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ABSTRACT

Similar to the parking-assist sensors on modern automobiles, which alert drivers of impending impact to
an object, we are developing an auditory photoacoustic-based guidance system to assist with avoidance of im-
pending injuries to ureters during hysterectomy procedures. The contribution described in this paper considers
international standards for medical alarms. The system was demonstrated during both open and laparoscopic
hysterectomy procedures on two human cadavers. Using methylene blue to enhance ureter contrast, the prox-
imity of a surgical tool tip to the ureter was measured using the visual information provided in photoacoustic
images. Distance measurements were then successfully mapped to auditory signals, which increased in auditory
frequency as the tool-to-ureter distance decreased to convey surgical tool proximity to the ureter. Fundamental
frequencies increased from 150 Hz to 866 Hz for tool-to-ureter distances of 2.47 mm to 5 mm. These results are
promising to assist with the avoidance of accidental ureteral injuries during hysterectomy and other procedures
that suffer from similar challenges with regard to iatrogenic ureteral injuries.

1. INTRODUCTION

Surgical removal of the uterus requires the cauterization and transection of the uterine arteries while pre-
serving the nearby ureters.1 One challenge with this surgery is that the reported incidence rates of ureteral
injury range 0.4%–1.7%2,3 for non-malignant conditions and can be as high as 4.7% for patients undergoing
hysterectomy for malignant conditions.2 These intraoperative injuries cause increased complications, including
hospital readmission, sepsis, and death.2 In addition, 67% of hysterectomies are performed laparoscopically, with
or without robotic assistance,4 resulting in a 4.2 increase in the risk of ureteral injury with a minimally invasive
hysterectomy when compared to an open approach.5

Previous work from our group demonstrated the feasibility a photoacoustic approach to hysterectomy in
three stages. First, a custom photoacoustic light delivery system and robotic assistance was tested with a 3D
printed blood vessel phantom.6 Second, the concept of injecting methylene blue into the ureter to distinguish
the ureter from the uterine artery was validated in ex vivo experiments using plastic tubing filled with blood and
methylene blue.7 Third, an open hysterectomy procedure was performed on a human cadaver and an auditory
method was demonstrated to convey proximity information to surgeons.8 The work presented in this paper builds
on our initial success with phantom experiments6,7 and open human cadaver experiments8 to demonstrate the
proposed photoacoustic system laparoscopically. We additionally build on the previously proposed auditory
feedback system8 by establishing an auditory alarm system while considering the International Electrotechnical
Commission (IEC) standard for medical alarms (i.e., IEC 60601-1-8).9,10

The auditory feedback system is inspired by a parking sensor in an automobile,11,12 where the distance
between the vehicle and an object is tracked and an audible tone ensues as the driver approaches the object in
order to alert the driver to the risk of impact, as depicted in Fig. 1. Similarly, we intend for the photoacoustic-
based auditory feedback system to track the distance between the surgical tool and the ureter and beeping will
ensue if the surgical tool approaches the ureter, in order to alert the surgeon of an impending risk of ureteral
injury. This system has the potential to provide the real-time information needed to avoid accidental ureteral
injuries during hysterectomies.
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Figure 1. Diagram depicting the parking sensor-inspired approach to photoacoustic-guided hysterectomy where the vehicle
and the tool are in motion and the object and ureter are stationary. The top row indicates the status of the auditory
feedback, the second row shows our parking sensor inspiration, and the third row shows our surgical application. Initially
(left) there is no sound, then as the target gets closer auditory feedback begins (center), which increases in frequency
(right) as the distance decreases.

2. METHODS

2.1 Experimental Setup

A total of two human cadavers were utilized in this study for the open and laparoscopic procedures. During
both procedures, the ureter and distal portion of the uterine artery were dissected and sutured at the distal
end. The uterine artery was injected with whole human blood, and the ureter was filled with 400 µM and 200
µM methylene blue mixed with urine for the open and laparoscopic procedures, respectively. A Phocus Mobile
laser (Opotek, Inc., Carlsbad, CA) operating at wavelengths from 690 nm to 800 nm with a pulse repetition
frequency of 10 Hz was coupled to a 5 mm- or 2 mm-diameter fiber bundle emitting energies of 31.7 mJ or 16.6
mJ per pulse, respectively. During the open procedure, the fiber bundle was fixed with a ring stand. During
the laparoscopic procedure the fiber bundle was attached to the surgical tool using a custom 3D printed adapter
and inserted into a 12 mm trocar to avoid additional incisions. This setup was used to illuminate the ureter and
uterine artery. Co-registered ultrasound and photoacousic data were acquired using an Alpinion ECUBE12R
research ultrasound scanner (Alpinion, Seoul, Korea), connected to an Alpinion EC3-10 transvaginal ultrasound
probe, with a center frequency of 6 MHz.

