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Abstract

Pur pose: ifransrectal ultrasound (TRUS) guided biopsy is the standard procedure for egahmtin
presence and aggressiveness of prostate cancer. TRUS biopsy involves tissue remsférarficbom

low core yield-as well as high false negative rate. A less invasive and more accurate diagnostiocgproced
for prostatescancer is therefore highly desi@oimbining the opticadensitivityand ultrasonicesolution

to resolvethe'spatial distribution of th@ajormolecularcomponentsn tissue photoacousti¢PA)

tecologycould be an alternative approach for tli@gnosisof prostate cancer.he purpose of this
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study is toexaminethe feasibility of identifying aggressive prostate cancer using interstitial PA
measurements.

Methods: 17 patients with prbiopsy magnetic resonance imaging (MRI), TRUS biopsies and planned
prostatectomies were enrolled in this study. The interstitial PA measurements vievedasing our
recently developed needle PA probe, which was inserted inexthi@oprostates in the fashion of a
biopsy needle. A total of 70 interstitial PA measurements were acquired. ThedAn@ments were
guantified by a previously established PA phydi@mical analysis (PAPCA) method. The histology has
confirmed the nonaggressiand aggressive cancerous conditions at the insertion locations. The
diagnostic accuracy was also compared to that provided by theopsy MRI.

Results: The quantitative study shows significant differences between the individuaigtara of the
nonagressive/and the aggressive cancerous regions (p<0.005). Multivariate analysisuahtfiatiye
features achieved a diagnostic accuracy®6%for differentiating nonaggressive and aggressive
prostate cancer tissues

Conclusions._The proposed procedeihas shown promisésthediagnosisof aggressive prostate cancer.
Keyword:

Photoacoustic.physichemical analysis, Photoacoustic spectral analysis, Prostate cancer, Medical

Imaging, Optoacoustics

1. Introduction

During the pastwo decades, prostate cancer has become the most commonly diagnosed cancer in
American menwith an annual incidence rate much higher than that of any other ¢ahdeurrently a
major challenge.to the diagnosis of prostate cancer is to identify aggressive casataimcagb
metastasif2]. Transrectal ultrasound (TRUS) guided biopsy is the standard procedure for evaheting t
presence andraggressiveness of prostate cancer. During the procedure, 16 or 18 gaugediepsy ne
(with diameterssof 1.29 and 1.02 mm, respectively) extracts 15 mm biopsyfroonabe prostatgs].

Each biopsiedttissue is examined by a pathologist and assigned a Gleasft sadrighly prognostic
architecturebased grading system for prostate cancer. Tissues with Gleason scores equaltbataiyer
(3+4) are considered aggressive cafdprBiopsy procedures identifying any aggressive tissues is will
trigger thestherapeutic proceduf@$. Since TRUS imaging can only define the contour of the prostate
and the biopsies,are typically perfornfelowing a predetermined pattern overlaid onto the prostate
contour,20-30% of biopsy procedures were found false negative [3, By@ampling more than 50 sife
transperineal saturated biopsies have achieved better sensitivity to aggressateqanoser{7]. Only 10%
of the sample cores are clinically significant whereas the initial biopsy can dillqgg@0% false
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negative diagnosg6]. Magnetic resonance imaging (MRI) has been introduced to improve the
identification of clinically significanprostate cancer in men with initial negative biopfse%0].
However, However, the evaluation of MRI images requires experienced radiologists, and even
experienced radiologists have only moderate irdatar repeatabilityl1]. The suspicious aggressive
cancer regionsin MR still requires biopsy core extractions for confirming skeagk conditions in the
prostate$12]. A diagnostic modality that can assess the aggressiveness of prostaténceivoavithout
core extractions could significantly redysatient anxiety, pain and pgstocedure complicatior{4 3].

Phetoacoustics (PA) is a technology combining the sensitivity of optical speqycsaed the
resolution of,ultrasound imagin@ur recently developed PA spectral analysis (PASA) methed 7]
has demonstrated the capabilitydetermining intraocular tumor typgs3] and identifying aggressive
prostate cancdfl9]. PASA at multiple wavelengths, namely PA physi@mical analysis (PAPCA), has
shown the capability of comprehensively analyzirgyiicroarchitectures associated with the major
molecular companents within the assessed tissue volume. PAPCA has been validatedyimgigreif
diseased conditions during the progression ofaloaholic fatty liver diseasd$4, 15] PASA and
PAPCA arepotential tools for prostate cancer diagnosis, as the incidence of prostate cancer igdssociat
with both molecular and architectural changes. In our previous study, the PA spacinaéters showed
strong correlation with the Gleason scores in humastate cancer tissufk9] and the vasculature
densitiesiin:xenoegraft prostate cancer tumors in f@i@k Other studies implementing optical modalities
including PA imaging have also demonstrated the changes of molecular components giatfi2ds #2]
collagen[23-25]-and hemoglobin [21, 22, 26] prostate cancer tissue.

