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Abstract

Purpose of review—To review optical imaging technologies in urologic surgery aimed to
facilitate intraoperative imaging and tissue interrogation.

Recent findings—Emerging new optical imaging technologies can be integrated in the
operating room environment during minimally invasive and open surgery. These technologies
include macroscopic fluorescence imaging that provides contrast enhancement between normal
and diseased tissue and microscopic imaging that provides tissue characterization.

Summary—Optical imaging technologies that have reached the clinical arena in urologic surgery
are reviewed, including photodynamic diagnosis, near infrared fluorescence imaging, optical
coherence tomography, and confocal laser endomicroscopy.
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Introduction

Advances in modern imaging technologies have had significant impact on improving
clinical diagnosis and surgical planning. Computed tomography (CT) and magnetic
resonance imaging (MRI) are widely used to define the extent of the pathology and devise
optimal surgical approaches. Given the static nature of the images and challenges of
operating room integration, however, cross-sectional imaging modalities are largely utilized
in preoperative settings. Intraoperatively, key factors that contribute towards successful
surgical outcomes include dynamic recognition of anatomic landmarks (which are
frequently distorted in diseased states), precise dissection of tissue planes, and avoidance of
collateral damage to minimize surgical morbidities. While the surgeon’s clinical acumen and
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technical ability remain paramount, there is significant interest to develop new imaging
technologies that can augment the surgeon’s ability to ‘see’ and improve surgical techniques
and outcomes.

Optical imaging utilizes visible, ultraviolet, and infrared light to interrogate tissue of
interest. Advances in device miniaturization and packaging in recent years have enabled
selected imaging platforms to transition from research to clinical arenas. Advantages of
optical imaging include superior spatial and temporal resolutions, as well as the relative ease
of integration into the operating room environment and instrumentations of minimally
invasive surgery (MIS), which includes endoscopic, laparoscopic, and robotic-assisted
surgery. In many surgical disciplines including urologic surgery, MIS has increasingly
replaced traditional open surgery as a standard approach even for complex cancer and
reconstructive surgery. In contrast to traditional open surgery, MIS has decreased (or no)
tactile feedback and relies on white light laparoendoscopes to illuminate the smaller
operative fields. By integrating features such as fluorescence imaging to standard white
light, physiologic differences between diseased and healthy tissues (i.e. vascular perfusion,
neoplastic transformation) can be differentiated to facilitate intraoperative guidance. In
addition, emerging “optical biopsy’ techniques can provide subsurface, micron-scale
interrogation of the tissue microarchitecture with resolution down to the cellular level.

In this review, several promising optical imaging technologies that have entered the clinical
arena will be highlighted, with spatial resolutions ranging from macroscopic (i.e.
photodynamic diagnosis, near-infrared fluorescence) to microscopic (i.e. optical coherence
tomography, confocal laser endomicroscopy) scale. Salient features including imaging
principles, image acquisition techniques, contrast agents [1*], clinical applications, and
integration into MIS and open surgery will be discussed. While urological cancer
applications are the focus, these imaging technologies have been demonstrated in other
surgical disciplines as well [2-6]. Finally, promising technologies in pre-clinical settings as
well as future outlooks will be discussed.

Photodynamic Diagnosis

Photodynamic diagnosis (PDD) is a fluorescence-based optical imaging technology that uses
photosensitive protoporphyrin analogues as contrast agents, a blue light source (375-440
nm) to induce fluorescence, and a fluorescent camera. Selective accumulation of the
photosensitizer 5-aminolevulinic acid (5-ALA) or its more strongly fluorescent ester
analogue, hexaminolevulinate (HAL), by cancer cells causes them to appear pink under blue
light [7,8]. PDD has been applied principally in bladder cancer through intravesical contrast
administration with integrated blue fluorescence cystoscope, with more limited experience
in penile, prostate, and kidney cancer.

