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ABSTRACT

Gynecologic surgery requires the clamping, cauterization, and transection of arteries that lie within mil-
limeters of the ureter, posing significant potential risk for ureteral injury. By leveraging the optical absorption
properties of hemoglobin and methylene blue (an FDA-approved contrast agent), we propose intraoperative pho-
toacoustic imaging during hysterectomies to simultaneously visualize the uterine arteries and ureter, respectively.
Three experiments were performed to test the feasibility of a spectroscopic system aimed at intraoperative visual-
ization. At 690 nm, the contrast from blood and urine mixed with 200 uM methylene blue was 13.83 dB and 11.06
dB, respectively, representing a 2.77 dB contrast difference. Conversely, at 750 nm, the contrast from blood was
similar (14.61 dB), and the contrast from urine mixed with 200 uM methylene blue decreased to 1.74 dB, which
produced a greater contrast difference of 12.87 dB. When tissue was added, similar contrast differences were
observed at these wavelengths. Finally, a laparoscopic tool was additionally visualized in real time in proximity
to the ureter and uterine arteries, which supports the feasibility of a spectroscopic photoacoustic approach to
differentiating the ureter from the uterine arteries in relationship to a laparoscopic tool during hysterectomies.

1. INTRODUCTION

Gynecologic surgery accounts for 75% of all intraoperative injuries to the ureters.! These injuries occur most
often during the clamping, transection, or cauterization of the uterine arteries which are within millimeters of the
ureter.? If these accidental injuries are noticed during the procedure, they can be addressed immediately to avoid
serious complications and post operative sequelae. However, 50-70% of ureteral injuries are undetected during
surgery, leading to additional surgeries, prolonged recovery, and even death. The most common practices to
avoid injury to the ureter during a hysterectomy typically include mapping the anatomy by following the ureter
through the pelvis, which is often followed by palpation in open surgery.>* In laparoscopic surgery, avoiding
ureteral injuries requires visualization of the ureter which may require entering the retroperitoneal space and
ureterolysis.> More recently, groups have begun to use deep learning approaches to identify the ureter and the
uterine artery in an endoscopic image. While these techniques are beneficial for cases in which the anatomy is
straightforward, they are time consuming and difficult when the anatomy is more challenging to discern, such as
in patients with pelvic malignancies, cases with extensive adhesive disease from prior surgeries, or endometriosis.
In in one retrospective study,” patients with pelvic malignancies, endometriosis, large ovarian masses, and pelvic
inflammatory disease comprised 44% of ureter injuries, which suggests that these factors play a large role in
ureter injury. In addition, greater than half of the patients with injuries to the ureter had no predisposing risk
factors.

Photoacoustic imaging has shown promise with regard to identifying important structures during gynecolog-
ical surgery.® In this technique, a target is illuminated using optical energy. Upon absorption of the optical
energy, a mechanical pressure wave is generated and sensed by a standard ultrasound probe.? Due to the specific
absorption properties of hemoglobin, photoacoustic imaging has proven successful in blood vessel detection.!?
Although previous work has demonstrated the feasibility of a photoacoustic approach to hysterectomies using
the da Vinci surgical system,® techniques to simultaneously identify the ureter were never explored.

Due to the low optical absorption properties of urine,'!>'2 the ureter is difficult to identify in photoacoustic
images. One solution is to introduce an FDA-approved contrast agent — i.e., methylene blue — which has optical
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Experiment 1: Distinguishing Blood from Urine Experiment 2: Adding Tissue Experiment 3: Visualizing the Tool Tip
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Figure 1: Experimental setup used for (a) Experiment 1, distinguishing blood from methylene blue in a water
bath, (b) Experiment 2, continued visualization with added bovine steak tissue, and (c¢) Experiment 3, visualizing
the laparoscopic tool tip in proximity to the mock ureter and uterine artery.

absorption peaks at 609 and 668 nm.'3 By leveraging the optical absorption properties of both hemoglobin and
methylene blue, we propose photoacoustic imaging as a solution for intraoperative, simultaneous visualization
of the ureter and the uterine artery during hysterectomies. This paper presents the results of three experiments
aimed at characterizing the necessary system requirements to enable simultaneous visualization of the ureter and
uterine artery.