However, the strong diffusion of optical energy and attenuation of high frequency acousti
signals by bielegical tissue undermined the capability of PA measurements iifygugutite molecular
components andymicroarchitectures in deep prostate tissue. Therefore, the suplerfiiation
approach usedrin our previous studies [14,i45pt applicable in thm vivo prostate imaging scenario.
Most of the previous studies on the iPaging of prostate cancer were performed with sliced prostate
tissueex vivo[19, 21, 22] Our recently developed needle PA probe facilitates the delivery of relatively
uniform illumination along a fiber optic diffuser, and the reception of the higjuéncy PA signals with
a needle hydrophone from nearby tis@53. Such configuration allows the minimally invasive
acquisition of PAssignals with sufficient temporal length and narrow dynamic rarmgep tissue for
statisticallybased PASA.

In this study, for the first time, we have examined the feasibility of interstitis@sassent of
prostate cancer using the needle PA probe in intact human prastat®@so The quantitative analysis

methods established in our previous studies [14, (L8] PARCA) were implemented to the
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measurements. The quantified diagnostic factors were compared to the patholtigyasesigll as the

prebiopsy MRI diagnosis.

2. Methods

2.1 Prebiopsy MRI diagnosis and sample collection

In this study, 17 intact prostate sdegpwere procured in Tongji Hospital in Shanghai, China. All
procedures in this study were approved by the Institutional Review Board of the TongjaHoshe
subjects were provided with written consent. The patients have been exammetlli{paraméric MRI
(Verio 3.0T,.Siemens) and TRUS biopsy before the prostatectomy proceduresnfigaration of the
MRI scanning follows the standards in prostate imagimsgorting and data syste@28]. The criteria of
the aggressive cancer MRI diagnostic parameters in¢d8del) the disease anatomies and the enlarged
volumes of the prostates revealed byweéghted imaging, 2) the presence of hyperintengallbe and
hypointense apparent diffusion coefficient in diffusion weighted imaging, and 3)iadiffeshancement
in dynamic contrast enhanced imaging. The regions with less yet observable aggressive can
characteristicsvere categorized as “suspicious cancerous” regions and also delineajeitlifoy the
biopsy procedures.

The.interstitial measurements by needle PA probes were acquired at a total of 70 lodagions. T
measurement:locations were marked by a syringe needle after the measurementstdtes prere
subsequently diced without interfering with the needles and sliced for histologyathology has
confirmed:that44 noaggressive (i.e. Gleason < 3+4) and 26 aggressive cancerous regions (Gleason

score> 3+4) were sampled.

2.2 Experiment setup

Fig. 1(a) illustrates the experimemtgp. In brief, the measurements were acquired by our previously
developed/needle PA profi/] consisting of a fiber optic diffuser and a needle hydrophone. The fiber
optic diffuser was made from a single optical fiber with a B@0core diameter, a 0.3fumerical
aperture, and a 2 cm emission end. The needle hydrophone (HNC1500, ONDA Corp., Su@#yvale,
has a diameter of 1 mm, and a bandwidth-&@DIMHz and preamplification of 40 dB. The needle PA
probe was inserted into tle& vivoprostates at the suspicious nonaggressive and aggressive cancer
locations. A tunable optical parametric oscillator (OPO) laser (Phocus Mobile, EX2@Rrisbad, CA)
was used to generate illumination in the range of@®and 120700 nm at the intervals of 10 nm.
The laser beam with 18 mJ per pulse energy was collimated to approximately 1 rameétediand
coupled into the fiber optics diffuser. Considering the approximately 30% coupling efjicagiccal

energy density of approximately 14 mJfquer pulsevas deliverd to the illumination surface of the
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needle PA probe surface with an area of approximately 0.377am600umx2 cm).The signal

received by the needle hydrophone wawmplified by 40dB (5072PR, Olympus NDT, Waltham, MA) and
averaged 10 timdsefore being recorded by an oscilloscope (TDS 540, Tektronix, Beaverton, OR). Wit
the laser repetition rate of 10 Hz, measurements at each sampling locatiomgntiadiata transfer
between‘devices took approximately 2 minutes. A representative signal acquireceRpahment is

shown in Fig. 1 (b). Similar to the observation in our previous study, the signal pessag®w dynamic

range along the temporal extension corresponding to the length of the fiber optics diffuser.