2.2 Data Acquisition and Analysis

Ultrasound and photoacoustic channel data were acquired both with and without a laparoscopic grasper tool
tip (Autosuture Endo Grasp, Medtronic, Fridley, MN) placed in the imaging plane. During the open procedure,
with the laparoscopic tool in the imaging plane, the tool was navigated between the ureter and uterine artery.
First, touching the ureter, then sweeping toward the uterine artery, and finally touching the uterine artery. This
motion was then reversed and repeated for approximately 6 seconds. Co-registered ultrasound and photoacoustic
videos of this motion were acquired with the goal of mapping proximity information to auditory cues.

Standard delay-and-sum (DAS) beamforming was used to create ultrasound images. Both DAS and short-lag
spatial coherence (SLSC)13,14 beamforming were implemented to create photoacoustic images. Specifically, DAS
beamforming was used to form dual-wavelength images, while SLSC beamforming was used when the tool was
inserted into the imaging plane and to identify regions of interest (ROIs) during the laparoscopic investigation.
Because SLSC beamforming directly displays the coherence of received signals, SLSC images offer improved
visualization compared to DAS images when high-amplitude, incoherent artifacts are present. Each DAS or
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SLSC photoacoustic image was normalized to its brightest pixel prior to display. Dual-wavelength images were
formed by assigning blue and red colormaps to the photoacoustic images acquired with 690 nm and 750 nm
wavelengths, respectively, then overlaying the color images on the grayscale ultrasound image.

2.3 Auditory Mapping

In order to convey proximity information to surgeons, we previously proposed an auditory mapping,8 enabling
surgeons to focus on the surgical task, rather than divert their attention to additional monitors containing
photoacoustic images. This mapping was initially performed without consideration of the IEC standard.9 Here
we narrow the selected frequencies to the range specified, and we include the harmonics required by the IEC
standard. In particular, the IEC standard9 specifies that the auditory alarm should have a fundamental frequency
between 150 and 1,000 Hz, containing at least four harmonics in order to assist in localization of the signal and
avoid other signals blocking it from perception. Therefore, this auditory cue starts at a fundamental frequency of
fmin = 150 Hz and increases in frequency up to fmax = 1000 Hz when touching the ureter. In order to introduce
the four required harmonics, the resulting signal was superimposed with frequencies (i.e., fharmonic) at multiples
of 2, 3, and 4 times the fundamental frequency, each with amplitude 10% of the signal at the fundamental
frequency. The identified positions of the ureter and uterine artery were fixed while the surgical tool was tracked
as the brightest pixel in each subsequent photoacoustic image.

Although two laser wavelengths are required to achieve the proposed system, the demonstration of feasibility
of the auditory feedback system utilized a single wavelength, as the 10 Hz pulse repetition frequency of our laser
system would reduce display rates to a level that would be limited to slower tool velocities. A system capable of
faster tuning between 690 nm and 750 nm wavelengths would enable auditory feedback in real-time. However,
to demonstrate tracking feasibility within our current system limitations, the position of tool tip, Pt, and the
position of the ureter, Pu, were identified in photoacoustic images created with a single 750 nm laser wavelength,
as the tool was navigated between the ureter and uterine artery (as described in Section 2.2). In particular, the
position of the tool, Pt, was selected as the region surrounding the brightest pixel in the 750 nm image. The
region identified as the surgical tool was assigned a green colormap, then temporarily removed from the image
(i.e., set to zero). Next, with the tool region removed, the position of the uterine artery was selected as the
region surrounding the brightest pixel in the remaining image. This region was assigned to a red colormap, then
temporarily removed from the image (i.e., set to zero). Next, with both the surgical tool and uterine artery
removed from the image, the position of the ureter, Pu, was defined as the brightest pixel in the remaining
image. This region was then set to a blue colormap. The three colormaps (i.e., green, red, and blue) were then
combined into a single image. Each identified region was normalized by its brightest pixel and displayed with a
dynamic range that enhanced signal visualization.

The calculated Euclidean distance between the ureter and the tool (i.e., ‖Pu−Pt‖2) was temporally filtered to
remove large changes in the derivative (i.e., velocity) that are not representative of the steady tool motion during
this experiment. This distance was then used to create the auditory signal with the fundamental frequency
defined as:

ffundamental =

{
fmax −

(
fmax−fmin

t

)
‖Pu − Pt‖2, if ‖Pu − Pt‖2 < t

0, if ‖Pu − Pt‖2 ≥ t.
(1)

where t is a pre-defined distance threshold, and fmin and fmax are pre-defined frequency limits. If the operator
was sufficiently far from the ureter (i.e., t = 5 mm in this study), no sound was played. As the operator
approached the ureter, an auditory cue was initiated.

