cancer (NMIBC) resection, patients are being exposed to
an extensive follow-up program [6]. Recurrence and
progression could result from tumor residual after
incomplete resection, or from malignant tissue that
was not recognized as such, as occurs with flat lesions
like carcinoma in situ (CIS). To improve urothelial
carcinoma detection and to avoid residual tumor after
resection, novel diagnostic techniques are being investi-
gated and some have been recently implemented.

Photodynamic diagnosis (fluorescence cystoscopy) has
been introduced supplementing white light cystoscopy dur-
ing TURBT. This optical technique enhances the contrast
between benign and malignant tissue using violet-blue light
after preoperative instillation of the bladder with a photo-
sensitive dye. Photodynamic diagnosis has a sensitivity of
92%, compared to 71% of white light cystoscopy alone [7].
This technique offers improved tumor detection, resulting
in reduced residual tumor rates after TURBT and superior
detection of CIS compared to white light cystoscopy.

However, photodynamic diagnosis has a limited speci-
ficity that leads to up to 26% false positive biopsies [7]. This
results in unnecessary tissue resection, stress to the patient
with a burden of unnecessary care and corresponding com-
plications. Therefore, a more specific diagnostic optical
technique could improve the overall diagnostic value.

Raman spectroscopy is a well-established, highly spe-
cific optical technique that allows biochemical cancer
diagnosis in various organs, without removing any tissue
[8–15]. This technique is based on an inelastic interaction
of monochromatic light photons with molecular bonds of
biological tissue. As a consequence, the scattered photons
are frequency-shifted. The frequency shift depends on the
particular molecular bond that the photons interact with.
By obtaining a spectrum of these frequency-shifted pho-
tons, a distinct biochemical fingerprint is acquired. It
makes label free biochemical identification possible.

There are several publications describing Raman
spectroscopy in bladder cancer diagnosis [16–18]. Chen
et al. showed that it is possible to identify and

characterize bladder cancer by a fiber-optic Raman probe
ex vivo in 32 bladder tissue samples [19].

Our group previously reported results of using a Raman
system in vivo during clinical practice for bladder cancer
diagnosis [20, 21]. We used a nonsuperficial Raman probe,
which collected spectra from multiple tissue layers, that is,
high volume, and reached a sensitivity of 85% and specificity
of 79% [10]. It was hypothesized that the sensitivity and spec-
ificity for bladder cancer detection and grading ability would
increase if a superficial Raman probe would be used,
because information is gained solely from interaction of pho-
tons in the superficial diseased tissue and irrelevant informa-
tion from deeper layers is omitted. Ideally, the sampled
volume should match the volume of the investigated tissue
layer. Therefore, a measuring depth of 0–200 μm would be
adequate for NMIBC diagnosis, as the thickness of benign
urothelial tissue is three to seven cell layers thick (100–
200 μm) covering an underlying stromal tissue layer that
yields minimal information. In a phantom study, we demon-
strated the feasibility of a clinical superficial Raman probe
with a measuring depth of 0–200 μm [22]. Other groups also
have published results on confocal Raman probes [23, 24].

In this study, we calculated the area under the receiver
operating characteristic curve (AUROCC), sensitivity and
specificity of urothelial carcinoma detection and grading
in vivo, using the superficial probe measurements compared
to the nonsuperficial probe measurements with the Raman
setup used in the previous study [10]. We also present the
in vivo signal-to-noise ratio differences of these probes. Fur-
thermore, we investigate the confounding influence on the
classification of inflammation of the tissue. Finally, we pre-
sent the gradual progression from benign to low-grade and
high-grade in the principal component space.

2 | MATERIALS AND METHODS

Data collection was conducted at the St. Antonius Hospital,
the Netherlands. Ethical approval was obtained to perform
in vivo Raman measurements from suspicious bladder
lesions and locations not suspect for malignancy before
biopsy/resection (MREC UMC Utrecht). Informed consent
was obtained from all patients. The data processing algo-
rithms were developed in GNU octave version 6.1.0 [25].

2.1 | Patient inclusion

Patients of at least 18 years old with a scheduled TURBT
were included after informed consent, from March 2013
to December 2014. Patients with excessive hematuria,
which hindered direct visualization of lesions during the
procedure, were excluded.
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Sixty six new patients (156 unique biopsy sites) were
included in this study alongside 38 patients (60 unique
biopsy sites) from the dataset of Draga et al. [10].