2.3 Physio-chemical spectra (PCSs) of the nonaggressive and aggr essive cancer ous locationsin the
prostate

Our previously developed data processing methtilsnvere implemented in this study. The power
spectra of the PA signals were calculated using the Welch’s apg@®&jatithin the freqiency range of
0-8.5 MHz with aistep size of 0.1MHz. The power spectra were arranged in the order ofilmailtan
wavelengths. A limensional (2D) spectrogram, namely a RCH, was formed for each measurement
location. Fallowing the methods [f5], by comparing to the optical absorption profiles in Fig. 2(c), one
can explicitly correlate the stripe patterns in the PCS [marked by the cotourm Fig. 2 (eb)] with

the major molecular components within the assessed tissue volume. The intenditestrgpe patterns,
namely PES-fingerprints, presented in psecdlor, render the relative contents of the components, while
the extensions of the fingerprints along thaxys are relevant to the dimensions of the microarchitecture

associatedswithreach component.

2.4 Quantification of the diagnostic information in the power spectra using PASA

We have sueccessfully quantified the intensities and the extensions of the firtgerptiire PCSs using
PASA in our previous studil5]. Fig. 3 illustrateshe PASA method using the PA signal power spectra
at 700 nm. The power spectra were first fit to a linear model. A simple linear model was usedeas we ar
only interested in the ratio between the relative high and low frequency componenispéhe s
midbandfit and intercept of the linear models were quantified. The slope representscttog@neity
formed by the malecular component targeted by the specific wavelength, wheressrtepirand
midbandfit represent the relative content of the moleculapooent. Since two of the three PASA
parameters can derive the third, this study only discusses slope and midbandfit. Thepectve in Fig.

3 tend to be overwhelmed by noise above 8.5 MHz and a high pass filter was used to renoawe the |
frequency compents generated due to the illumination of the needle hydrophone. The PA frequency

range of [0.5, 8.5] MHz was observed.
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The PASA slopes and midbandfits were quantified at the center of the PCS fingmpetated
to each of the major molecular components in the prostates, including hemoglobin (70pidrf)220
nm) and collagen (1370 nm). The differences between the quantitative featured fiterive
nonaggressive and aggressive cancerous regions were guantified usingttiledmtests in MATLAB
(Mathworks, Natick, MA). The receiver operating characteristic (ROC) analysis was alsongetfoith

the slope values.

2.5 Supportivector machine (SVM) analysis of the quantitative features

The PASA parameters showing significant difference betweenath@ggressive and aggressive prostate
tissues were also analyzed in combination using a multivariate analysis method, 88¥MdB1]. A

MATLAB teolbox, LIB-SVM [32], was implemented to the PASA parameters. This study selected the C
type SVM model. The dpnal parameter of the selected SVM, i.e. the regularization parameter C was
iteratively searched in the range of 0.1 to 100. Similar to our previous studigtéhset was divided into

4 groups by the prostate samples (prostates numieb-&8, 912 andl3-17) for blindly testing the

proposed categorization based on SVM. The scheme uses 3 of the 4 data groups the SVvhinh thueens a
rest 1 for testing the trained SVM. The accuracy, the sensitivity and the specifitiey®¥M was

guantified.

3. Results
3.1 Preliminary-diagnosis by MRI and histology results
Fig. 4 shows the representative nonaggressive regions, suspicious aggressive canceroresaive agg
cancerous:MRkimages with the suspicious and aggressive cancerous regions delineatéd. The M
diagnosis are listeldterin the Table 1 and compared to the PA diagnosis.

The histology in Fig. 5 shows the decreased of the connective tissues which @bligidtand
collagen [reepink regions]. The resolvable microscopic features (>150 um, @@rgesignals within the

range of 810 MHz) formed by the connective tissues have decreased correspondingly.

3.2 PCSs of nonaggr essive and aggr essive cancer ous prostate tissues

By comparing the PCS fingerprints in Fig. 2(gato the optical absorption sgea in Fig. 2(c), one is able

to correlate hemoglobin, lipid, collagen components with the fingerprints centerexiad 700, 1220

and 1370 nm. The fingerprint in the 140800 nm range delineated by the black contours correlated to
the overlapping absorption profiles of water and lipid. Since the decoupling of the comtritiuihe two
molecular components in such 2D spectrogram is difficult, the fingerprinsavévelength range was

not quantified.
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As shown in Fig. 2(a) and (b), the fingerpsiit aggressive cancerous PCS, compared to the
nonaggressive one, demonstrates lighter color. Such observation indicate toatéiné of the
corresponding molecular components are lower in the aggressive regions. The fitgjef@ggressive
cancer tissue also show less extended and the heterogeneous architectures formed by these molecul

components have decreased. These observations agree with the histology in Fig. 5.