Bladder cancer

For endoscopic management of bladder cancer, PDD is approved as an adjunct to standard
white light cystoscopy (WLC), which has several well known shortcomings including
difficulty in visualizing some tumors, particularly flat lesions such as carcinoma in situ
(CIS) (Figure 1), leading to incomplete resection and increased risk for tumor recurrence
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and possible progression [9*]. Several prospective studies have demonstrated that PDD
improved initial detection of papillary and CIS lesions compared to WLC [10-12], and a
meta-analysis of three phase 111 studies showed that HAL had a higher CIS detection rate
than WLC [13]. Impact of fluorescence-guided transurethral resection (TUR) on the
recurrence rate of non muscle-invasive bladder cancer remains undetermined. One study
showed a 10% benefit in 3-year recurrence risk for fluorescence TUR with patients
randomized to white-light TUR, fluorescence TUR with 5-ALA, and fluorescence TUR with
HAL [14], and others showed that fluorescence TUR improved recurrence-free risk at 1 year
[15,16]. However, two studies found no significant difference in decreasing recurrence risk
with fluorescence cystoscopy [10,12]. The cost-effectiveness of PDD in bladder cancer has
been debated in recent literature [17,18]. Accounting for the cost of capital equipment and
reagents versus the cost of a TURBT, it is estimated that the cost ratio is about 5:1, with 1
TURBT being avoided for every 5 fluorescent cystoscopy procedures to achieve cost
equivalence [19].

Penile, kidney, and prostate cancer

Fluorescence imaging based on PDD has also been explored in other areas of urologic
oncology. In a study of patients with penile carcinoma and premalignant lesions, 5-ALA was
topically applied over the glans penis and shaft preoperatively, with PDD employed
intraoperatively to guide Nd:YAG laser coagulation, with the potential of decreasing
recurrence rate and optimizing organ preservation in penile surgery [20]. In kidney cancer,
PDD with oral 5-ALA has been investigated a way to assess the margin status in the
laparoscopic partial nephrectomy [21]. In prostate cancer, two small multi-institutional
phase Il nonrandomized studies showing that oral ALA administration preoperatively can be
useful to detect positive surgical margins during prostatectomy [22,23]. Fukuhara, et al.
showed that PDD of positive surgical margins could be detected using fluorescence
laparoscopy during open retropubic prostatectomy, though this was a preliminary study
where there was a high false-positive rate for hyperplasia and inflammation [24]. More
studies will be needed to move these promising applications beyond early phase
investigations.

Near-Infrared Fluorescence Image-Guided Surgery

The use of near infrared fluorescence (NIRF) image-guided surgery has been established in
the fields of ophthalmology, cardiology and breast cancer surgery. Indocyanine green (ICG)
is the most commonly used contrast agent for intraoperative imaging that absorbs and emits
light in the near infrared portion of the electromagnetic spectrum (about 800 to 2500 nm).
When injected intravenously, ICG binds to albumin and lipoproteins and remains
predominantly intravascular until excreted by the hepatobiliary system. ICG has also been
used to highlight sentinel lymph nodes when injected subcutaneously into the breast [25].
Recent studies have investigated the use of intraoperative NIRF imaging to enhance
intraoperative decision making as applied to prostatectomy and partial nephrectomy. This
has been in the realm of evaluating vasculature, tumor margin identification and lymph node
dissemination of cancer. NIRF imaging systems have been developed that can be used in
conjunction with open, laparoscopic, and robotic-assisted surgery.
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Kidney cancer

ICG has been used during robotic-assisted partial nephrectomy to facilitate identification of
hilar vessels, particularly tumor-specific vessels for selective arterial clamping (Figure 2).
This may be particularly helpful in more challenging hilar-based tumors where tumor-
specific vessels are more likely to be identified as compared to cortical tumors located in the
periphery [26*,27]. Once identified, these tumor-specific vessels can be preferentially and
selectively clamped resulting in only regional ischemia around the tumor in lieu of clamping
the main renal artery with resultant global kidney ischemia. As a result this may translate
into minimizing ischemia related renal injury and optimizing renal preservation of the
affected renal unit.