2. METHODS
2.1 Experimental Setup

Three experiments were performed to assess the feasibility of distinguishing the ureter from the uterine
artery: (1) distinguishing blood from urine in a water bath, (2) distinguishing blood from urine when both are
surrounded by tissue, and (3) visualizing a laparoscopic grasper tool tip (Autosuture Endo Grasp, Medtronic,
Fridley, MN) in addition to blood and urine surrounded by tissue.

Fig. 1 shows the experimental setup for each of the three experiments. In all three experiments a 1.59 mm
inner diameter tube filled with ex vivo human blood was overlaid on a 3.96 mm inner diameter tube filled with
urine and methylene blue (200 uM concentration for experiment 1 and 400 uM concentration for experiments 2
and 3). The inner diameter of each tube was selected to represent the diameters of the uterine artery'* and the
ureter,'® respectively.

In each experiment, the photoacoustic imaging setup included an Alpinion ECUBE12R research ultrasound
scanner, connected to an Alpinion L3-8 linear array ultrasound transducer with a transmit frequency of 8 MHz.
A Phocus Mobile laser (Opotek, Inc., Carlsbad, CA) coupled to a 5 mm fiber bundle was used to illuminate the
targets.

2.2 Data Acquisition and Analysis

Photoacoustic imaging was performed with wavelengths from 690 nm to 800 nm and energies that were
lowered with each experiment (i.e., 40 mJ for Experiment 1, 25 mJ for Experiment 2, and 8 mJ for Experiment
3). Energies were lowered in the later experiments, because it was determined that lower energies produced
sufficient contrast to visualize differences between the ureter and the uterine artery. Both ultrasound and
photoacoustic channel data were saved for post processing.

Standard delay-and-sum (DAS) beamforming and short-lag spatial coherence (SLSC) beamforming were
applied to create photoacoustic images. SLSC beamforming displays the spatial coherence of pressure waves!'6
and has been shown to reduce clutter in both ultrasound and photoacoustic images.'™'® SLSC beamforming is
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performed after applying receive delays. The normalized cross-correlation between signals received by equally
spaced elements (i.e., spatial lags) is then calculated with an axial kernel size, k = ny — ny, that is equivalent to
one wavelength.'® Based on these details, the normalized spatial correlation is defined as:

. 1 D omp, Si(1)Sitm(n)
R(m) = =
Vo & VIt 20, 82 ()

where N is the number of elements in the transducer, m is the spatial lag in units of number of elements, s;(n)
is a time-delayed, zero-mean signal received at element ¢ from depth n. The resulting spatial coherence function
is then summed up to a specific short-lag value, M, yielding the value of the SLSC image pixel. This process is
repeated for each lateral and axial position in the image.

(1)

To assess the visibility of each signal, the wavelength was tuned from 690 to 800 nm, and contrast was
measured as a function of wavelength as follows:

Contrast = 20log;, (?) (2)

where S; and S, are the means of signals within regions of interest (ROIs) inside and outside of a target,
respectively. The signal ROIs for this study were selected to be the same size as the inner tubing diameter. In
addition, all ROIs were selected to avoid reflection artifacts or signals from the plastic tubing.

3. RESULTS
3.1 Distinguishing Blood from Urine

Fig. 2 shows the results from the first experiment, which aimed to differentiate blood from urine mixed with
methylene blue in a controlled water bath experiment. Figs. 2(a) shows a photoacoustic image acquired with
a wavelength of 690 nm overlaid on the ultrasound image. Similarly Fig. 2(c) shows a photoacoustic image
acquired with a wavelength of 750 nm overlaid on the same ultrasound image. The wavelengths of 690 nm and
750 nm were chosen as example photoacoustic images based on the specific optical absorption peaks of methylene
blue (668 nm) and hemoglobin (750 nm).