3.3 Statistics of the quantitative featuresin PCS

The PASAsslopes and midbadfiitls were quantified from the PCS fingerprints acquired at all the sampled
tissue locations. The midbaifits derived at the lipid (1220 nm) and collagen (1370 nm) wavelengths
demonstrated slight decrease in cancerous regions, which agrees with the histblgg$ and previous
studies[21472325]. The midbandits, i.e. the PA signal magnitudes, at 700 nm of the aggressive
cancerous tissues demonstrate no significant difference. Such observation agreepreibus study
[26]. The slopes) at all ththree wavelengths decreased in cancer regiwhgh also agree with the
histology in Fig. 5.

As 'mentioned in the method section, the differences between the PASA parameters of
nonaggressive regions and aggressive cancerous regions were quantifieddigoteests. Only the
slopes at 1220 nm and 1370 nm showed significance. -Vakups were shown in Fig. 6 (e) and (f). Such
results agreeswith our previous conclusion [14,th&t PASA slope is a parameter less subject to the
uncertain factorsysuch dsimination energy fluctuations.

Fige7«(ac) show The ROC analyses of the slope values derived at each individual wavelengths,
respectively. The optimal diagnostic performance is at the point where the R@Csfarthest from the
diagonal linesin:Fig7. Therefore, identifying the aggressive cancerous regions by slopes less or equal
than-1.20 at 1220 nm lead to a diagnostic accuracy of 70.0% (49/70) with sensitivity @f 88
specificity 0f'5971%, respectively. Similarly, identifying the aggressareerous regions by slopes at
1370 nm less or equal thah.952 lead to a diagnostic accuracy of 70.0% (49/70) with sensitivity of 84.6%
and specificity of 61.4%, respectively.

3.4 SVM categorization
The regularization parameter in the SY82] was detemined as 25 by iterative attempts using tHeld
validation.scheme. Fig. 7(d) shows ROC analysis of the decision values generated by tmo&aI8/
An AUC of 0.811 has been achieve by combining the slopes at all the three wavelengths.

Table 1 shows the comparison between the pathologic diagnodisyvitile MRI diagnosis and
theex vivoPA diagnosis. The first row shows the grouping of the prostate specimens ifottle 4

trainingtesting cyclesThe secon@ndthird row shows theerialnumbes of the prostate specimeasd
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thenumber of interstitial PA measurements in each prostate. As shown in Fig.siitd)the criteria that
the SVM decision values less or equal tHaf458 indicate aggressive cancers, the diagnostic accuracy
for individual interstitial measurements is 78.6% (54/70), with the sensitiniyspecificity of 65.4% and
84.1%, respectivelyn addition, &least one aggressive cancerous region was correctly identified in the
prostates with"aggressive cancers. Considering identifying the suspicious regieffectarely guide the
TRUS biopsies, MRI has also assisted in identifying most of the aggressive cancer casea,falsgep

positive case was found.

4. Discussion
Taking advantage of the optical energy propagation, the itiEdrsteasurements, without tissue removal,
could assess tissue volume much larger than that of a biopsy core. The comprehensiuerassietse
entire prostate volume thereby becomes possible. One major issue with the alterséisurement
approachs that the needle PA probe has varied penetration at the different wavelengths. And the one
dimensional measurement cannot provide sufficient spatial resolution teeréselassessed volume.
However, hy assuming that prostate tissue possesses similar optical properties and thescagaansu
are small perturbations to the light propagation, the penetration of a specifilength at individual
prostates is approximately the same. The comparisons between the PCSs at the samgthsasd
valid.

The prototype needle PA probe will be further miniaturized into the geometry of a biegdie.
The total detection length of the needle PA probe will be kept as 20 mm, which mh&haggth of the
functional tip of a biopsy needle. Needle hydrophamfiber optics diffuser with smaller diameters will
be integrated:into a metal sheath with a side window for light delivery and acogs#trsiception. Such
design will e fully compatible with the TRUS guidance for the insertion of theien®& probs. A
smallerdetection surface of the hydrophone might reduce the sensitivity of the probe, |gsfetha
high frequency signal components. The use of thinner optical fiber may also reduce th®sigise
ratio of the measurements. Lawise ampliier will have to be used to ensure the acquisition of sufficient
high frequency signal components encoding the tissue architectures. In addition, havmay lower
the upper limit of the frequency range to minimize the interference of noise floor