To enhance identification of tumor margins during partial nephrectomy, Tobis and
colleagues demonstrated use of intravenous ICG with simultaneous NIRF imaging at the
time of partial nephrectomy using a NIRF system designed for open surgery [26*]. The renal
tumors (both benign and malignant) were not only well demarcated by ICG but surprisingly
hypofluorescent as compared to surrounding normal parenchyma. This differential uptake of
ICG has been attributed to the presence of the membrane protein bitranslocase in normal
renal proximal and distal tubule cells, but is lacking in renal cortical tumors [28]. The degree
of hypofluorescence however could not be reliably used to differentiate malignant versus
benign tumors according to Manny et al., who found in 100 consecutive patients undergoing
robotic partial nephrectomy with NIRF guidance a positive predictive value of 87%,
negative predictive value of 53%, sensitivity of 84% and specificity of 57% [27]. Others
have suggested that non-standardized dosing of ICG may explain the relatively poor
differential ICG fluorescence between tumor and normal tissue [29]. These studies were
performed using the FireFly (Novadaq Technologies Inc., Bonita Springs, FL) NIRF camera
system integrated with the daVinci Si robot (Intuitive Surgical, Sunnyvale, CA). Although
the use of intraoperative fluorescence during partial nephrectomy appears appealing, at this
time the true benefit remains unclear as pertains to tumor identification and reducing
positive margins especially in experienced hands where positive surgical margin rates are
1-2%. This must be weighed against the additional $100,000 cost of the NIRF integrated
robotic camera system and $100 per vial cost of ICG.

Prostate cancer: lymph node metastasis

The identification of regional lymph nodes suspicious for cancer metastasis is relevant to
many urologic cancers including prostate, bladder, penile and testis and may affect not only
diagnostic and staging accuracy but also in some cases provide therapeutic benefit. In a pilot
study, van der Poel and colleagues injected a self-assembled multimodal radioactive
nanoparticle (i.e. 99mTc-NanoColloid) and ICG into the peripheral zone of the prostates of
11 men undergoing planned robotic prostatectomy for prostate cancer [30]. Following
injection, single-photon emission computed tomography/computed tomography
(SPECT/CT) imaging of the pelvic nodes was performed to highlight the putative sentinel
lymph nodes draining the prostate in the preoperative setting. These same lymph node
regions were then confirmed intraoperatively by both laparoscopic NIRF and gamma probe
assessment. While background radioactive signal from the injected prostate gland posed a
problem for acoustic gamma probe identification of sentinel nodes, the use of fluorescence
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co-labeling assisted in identification of these nodes and was more precise. However,
fluorescence imaging of relevant nodes was limited by overlying fat and blood preventing
real-time detection of 15% of sentinel lymph nodes. Overall, 5 of 27 (18.5%) removed
sentinel lymph nodes were detected outside of the standard extended lymphadenectomy
template and would otherwise have been missed. In 36% of study patients, out of boundary
nodes were found of which two contained nodal metastasis.

Low-dose methylene-blue, which is excreted in the urinary tract, has been applied as an
alternative NIR contrast agent for ureteral visualization during complex open pelvic surgery
to facilitate ureteral identification and avoid iatrogenic injury [31]. Future development may
enable application during laparoscopic surgery.

Optical Coherence Tomography

Optical Coherence Tomography (OCT) is an example of emerging optical biopsy techniques
that provides high-resolution, real-time, cross-sectional imaging of tissues (Figure 3).
Analogous to B mode ultrasound, OCT relies on information gathered by reflected energy.
In comparison, however, OCT utilizes near-infrared light rather than acoustical waves and,
unlike ultrasound, does not require direct contact with tissue or a transducing medium.
Backscattered light is combined with a reference signal to produce a high-resolution, two-
dimensional map of tissue microstructure [34]. OCT thus provides images with a depth of
penetration of 2 mm and spatial resolutions of 1-15 um, over one order of magnitude higher
than conventional ultrasound [35,36]. OCT imaging in the genitourinary system was first
demonstrated in 1997, and since then, multiple studies have emerged examining its use as a
tool to guide clinical decisions. Early ex-vivo studies noted significant levels of correlation
between OCT images and histologic architecture of urologic tissues sampled.