2.2 | Raman system

The used Raman system has been described by Draga et al.
[10]. The system consists of a 785-nm diode laser (DFB-
0785-1000, Sacher Lasertechnik, Marburg, Germany), a
spectrograph (HoloSpec Imaging Spectrograph fl1.8i
[HSG-785-LF], Kaiser Optical Systems, Ecully, France), a
charge-coupled device camera (PIXIS 256 BRDD, Princeton
Instruments, Trenton, New Jersey, USA), a personal com-
puter and a superficial and nonsuperficial probe (EmVision
LLC, Loxahatchee, Florida, USA) that have been described
by Agenant et al. [22]. The nonsuperficial Raman probe is a
standard fiber bundle style probe with collection fibers
surrounding an excitation fiber. The superficial probe uses
the same external dimensions; however, to enable sampling
of a superficial layer, an overlap of focus of the excitation
beam and collection region is created by a convergent lens
as shown in Figure 1.

2.3 | Raman spectroscopy procedures

In the operating room, a white light cystoscopy was
performed and the location and number of lesions was
determined. Subsequently, a Raman measurement and

a tissue biopsy of one to four locations suspect for
malignancy were performed as well as from one normal
appearing location from the posterior bladder wall.

During the procedure, the Raman probe and the biopsy
forceps were advanced parallel to each other through an
angled cystoscope, into the bladder. After minimizing the
ambient light and disconnecting the light cable, the Raman
probe was placed in gentle contact to the lesion for a
Raman measurement (10 consecutive spectra with an
acquisition time of 500 ms each). After this, the light cable
was reconnected and a corresponding biopsy was taken.
Each biopsy was separately fixated in formalin and sent for
pathology analysis as in standard care.

After the patient left the operating room, the calibra-
tion measurements were performed in the same lighting
conditions as the in vivo measurements.

All biopsies were evaluated using the WHO 2004 classi-
fication system for malignancy grading of bladder cancer,
by a pathologist specialized in uro-oncology (G. N. Jonges).

2.4 | Spectra exclusion and
preprocessing

Spectra of biopsy samples that could not be classified
by the pathologist due to limited or damaged tissue
were excluded. Some spectra were excluded due to the
saturation of the CCD camera. After excluding these
spectra, 5–10 spectra were included per biopsy location.
Depending on the number of remaining spectra, there was

FIGURE 1 Top left (A) and right

(B) are exploded views of the distal

probe tip of the nonsuperficial and

superficial Raman probe with a

sampling depth of 300 and 200 μm,

respectively. The Raman laser

excitation region and the direction of

the Raman collection cone(s) create

an overlap with the laser cone at the

surface of the lens and is illustrated

for the nonsuperficial Raman probe

(A) and the superficial Raman probe

(B). (1—collection fibers, 2—
excitation fiber, 3—Raman laser

cone, 4—Raman collection cone and

5—convergent lens). Bottom left

(C) and right (D) are Zemax traces by

EMVISION of the nonsuperficial and

superficial Raman probe using the

refractive index of water, respectively

(for more details, see reference [22])
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a difference in acquisition time. To correct for this inequal-
ity in total acquisition time, the spectra per biopsy specimen
were summed and divided by their total acquisition time.
The Raman signal was collected in the 400–1800 cm�1

spectral region with a spectral resolution of 4 cm�1.
Using Raman measurements of specific calibration

substances, the spectra were calibrated: spectral disper-
sion of the detection system was corrected using a neon-
argon light and standardization of the Raman shift axis
was performed using acetaminophen.