The ROIs defining the target signal for the contrast measurements is shown as the inner circles overlaid on
each image. At a wavelength of 690 nm, the contrast from the blood and urine was 13.83 dB and 11.06 dB,
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Figure 2: Experiment 1 results deomnstrating example photoacoustic images from overlapping tubes containing
blood and urine mixed with methylene blue submerged in water at (a) 690 nm, (c) 750 nm wavelengths. The
signal below the tubing in (a) is due to reflections from the methylene blue and the plastic tubing. (b) Contrast
measurements as a function of wavelength.
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respectively, resulting in a contrast difference of 2.77 dB. At a wavelength of 750 nm, the contrast from the blood
and urine was 14.61 dB and 1.74 dB, respectively, resulting in a higher contrast difference of 12.87 dB, mostly due
to the reduction in the contrast associated with the urine-filled tube. These quantitative metrics are confirmed
with the corresponding images. In particular, at a wavelength of 690 nm (i.e., Fig. 2(a)), the photoacoustic
signal is largely present in the center of the bottom tube containing methylene blue and urine. However, at a
wavelength of 750 nm (i.e., Fig. 2(c)), there is no signal present in the bottom tube (although signal remains
in the top tube containing blood). The presence of the urine signal at 690 nm and not at 750 nm supports a
spectroscopic approach that dynamically switches between 690 nm and 750 nm in order to differentiate between
the ureter and the uterine artery.

The same ROIs described above were used to calculate contrast for all wavelengths. Fig. 2(b) shows the
measured contrast as a function of wavelength from 690 nm to 800 nm. The contrast of the blood signal is
consistently greater than that of the urine signal at these wavelengths, particularly at 750 nm.

3.2 Adding Tissue

Fig. 3 shows the results from the second experiment, in which bovine steak was added to the set up from the
first experiment with the goal of assessing blood and urine differentiation in the presence of tissue. In particular,
Figs. 3(a) and 3(c) show photoacoustic images acquired with 690 nm and 750 nm wavelengths, respectively,
each overlaid on the same ultrasound image. Similar to Experiment 1, at 690 nm, the average contrast difference
between blood and urine mixed with methylene blue was 4.4 dB. At 750 nm, the average contrast difference
between blood and urine mixed with methylene blue was 21.2 dB. The photoacoustic images are consistent with
these quantitative measurements, displaying signals inside of the bottom tube at 690 nm (i.e., Fig. 3(a)), which
are largely absent at 750 nm (i.e., Fig. 3(c)).

When adding tissue, the reflections from the tubing that were present in Fig. 2(a) are minimized. However,
it is more difficult to localize the signal due to the additional sidelobes. To mitigate these artifacts, SLSC
beamforming was applied, as shown in Figs. 3(d)-3(f). The mean contrast differences between blood and urine
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Figure 3: Experiment 2 results demonstrating example photoacoustic images and the associated contrast

mesaurements obtained using (a-c) delay-and-sum (DAS) beamforming and (d-f) short-lag spatial coherence
(SLSC) beamforming (M = 20).
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mixed with methylene blue are 1.3 dB and 14.1 dB at 690 nm and 750 nm wavelengths, respectively. This
difference is consistent with the presence of the urine and methylene blue signal in images acquired with a
wavelength of 690 nm (Fig. 3(d)) and the absence of this signal in images acquired with a wavelength of 750 nm
(Fig. 3(f)). The contrast measured at multiple wavelengths for images created with DAS and SLSC beamforming
is shown in Figs. 3(b) and 3(e), respectively. Similar to the first experiment, the contrast of the blood signal is
greater than that of the urine mixed with methylene blue signal for a majority of the wavelengths.

Fig. 4 shows the contrast of both blood and urine mixed with methylene blue, as a function of the laser
wavelength for multiple tissue thicknesses. When imaging in the presence of 2 mm-thick tissue, there is a 21.16
dB contrast difference between the signals associated with urine and blood at 750 nm wavelength (see Fig. 4(a)).
When an additional 2 mm of tissue is added (4 mm total), the of the blood signal significantly decreases and the
contrast difference between the signals associated with blood and urine significantly decreases to 3.47 dB at 750
nm wavelength, as shown in Fig. 4(b). Finally with 6 mm of tissue, the contrast values overlap (see Fig. 4(c)),
indicating an inability to differentiate the two signals.