Bladder cancer

An integrated OCT platform (Niris, Imalux Corp.) has been developed with the imaging
probe that fits in standard working channels of cystoscopes. The superficial imaging
characteristics of OCT make it well suited for assessment of bladder cancer: OCT imaging
can differentiate the multiple layers of the bladder urothelium, underlying lamina, and
muscularis propria. Thus, OCT can be used alongside conventional cystoscopy to
characterize regions of the bladder suspicious for CIS, and to differentiate between
noninvasive (Ta), superficial (T1), and invasive (T2 or greater) disease [13,35,37].
Sensitivities and specificities of cancer diagnosis have been reported between 83%-100%
and 72% to 89%, respectively [38,39]. The ability to image and detect muscle invasion at
the time of biopsy or excision theoretically would be useful in identifying tumors in which
resection including muscularis propria would be critical. Limitations, however, despite
promising initial reports and high sensitivities for detection of muscle-invasive malignant
lesions, include a 2mm depth of invasion limit. Thus, OCT may not always provide
sufficient imaging to judge the invasion depth of a tumor. In addition, false positives from
conditions such as radiation, inflammation and other benign conditions remain a problem.
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Kidney cancer

OCT has also been investigated for renal imaging in evaluating kidney morphology and
renal masses incidentally discovered by CT or MRI. Preliminary studies have begun to
investigate OCT’s ability to distinguish benign from malignant renal tumors and appear
promising. Barwari et al. concluded that ex-vivo OCT attenuation coefficients were different
between normal renal parenchyma and RCC tissue: RCC tissue showed a significant higher
attenuation coefficient than normal parenchyma [40]. If these results are confirmed in-vivo,
OCT may be applied to evaluate surgical margins after partial nephrectomy or combined
with biopsy needles to provide a functional optical biopsy where cross-sectional images can
be correlated with histopathology [37]. OCT has also been evaluated in transplant surgery to
image donor kidney structures and to evaluate organ viability following physiologic insults
and acute kidney injury [41]. Limitations in these studies, however, include small sample
sizes, study designs, and the need for numerous images to evaluate the relatively large
surface area of a kidney.

Prostate cancer

OCT also has demonstrated potential for prostate cancer in detecting extraprostatic invasion
and in identifying the neurovascular bundle (NVB) during nerve-sparing radical
prostatectomy. Surgically-treated patients with focal extracapsular extension, seminal
vesicle invasion, and positive pelvic lymph nodes have been noted to have decreased ten-
year prostate-specific antigen (PSA) failure-free survival in comparison to patients with T2
disease [42]. Despite advances in diagnostic imaging, however, it is still not possible to
visualize the extent of microscopic disease reliably before definitive local therapy. OCT has
a demonstrated significant ability for evaluation of surgical margins and extra-capsular
extension: Dangle et al. correlated OCT images of post-prostatectomy ex-vivo specimens to
detect positive margins and found a sensitivity, specificity, and negative predictive value of
70%, 84%, and 96% respectively [43]. Multiple studies have also shown significant
correlation with OCT findings in comparison to histology in differentiating cavernous
nerves from underlying prostate glandular architecture in a small animal model [36,33,32].
In addition, Aron et al. utilized in-vivo OCT imaging to provide real-time identification of
the NVB during nerve-sparing radical prostatectomy[34]. However, the limitations of OCTs
field of view make intraoperative mapping of the NVB for nerve sparing radical
prostatectomy challenging. As most OCT studies have been done ex vivo, larger clinical in
vivo trials are required to determine its ability to guide clinical decisions during urologic
surgery and the potential benefits.