3. RESULTS

Figs. 2(a) and 2(b) show example dual-wavelength images from the open and laparoscopic procedures, respec-
tively. In both images the ureter and the uterine artery are visualized and differentiated based on the presence of
blue and red signals, respectively. Quantitatively, at 690 nm laser wavelength, the contrast difference between the
ureter and uterine artery was 0.5 dB and 14.2 dB during the open hysterectomy and laparoscopic hysterectomy,
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Figure 2. Dual-wavelength photoacoustic images acquired during the (a) open and (b) laparoscopic procedures within a
human cadaver.

respectively. At 750 nm laser wavelength, the contrast difference between the ureter and uterine artery was 4.9
dB and 24.3 dB during the open hysterectomy and laparoscopic hysterectomy, respectively. For each procedure,
the increase when comparing the contrast difference at 690 nm wavelength to that at 750 nm wavelength (i.e.,
the increasee from 0.5 dB to 4.9 dB in the open procedure and from 14.2 dB to 24.3 dB in the laparoscopic
procedure) is responsible for the differentiation of the ureter from the uterine artery in the dual-wavelength
images. More specifically, this increased contrast difference enables the uterine artery to be visualized in the 750
nm image and differentiated from the ureter. Similarly, the ureter is visualized in the image acquired with 690
nm laser wavelength, because the contrast difference between the ureter and the uterine artery is smaller at 690
nm compared to that at 750 nm.

Figure 3. (a) Example photoacoustic image used to estimate the distance between the tool shown in green and the ureter
shown in blue. (b) Calculated distance as a function of time. (c) Spectrogram derived from distance measurements,
representing a visual display of the distance to auditory signal mapping.
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Fig. 3(a) shows an example photoacoustic image with colored regions corresponding to the ureter, uterine
artery, and tool shown in shades of blue, red, and green, respectively. Based on the assigned regions, the
distance between the ureter and the tool for this example was 3.05 mm, as shown in the bottom left corner
of the image. Artifacts surrounding the surgical tool are present in Fig. 3(a), however the automated tracking
algorithm described in Section 2.3 is robust to these artifacts and tracks the brightest pixel only, which was
identified as the tool tip.

Fig. 3(b) shows the photoacoustic-based distance calculation in green for the complete 6 s sequence of photoa-
coustic images. The solid black line indicates the t = 5 mm threshold for auditory feedback. The photoacoustic-
based distances ranged from 2.47 mm to 7.31 mm.

Fig. 3(c) shows the spectrogram derived from the distance measurements in Fig. 3(b). The fundamental
frequency is indicated by ffundamental and the harmonics of the fundamental frequency are indicated by fharmonic.
These fundamental frequencies range from 150 Hz to 866 Hz. The peaks in the spectrogram correspond to
the valleys in the distance measurements and indicate a high frequency auditory cue alerting surgeons to the
proximity of the tool to the ureter.

4. DISCUSSION AND CONCLUSION

The work presented in this paper improves previous demonstrations6–8 of a photoacoustic-based approach to
guiding hysterectomies by introducing an auditory alarm system inspired by an automobile parking sensor, with
consideration of the international standard for medical alarms.9 These results also highlight the importance
of demonstrations in the realistic environment of a human cadaver prior to translation to patients.15 Dual-
wavelength 690/750 nm images showed up to 4.9 dB and 24 dB contrast differences between the ureter and
uterine artery during the open hysterectomy and laparoscopic hysterectomy, respectively.

Despite the absence of a fast-tuning system to achieve dual-wavelength imaging for the photoacoustic-based
auditory cues, the results illustrated in Fig. 3 are promising for future development. These results nonetheless
demonstrate the potential to bypass technological requirements for additional monitors containing photoacoustic
images, which are ultimately based on the appearance of the metal surgical tool in the same photoacoustic image
as another target (i.e., the ureter). This concept is not limited to hysterectomy procedures, and a similar auditory-
based system has the potential to be implemented in other applications of photoacoustic-based surgical guidance
that require proximity to critical structures, such as pedicle screw placement in spinal fusion surgeries,16,17

avoidance of the internal carotid arteries in endonasal transsphenoidal surgery,18,19 and targeting of major
blood vessels for cauterization or avoidance of these blood vessels for tissue resection during abdominal surgery.20

Future work will focus on the development of a fast-tuning system and investigate advanced spectral unmixing
methods based on the acoustic frequency response21 to robustly identify regions of interest.
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[20] Kempski, K. M., Wiacek, A., Graham, M., González, E., Goodson, B., Allman, D., Palmer, J., Hou, H.,
Beck, S., He, J., and Bell, M. A. L., “In vivo photoacoustic imaging of major blood vessels in the pancreas
and liver during surgery,” Journal of Biomedical Optics 24(12), 121905 (2019).

[21] Gonzalez, E. A. and Bell, M. A. L., “Acoustic frequency-based differentiation of photoacoustic signals from
surgical biomarkers,” in [2020 IEEE International Ultrasonics Symposium (IUS) ], 1–4, IEEE (2020).

Proc. of SPIE Vol. 11642  116420T-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 28 Mar 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