The following preprocessing steps were executed in
order:

1. Calibrate wavelengths
2. Reject overexposed spectra
3. Sum spectra at each tissue sample/biopsy
4. Separate noise with Savitzky–Golay filter (order

3, frame length 13)
5. Normalize measurement by exposure time
6. Subtract autofluorescence [26]
7. Divide by total autofluorescence
8. Perform extended multiplicative scatter correction [27]

2.5 | Signal-to-noise ratio

To determine signal-to-noise ratio, we separated the
measured spectrum in a Raman signal component and a
noise component (step 4 of preprocessing). First, we
obtained the Raman signal by applying a digital filter to
smooth the measurement data (Savitzky–Golay filter,
order 3, width 13 points, or 18.2 wavenumbers). Then,
we took the noise to be the absolute value of the differ-
ence between this Raman component and the measured
spectrum. For a given spectrum, we defined the signal-to-
noise ratio as the sum over wavenumbers of the Raman
signal, divided by the sum over wavenumbers of the
noise. We have verified that the noise obtained in this
manner is proportional to the square root of the fluores-
cence signal, which is the characteristic of photon shot
noise. To compare SNR between measurements with dif-
fering acquisition times, we made a correction by divid-
ing by the square root of the acquisition time.

2.6 | Classification

For the classification, we excluded all biopsies that con-
tained inflammation to enable comparison to the dataset
of Draga et al., as we only had access to the biopsies of
Draga et al. that do not contain inflammation.

The preprocessed data were used to train a diagnostic
classification model. The diagnostic classification model was

based on the principal-component fed linear-discriminant-
analysis (PCA/LDA) as described by Crow et al. [9]. To
reduce the class imbalance, synthetic minority oversampling
technique (SMOTE) was applied [28]. A classification is an
average over 10 runs with SMOTE. A leave-one-person-out
cross-validation model was used. As a performance metric,
the AUROCC is reported. The number of principal compo-
nents was obtained by optimizing the AUROCC. Using the
optimized number of principal components, we repeated
the classification 100 times. This resulted in a mean and
standard deviation of the sensitivity and specificity and
AUROCC as performance metrics, generated from 100
confusion matrices.

3 | RESULTS AND DISCUSSION

3.1 | Patient characteristics

Spectra were taken from 156 unique biopsy locations, in
66 patients. The patient and pathologic characteristics are
described in Table 1 and are equally distributed in each
pathology groups. Due to saturation, 15 of the 1560 spec-
tra were excluded, which resulted in 1445 spectra of
156 biopsy locations.

We excluded biopsies that contained inflammation
according to the histopathologic analysis resulting in
57 noninflamed biopsies and performed the same five
preprocessing steps and analysis on their data [10].

3.2 | Signal-to-noise ratio

The median signal-to-noise ratio of all Raman spectra
(benign and malignant together, including inflammation)
for the superficial probe was 12.5, compared to 6.5 for the
nonsuperficial probe, an increase with a factor 1.92
(Figure 2).

3.3 | Classification

The average spectra of the three pathological groups are
presented in Figure 3. Specific band intensities that dif-
fered between pathology groups are more clearly shown
in Figure 4. This figure presents the difference spectra of
two of the three determined pathology groups. Figures 3
and 4 show bands that might be able to distinguish
benign from malignant tissue, such as at 492, 1082, 1264,
1304 and 1444 cm�1. Also, high-grade urothelial carci-
noma could be distinguished from benign or low-grade
urothelial carcinoma, for example, at the 1656-cm�1

band, which might be valuable in the classifier to
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distinguish the three pathology groups from each other.
Nevertheless, the difference between low-grade and high-
grade urothelial carcinoma is limited as shown in
Figure 4.

3.4 | Analysis

After the preprocessing, PCA was implemented for
dimensional reduction of the datasets of the superficial
and nonsuperficial Raman probes, separately.

Our dataset consisted of superficial Raman spectra of
156 biopsy locations. The dataset from the previous study
(Draga et al.) consisted of nonsuperficial Raman spectra
of 60 biopsy locations that were dimensionally reduced
using principal components. The number of principal
components was chosen to optimize the AUROCC of the
classification model per measurement set to enable probe
comparing.

The confusion matrices after the linear discriminant
analysis and the leave-one-person-out cross-validation of
both probes are presented in Table 2. The sensitivity,
specificity and AUROCC were 90% (± 4%), 87% (± 4%)
and 0.95 (± 0.01) for the superficial probe and 80%

TABLE 1 Patient and pathology characteristics

Patient parameters
Superficial probe
data set

Superficial probe
data set excluding
inflammation

Nonsuperficial
data set

Number of included patients 66 37 38

Number of biopsies/Raman measurements 156 57 60

Mean age (years) 64.6 64.8 70

Pathology groups

Benign 109 38 28

Benign not suspect for malignancy 58 29 -

Benign suspect for malignancy 51 9 -

Malignancy 47 19 32

Low-grade malignancy 25 11 -

High-grade malignancy + CIS 17 + 5 8 -

Note: In the nonsuperficial data set, information about tumor grade and whether the tissue was suspected for malignancy was not documented and is therefore
absent.
Abbreviation: CIS, carcinoma in situ.