Theslopesat 1220 and 1370 nstatisti@l aresignificant differences between the nonaggressive
and aggressive cancerous tissues. This agrees with the fact that the major change in the carstateus pr
tissues occur in the tissue microscopic architedqejreHoweverthe connective tissuesbservedn this
study ardndirectrepresentatiothe gland architectures, i.e. Gleason grading, which is the standard
pathological diagnosis of prostate cancer. Our previous study on PA imdgirastate cancer tisea

with H&E staining of the cellular structures has shown the capability of quantifygnGleason scores
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[33]. A previous study34] has demonstrated that PA imaging can produce images comparable to H&E
stained histology by using ultraviolet (UV) waveiginsin vivo. UV illumination therefore will allow the
direct observation and quantification of the Gleason patterns. The future work ¢fidyissstherefore to
include PA measurements at UV wavelength for more comprehensive diagnosti@tidorm

TheSVM approach combining quantitative parameters at multiple wavelengths has datadnst
better diaghostic performance than differentiating the nonaggressive and igggasples using
individual wavelengths. This is because the use of multiple parameters improve theéosephthe data
sets in higher dimension. Therefore, including the measurements at UV wavelengtbeated:to
further improve,the accuracy of the proposed diagnostic approach.

5. Conclusign and futureworks

This study investigates a minimally invasive and interstitial diagnostic precedsed on a needle PA
probe for the identification of aggressive prostate cancer. Experiment reshlistactex vivohuman
prostates has demonstrated the feasibility and decent accuracy fgbequl approaches. Future works
will be targeted at miniaturizing the needle PA probe for clinical translaind enriching the diagnostic
information by covering more molecular components. The miniaturized needle PA profiepsifiectly
into the established TRUS biopsy procedure and minimize the necessity of tissudrest®exThe
proposedsinterstitial PA measurements approach will reduce the congpliothe biopsies, provide

reliable diagnosis, and improve the outcomes as well as theyqpfdife for the patients.
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Fig. 1. Experiment system. (a) The laser and the oscilloscope were synchronized. A personal computer
was used to store the PA signals. The central bottom insertion shows the illominathe fiber optic

diffuser. (b) Representative signals acquired.

Fig. 2. PCSscquired by needle PA probes in (a) nonaggressive and (b) aggressive cancerous prostate
tissues. (c) shows the relative optical absorption spectra of the major molecular entapombiological
tissue[30].

Fig. 3. lllustration of PASA. The PA signalgere acquired at 1220 nm.

Fig. 4. Representative MRI images with nonaggressive, suspicious aggressive canceaggsessd/e

cancerous regions in prostates. The grayscale is in arbitrary unit.

Fig. 5. Representative histology of (a) nonaggressivelgrab@ressive cancerous prostate tisslies.
pink regions marked by the black contours were the connective tissues formed by lipidaa®hco

components.

Fig. 6. PASA parameters quantified from the PCSs. The nonaggressive and aggassivous datets
include 44-and=26 samples, respectively. The red lines represent the medians of the da& gaper T
and lower edges of the boxes are the 25th and 75th percentiles, respectively. Thardeshrtbhd to

the most extreme data points and do wotstder outliers. The outliers are plotted as “+”.

Fig. 7. ROCranalysis of the PASA slopes at 1220 nm (a) and 1370 nm (b).
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Table 1 Comparison between SVM categorization results and the standard pathologic diagnosis.

NA: nonaggressive. A: aggressive.

PA- Whole
Group # Prostate Veas PA- | PA- | PA- | PA- .PA | .MR | Prosate

# " TP | TN | FP | FN | Diagnosis | Diagnosis Pathology
1 5 2 2 0 1 A A A
2 5 1 2 1 1 A A A

! 3 5 1 1 0 3 A A A
4 6 0 6 0 0 NA A NA
5 4 1 1 1 1 A A A
6 4 0 4 0 0 NA Suspicious NA

: 7 2 1 1 0 0 A Suspicious A
8 5 0 5 0 0 NA Suspicious| NA
9 3 1 1 0 1 A Suspicious| A
10 5 2 1 1 1 A Suspicious| A

3 11 5 1 2 2 0 A Suspicious A
12 4 0 2 2 0 NA NA NA
13 5 3 2 0 0 A A A
14 3 3 0 0 0 A A A

4 15 3 0 3 0 0 NA NA NA
16 3 0 3 0 0 NA Suspicious| NA
17 3 2 1 0 0 A Suspicious A
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