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Abstract—Real-time intraoperative guidance during the en-
donasal transsphenoidal approach to minimally invasive neu-
rosurgery is often limited to endoscopy, which is suboptimal
at locating underlying blood vessels to mitigate the risks and
severe complications associated with accidental injury. Transcra-
nial photoacoustic imaging is a promising technique for real-
time visualization of these structures, but it is challenged by
acoustic-bone interactions which degrade image quality. We are
developing simulation methods that identify viable transcranial
acoustic windows for intraoperative photoacoustic visualization
of these underlying structures. In our previous work on this
topic, simulation models were limited to an empty cadaver skull
and the eyes of an intact cadaver head, while experiments
with the same intact cadaver head were limited to the ocular
acoustic window. In this paper, we present our advances to the
simulation methodology, including quantitative assessments of
images generated from simulated data and in silico investigations
of additional acoustic windows with the intact cadaver head
model. In addition, experimental images obtained with the ocular
acoustic window of the cadaver head were compared to corre-
sponding simulation results. With experimental and simulation
similarity confirmed (i.e., point spread function area difference
of 5.68 mm2), simulations were extended to explore the temple
and sphenoid sinus acoustic windows. This exploration indicated
that the sphenoid sinus and ocular acoustic windows provide
images with the best target visibility (e.g., a generalized contrast
to-noise ratio of 1.00 ± 0.00) and resolution. Considering that
current transducer technology has limited ability to navigate to
and within the sphenoid sinus, we conclude that the ocular cavity
is the most feasible transducer location at this time.

I. INTRODUCTION

Endoscopic transsphenoidal surgery is a minimally invasive
technique in which instruments are inserted through the nasal
cavities to remove pituitary tumors [1]. Critical structures,
such as the internal carotid arteries (ICAs) located within
0-10 mm of the surgical site, are susceptible to iatrogenic
injury leading to surgical complications, including stroke,
hemorrhage, and death [2]. Although current intraoperative
guidance techniques, such as stereotactic guidance and en-
doscopy, enable monitoring of the ICAs, they suffer from
two primary limitations. First, stereotactic guidance is subject
to registration errors which can become increasingly large
as patient anatomy is disrupted during surgery and as the
anatomy significantly deviates from that shown in preopera-
tive x-ray computed tomography (CT) or magnetic resonance
(MR) images. Second, endoscopy is unable to identify critical

structures underlying bone or other tissues in the operative
path [3].

Transcranial photoacoustic imaging is being explored as
a promising intraoperative imaging technique for real-time
visualization of the ICAs to address these well-known limita-
tions [4]–[10]. This technique is implemented by inserting an
optical source into the nasal cavity to excite the hemoglobin in
blood vessels. The absorbed optical energy is then converted to
acoustic energy, and an externally placed ultrasound transducer
receives the resulting signals [11]. Transcranial photoacoustic
imaging is challenged by the aberration, attenuation, and
reverberation of acoustic waves, which combine to degrade
image quality. These adverse effects are primarily caused by
the heterogeneity of cranial bone and the acoustic impedance
mismatch between bone and cranial tissues [12]–[14].

To address these challenges, we previously developed a
simulation framework to identify naturally occurring acoustic
windows in the adult human skull for transcranial visualization
of the ICAs [15]. Photoacoustic simulations were demon-
strated as a promising, patient-specific tool for preoperative
planning of photoacoustic image-guided neurosurgeries, based
on an empty skull simulation model and individual acoustic
sensor measurements (i.e., maximum pressure and signal en-
ergy). This paper advances our previous simulations by using
a CT volume based on an intact cadaver head model and by
comparing experimental and simulated photoacoustic images.