Confocal Laser Endomicroscopy

Confocal laser endomicroscopy (CLE) enables real time in vivo microscopy with the highest
spatial resolutions (1-5 pm) among the optical imaging technologies available clinically.
Based on the well-established principles of confocal microscopy, optical sectioning is
achieved using a 488 nm laser as the light source and fluorescein, a FDA-approved drug, as
the contrast agent. Tissue microarchitecture and cellular features can be resolved with
images reminiscent of standard histopathology (Figure 4). The available clinical system
(Cellvizio, Mauna Kea Technologies) utilizes miniaturized fiberoptic imaging probes
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ranging from 0.85 mm to 2.6 mm diameter that be passed through working channels of
standard endoscopes. The images are acquired as video sequences at 12 frames/sec, thus
enabling dynamic imaging of physiologic parameters such as vascular flow.

In vivo applications of CLE in urological surgery has been reported in the lower urinary
tract and bladder cancer in particular (Figure 4). Sonn et al conducted the initial in vivo pilot
study in 27 patients undergoing cystoscopy and transurethral resection of bladder tumor. The
feasibility of differentiating between normal and benign mucosa with cancer (low and high
grade) with regard to cellular organization and vascularization was demonstrated [44]. In
addition, protocols for both intravesical and intravenous administration of fluorescein were
established [45]. To facilitate development of diagnostic criteria for CLE diagnosis of
bladder cancer, an imaging atlas of the in vivo diagnostic features for normal, benign, and
cancer has been established [46] comprised of both microarchitectural (flat vs. papillary,
tissue organization, and vascularity) and cellular features (morphology, cohesiveness, and
borders) [47]. Most recently, an interobserver agreement study of CLE was conducted
among novice and experienced CLE users. CLE was found to be a highly adoptable
technology for cancer diagnosis in novice CLE observers with moderate interobserver
agreement, while the experienced CLE observers attained substantial levels of agreement for
cancer diagnosis that was higher than white light cystoscopy along [47].

Using bladder cancer as a model with CLE, efforts are now being channeled toward defining
diagnostic criteria for pathology in areas such as upper-tract urothelial carcinoma and
prostate cancer (Liao et al, in preparation).

imaging

Molecular imaging represents a potentially exciting future arena in conjugating cancer-
specific contrast agents to fluorophores to improve specificity of disease detection. The
aforementioned optical imaging technologies can be coupled with molecular imaging agents
for intraoperative tissue interrogation with molecular specificity [48]. Previous work in
colon demonstrated that CLE may be coupled with molecular contrast agents such as
fluorescently labeled peptides for endoscopic imaging of disease processes with molecular
specificity [49]. Similarly, molecular imaging agents targeting high-grade bladder cancer
targets may be used in conjunction with PDD or CLE to improve cystoscopic visualization
and differentiation of malignant versus inflammatory/benign lesions.

Recently, Tsien and colleagues (2010) designed a unique nanoparticle vehicle termed
activated cell penetrating peptides (ACPPs), that when attached to either a fluorescence or
imaging (i.e. gadolinium) payload, can deliver the payload specifically to tumors [50]. This
technology takes advantage of the fact that most tumors contain matrix metalloproteases
(MMPs), which cleave specific surface bound proteins on ACPPs that allow for cell
penetration and preferential uptake into tumor cells as compared to normal cells that do not
contain MMPs. This work has significant implications in terms of delivery of targeted
therapies to cancer sites as well as localization and imaging of cancer within the body. Their
group has achieved high specificity in fluorescence labeling of implanted tumors in small
animal models with improved resection and tumor-free survival as compared to animals
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with tumors resected by traditional bright-field illumination. In addition, this same group has
identified a NP41 peptide strongly associated with peripheral nerves, that when
fluorescently labeled and injected systemically into mice provided 10-fold contrast between
nerve and background tissues under fluorescence microscopy [51]. Taken together, tumor-
and nerve-specific imaging has significant implications with regard to many urologic
procedures such as nerve-sparing radical prostatectomy and cystectomy as well as
retroperitoneal lymph node dissection for testis cancer.