FIGURE 2 Histogram of signal-to-noise ratio of the superficial

and nonsuperficial probe. The determined signal-to-noise ratios are

set against the number of Raman spectra (after preprocessing)

FIGURE 3 Mean Raman spectra of each pathology group of

the superficial probe (inflammation excluded)
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(± 2%), 85% (± 3%) and 0.88 (± 0.01), for the non-
superficial probe, respectively. The number of principal
components necessary to optimize the AUROCC was
18 for the nonsuperficial probe and 10 for the superficial
probe. For correct comparison of our clinical study to the
clinical study of Draga et al., the same exclusion criteria
and preprocessing was used on both data sets. As a conse-
quence, slightly different values are reported compared to
the ones published by Draga et al. [10].

Figure 5 presents the ROC curve of the superficial and
nonsuperficial Raman probe (compared to Random 1).
The area under the curve of the superficial and non-
superficial probe is 0.95 and 0.88, respectively. This
indicates that the performance of the superficial probe
is better than the nonsuperficial probe. In addition,
the ROC curve of the superficial probe with inflamma-
tion in the biopsy is shown. In this situation, the

performance of the probe is reduced which could be
explained by different Raman signals that will be
obtained from an inflamed biopsy location, as a range
of different cells that will be present in an ongoing
inflammation. Nevertheless, as inflammatory cells
will be present as a reaction of the immune system to
a tumor, this might be unavoidable and it would be
better to include the inflamed biopsy locations. Maybe, the
amount of inflammation could be prognostic for the pro-
gression of the tumor or the response to immune therapy,
which is under development by others. More research will
be needed to evaluate this.

Finally, we performed the PCA-LDA analysis with
leave-one-out cross-validation for the three pathology
groups; benign, low-grade and high-grade urothelial carci-
noma. In this analysis, only two PCs were used. The confu-
sion matrix is listed in Table 3 and the total accuracy was

FIGURE 4 Difference of mean spectra and the standard

deviation between every two pathology groups (inflammation

excluded): (green) low-grade minus benign, (orange) high-grade

minus low-grade and (purple) high-grade minus benign

TABLE 2 Mean and standard deviation over 100 confusion matrices using the optimized number of PCs for leave-one-person-out cross-

validation of logistic regression-based Raman decision algorithm compared to the histopathologic assessment which is the “gold standard”
describing benign and malignant tissue for the superficial probe and the nonsuperficial probe, excluding inflamed biopsies

Histopathology (“gold standard”)

Malignant Benign

Raman spectroscopy Superficial probe Malignant 17.2 ± 0.7 5.1 ± 1.4

Benign 1.8 ± 0.7 32.9 ± 1.4

AUROCC: 0.95 ± 0.01 Sensitivity: 90% ± 4% Specificity: 87% ± 4%

Nonsuperficial probe Malignant 25.5 ± 0.6 4.1 ± 0.9

Benign 6.5 ± 0.6 23.9 ± 0.9

AUROCC:0.88 ± 0.01 Sensitivity:80% ± 2% Specificity:85% ± 3%

FIGURE 5 Receiver operating characteristic (ROC) curve of

the diagnostic accuracy for the superficial and nonsuperficial

Raman probe
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63%. The biopsies that contained CIS were limited in num-
ber and therefore we combined them with the high-grade
urothelial carcinoma because CIS shows high-grade histo-
pathological characteristics.

Unfortunately, it was not possible to compare the
probe performance for grading between both probes
precisely, as the data of Draga et al. were pathologi-
cally assessed using the WHO 1997 grading classifica-
tion in grades 1, 2 and 3, as opposed to the assessment
in the current study, using the 2004 WHO grading
classification in low-grade and high-grade urothelial
carcinoma.