3.3 Including the Laparoscopic Tool

Fig. 5 shows the results from the third experiment in which the laparoscopic tool was introduced. Figs. 5(a)
and 5(c) show SLSC photoacoustic images acquired with 690 nm and 750 nm wavelengths, respectively, overlaid
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Figure 4: Contrast as a function of wavelength in the presence of (a) 2mm, (b) 4mm, and (c) 6mm tissue
thickness. Measurements were obtained using DAS beamforming.
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Figure 5: Experiment 3 results demonstrating example photoacoustic images acquired with (a) 690 nm, (c¢) 750
nm laser wavelengths. The signals on the right side of both (a) and (c) are due to reflections from the tubing

and the speed of sound differences at the water-tissue boundaries. (b) Contrast measurements as a function of
wavelength using SLSC beamforming (M = 20).
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on the same ultrasound image. Fig. 5(b) shows the measured contrast as a function of wavelength for the blood,
urine, and the laparoscopic tool using the ROIs shown in Figs. 5(a) and 5(c).

At 690 nm, the average contrast of the tool, urine, and blood were, 15.44 dB, 12.89 dB, and 5.42 dB,
respectively. At 750 nm, the average contrast of the tool, urine, and blood were, 16.66 dB, 7.06 dB, and
16.85 dB, respectively. The photoacoustic signals to the right of the laparoscopic tool are due the illumination
of the metal tool tip located outside of the ultrasound imaging plane, resulting in out-of-plane photoacoustic
signals being received by the transducer. Despite these signals, the contrast of the metal tool located within
the indicated ROI remains relatively constant across wavelengths as demonstrated in Fig. 5(b). In addition, as
demonstrated in the previous two experiments, the contrast difference between the blood and methylene blue are
distinguishable when comparing the 690 nm result (7.48 dB contrast difference) to the 750 nm result (9.79 dB
contrast difference), despite the contrast of the blood signal being lower than that in the first two experiments
due to the lower laser energy.

4. DISCUSSION

The measured contrast differences between urine mixed with methylene blue and blood at 690 and 750 nm
wavelengths demonstrate that photoacoustic imaging is a promising technique to distinguish between the ureter
and the uterine artery. In particular, this differentiation would be best achieved by dynamically switching
between these two wavelengths during the procedure. A quantitative spectroscopic approach such as this would
allow the ureter to be identified at 690 nm and then immediately differentiated from the uterine artery when
switching to 750 nm due to the large signal change (i.e., >14 dB decrease in contrast, as shown in Fig. 3).

When these targets are surrounded by tissue, the differentiation between true signal and noise can be challeng-
ing due to reflection artifacts from the tubing as well as absorption from the surrounding tissue. The incoherent
noise sources present can be mitigated by applying SLSC beamforming, which further enhances the true signal
and suppresses noise. As tissue thickness increases, the true signals are more difficult to differentiate. As a
result, this system can identify and distinguish the ureter from the uterine artery with <4mm of tissue present,
which is typical in hysterectomy procedures.

One limitation of the presented experiments is the presence of photoacoustic signals from the plastic tubing.
Although the effect of this signal was mitigated by using ROIs of the same size as the inner diameter of the tube,
the resulting image is more difficult to interpret with the signal from the tubing present. Future in vivo studies
will help to reduce this confusion by removing the need for plastic tubing.

In addition to our success with quantitative differentiation of urine and blood, both the tool tip and the urine
were identifiable in photoacoustic images. The tool tip can additionally be identified with real-time photoacoustic
imaging as the surgeon moves the tool. The distance between the identified tool tip and the ureter can then be
measured. It is of particular importance to surgeons to know when the tool tip is in close proximity to the ureter,
which places the ureter at a higher risk of injury. Therefore, our future work will explore auditory feedback as
the tool approaches the ureter. Providing this auditory information to the surgeon will diminish the requirement
to visualize the additional information provided by the proposed photoacoustic approach.

5. CONCLUSION

This work is the first to investigate photoacoustic imaging as a viable option to assist with the distinction
of the ureter and uterine artery during hysterectomies. The optical absorption properties of hemoglobin and
methylene blue are the key enabling factors of the proposed approach to use photoacoustic imaging to reduce
the risk of ureteral injury during hysterectomies. Results demonstrate the feasibility of photoacoustic-based
methods to distinguish the ureter (when methylene blue is introduced into the urinary tract), uterine artery, and
the laparoscopic tool in the presence of <4mm of tissue thickness.
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