Conclusion

New techniques in optical imaging and intraoperative tissue imaging in urologic surgery
have emerged in recent years, and hold promise to revolutionize our clinical paradigm in
guiding surgical resection, in particular with the advent of minimally invasive surgery. The
implementation of innovative imaging modalities can provide the urologic surgeons with
intraoperative capability to visualize diseased and healthy tissues with cellular and
molecular specificity. The objectives of incorporating these technologies in the clinical
setting will be dependent upon whether they are shown to improve patient outcome, reduce
morbidity, are safe, and cost-effective. Prospective, studies will be needed to further define
and validate the role of intraoperative imaging technology and its cost-effectiveness in the
clinical setting.
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Figure 1.
Photodynamic diagnosis (PDD) in bladder. White light cystoscopy (&) of the right lateral

wall / bladder dome regions showed a diffuse area of non-papillary tumor. Under PDD (b),
pink fluorescence delineates the extent of neoplastic region which was pathologically
confirmed to be carcinoma in situ (CIS).

[This figure is original work.]
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Figure 2.
Near infrared fluorescence imaging (NIRF) during robotic partial nephrectomy using

intravenously injected indocyanine green demonstrating (a) arterial phase enhancement of
the primary, secondary and tertiary renal arterial branches of the kidney and (b)
hypofluorescent renal mass with surrounding normal fluorescent renal parenchyma.

This figure is reproduced with permission from:

Tobis S, Knopf JK, Silvers CR, Marshall J, Cardin A, Wood RW, Reeder JE, Erturk E,
Madeb R, Yao J, et al.: Near Infrared Fluorescence Imaging After Intravenous
Indocyanine Green: Initial Clinical Experience With Open Partial Nephrectomy for
Renal Cortical Tumors. Urology 2012, 79:958-964.
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Figure 3.
Optical coherence tomography (OCT) of the bladder and prostate. (a) OCT of normal

bladder mucosa showing distinct layers of bladder wall (OG = optical gap, U = urothelium,
LP = lamina propria, MP = muscularis propria, White bar = 1 mm); (b) OCT images of a rat
seminal vesicle [32] and (c) prostatic adipose tissue [33]; (d) OCT and histologic images of
the rat cavernous nerve, oblique section with overlying vacuoles seen within the prostate
gland [33].

This figure is reproduced with permission from:

a) Fried NM, Rais-Bahrami S, Lagoda GA, Chuang A-Y, Su L-M, Burnett 111 AL:
Identification and Imaging of the Nerves Responsible for Erectile Function in Rat
Prostate, In Vivo, Using Optical Nerve Stimulation and Optical Coherence
Tomography. IEEE J. Sel. Top. Quantum Electron. 2007, 13:1641-1645.

b) Rais-Bahrami S, Levinson AW, Fried NM, Lagoda GA, Hristov A, Chuang Y, Burnett
AL, Su L-M: Optical coherence tomography of cavernous nerves: a step toward real-
time intraoperative imaging during nerve-sparing radical prostatectomy. Urology
2008, 72:198-204.

c¢) Fried NM, Rais-Bahrami S, Lagoda GA, Chuang A-Y, Su L-M, Burnett 111 AL:
Identification and Imaging of the Nerves Responsible for Erectile Function in Rat
Prostate, In Vivo, Using Optical Nerve Stimulation and Optical Coherence
Tomography. IEEE J. Sel. Top. Quantum Electron. 2007, 13:1641-1645.

d) [This figure is original work.]
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Inflammation

Figure 4.
Optical biopsy of bladder mucosa using probe-based confocal laser endomicroscopy (CLE).

CLE of normal, low/high grade papillary bladder cancer, CIS, and inflammation shown with
corresponding white light cystoscopy (WLC) and hematoxylin and eosin (H&E) staining of
the biopsy. Low grade cancer shows characteristic organized papillary structure whereas
high grade cancer and CIS show pleomorphic cells and distorted microarchiture.
Inflammatory mucosa shows lymphocytic infiltrates.

[This figure is original work.]
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