The limited accuracy is due to the small differences
between the low-grade and high-grade urothelial carci-
noma spectra that could be explained by the relevant
differences, which may cover just a small percentage of
the total signal and may therefore not always come to
light.

Alternatively, there might be a sampling error in the
measurement because only a small volume of the tumor

is sampled by the Raman probe. This small volume might
not be of the highest grade in the total lesion that has
been biopsied because a tumor can be heterogeneous.

Another hypothesis is that the small difference
might be explained by a distribution of molecular bio-
chemical characteristics within one pathology group. In
our opinion, there is no clear biochemical cutoff value
between low-grade and high-grade urothelial carci-
noma, but it is probably a continuum of malignant bio-
chemical characteristics that gradually increase when
becoming more malignant in the development of
urothelial carcinoma. Figure 6 indicates this progressive
evolution from benign to low-grade to high-grade
urothelial carcinoma. This progressive trend in Raman
signal from benign to low-grade to high-grade urothelial
carcinoma was also proposed by Chen et al. [19]. If
there is a gradual change, this might explain the high
inter- and intraobserver variability of the histopatho-
logic assessment [29]. Raman spectroscopy measures
quantitative biochemical changes as opposed to the

TABLE 3 Confusion matrix for

leave-one out cross-validation of logistic

regression-based Raman decision

algorithm compared to the

histopathologic assessment which is the

“gold standard” describing benign
urothelium, low-grade urothelial

carcinoma and high-grade urothelial

carcinoma, resulting in an accuracy

of 59%

Histopathology (“gold standard”)

Benign Low-grade High-grade

Raman spectroscopy Benign 22.3 (59.0) 1.2 (3.7) 0.7 (3.9)

Low-grade 10.3 (24.7) 5.4 (9.1) 1.3 (4.6)

High-grade 5.4 (25.3) 4.4 (12.2) 6.0 (13.5)

Note: The numbers are calculated from the database without inflammation, and in parentheses are the
numbers including biopsies that contained inflammation.

FIGURE 6 The left part shows a histogram, representing the separation of the three classes (excluding inflammation) along the first

principal component (for the ternary classification excluding infections). It indicates that progressive evolution from benign to low-grade to

high-grade urothelial carcinoma is contained in the Raman spectra. The right part of the figure shows the loadings for the first principal

component
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histopathologic analysis, which assesses morphologic
and histopathologic differences. Maybe the poor repro-
ducibility of the histopathologic analysis could be solved
using Raman spectroscopy. To empower this hypothesis,
future research should be performed using Raman spec-
troscopy in a higher resolution and larger data set to
develop an improved diagnostic algorithm.

4 | CONCLUSION

This study investigated the in vivo clinical potential of
our superficial probe in diagnosis of NMIBC.

The signal-to-noise ratio was improved with a factor
1.92, compared to the nonsuperficial probe, used by
Draga et al. [10]. This is a confirmation our group's ear-
lier phantom model results with this new probe [22].

The sensitivity, specificity and AUROCC were 90%,
87% and 0.95 for the superficial probe and 80%, 85%
and 0.88, for the nonsuperficial probe, respectively, in
discriminating benign from malignant tissue. Therefore,
the performance of the superficial probe is superior to
the nonsuperficial probe. This might be due to the
improved signal-to-noise ratio. However, we think that
the decreased measuring depth of the probe is also
responsible, as the tissue information is solely from the
diseased depth and deeper unaffected tissue do not
cloud the result. We have not been able to quantify this
yet. As a next step, it would be interesting to link our
Raman shift findings at specific wavenumbers and to its
biochemical bonds where the Raman signals
originate from.

We also found an indication that there exists a
progressive evolution from benign to low-grade to high-
grade UC.

Tissue inflammation leads to a worse classifica-
tion performance, but it cannot be excluded as the
immune system responds with inflammation to tumor
development.

Further research needs to be performed to differenti-
ate low-grade from high-grade urothelial carcinoma. In
our opinion, the transition between benign, low-grade
and high-grade urothelial carcinoma in different patients
should be evaluated with a higher spatial resolution, for
example, ex vivo in cystectomy specimens over a grid of
locations, generating a larger data set. This will provide
us with more information about the biochemical nature
of the malignancy leading to an improved diagnostic
algorithm for Raman spectroscopy.
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