II. MATERIALS AND METHODS

Three-dimensional photoacoustic simulations were per-
formed using the k-Wave toolbox [16], [17], based on the
CT volume of a human cadaver head. The CT volume was
converted to heterogeneous density, speed of sound, and
absorption coefficient volumes. Fig. 1 shows an axial slice of
the heterogeneous speed of sound volume. To provide baseline
images without the negative of effects tissue heterogeneity
(i.e., aberration, attenuation, and reverberation), homogeneous
volumes were modeled as the average density, speed of sound,
and absorption values of the cadaver brain tissue alone. The
computational grid was defined with a symmetric voxel size
of 0.3 mm x 0.3 mm x 0.3 mm. Acoustic wave propagation
was simulated with a time increment of 1.23−8 seconds. No
shear waves were included in these simulations.
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Fig. 1: Annotated axial slice of the heterogeneous speed
of sound volume for k-Wave simulations, derived from a
corresponding axial CT slice of a human cadaver head. A pho-
toacoustic source was placed within the right internal carotid
artery. The green lines denote transducers (i.e., photoacoustic
sensors) placed on the right eyelid, on the right temple, and
within the sphenoid sinus at source-to-sensor distances of 61.0
mm, 72.4 mm, and 10.3 mm, respectively.

Phased array ultrasound transducers were positioned to
receive intracranial photoacoustic signals from three acoustic
windows, as shown in Fig. 1. Transducers with 0.3 mm pitch,
13.5 mm height, 0 mm kerf, and 64 elements were positioned
on the right eyelid and right temple region. Due to anatomical
space constraints, a smaller transducer with 7.5 mm height,
and 31 elements was positioned in the sphenoid sinus.

Spherical photoacoustic targets were positioned in the lo-
cation of the right internal carotid artery (RCA), as shown in
Fig. 1. The distances from source to the center of transducers
located on the eyelid, on the temple, and within the sphenoid
sinus were 61.0 mm, 72.4 mm, and 10.3 mm, respectively.
Targets with 0.3 mm-diameter (point source) and 4 mm-
diameter were simulated independently. Randomly distributed
Gaussian noise was added to received transducer channel data
to model the electronic noise of an imaging system. Two noise
distributions were defined to obtain a channel signal-to-noise
ratio (SNR) of 15 dB for signals received from the point
target and 4 mm target with the temple transducer positions.
These distributions were added to the channel data for the
corresponding targets for the eyelid and temple transducer
locations.

Photoacoustic delay-and-sum (DAS) images were generated
from the channel data with additive noise. DAS image quality
(i.e., resolution and target visibility) was measured for each
transducer location. Specifically, resolution was assessed from
images of the point target by calculating the area of the point

Fig. 2: (a) Experimental photoacoustic image of the right in-
ternal carotid artery obtained with the ocular acoustic window.
Simulated photoacoustic images of the intracranial photoa-
coustic point source obtained with the (b) ocular, (c) temple,
and (d) sphenoid sinus acoustic windows of the cadaver head
model. Images are displayed with 15 dB dynamic range.

spread function (PSF) -6 dB contour. Target visibility was
assessed from images of the the 4 mm-diameter target with
contrast, SNR, contrast-to-noise ratio (CNR), and generalized
contrast-to-noise ratio (gCNR) [18], [19] measurements cal-
culated as follows:

Contrast = 20 log10

(µt

µb

)
(1)

SNR = 20 log10

(µt

σb

)
(2)

CNR =
|µt − µb|√
σ2
t + σ2

b

(3)

gCNR = 1−
N−1∑
k=0

min{hi(xk), ho(xk)} (4)

where µt and µb are the means, σt and σb are the standard
deviations, and ht and hb are the histograms of the signal
amplitudes within ellipsoidal regions of interest (ROIs) inside
and outside of a photoacoustic target, respectively. N is the
number of bins in the histogram, and k is the index of the bin.
For each image, a singular target ROI and multiple background
ROIs were chosen to calculate means and standard deviations
of measurements. These simulation results were validated with
experimental images obtained with the ocular acoustic window
of the cadaver head, using the experimental procedure and data
described in our previous publication [15].

III. RESULTS & DISCUSSION

Figs. 2(a) and 2(b) show experimental and simulated pho-
toacoustic images of the RCA from the human cadaver head,
respectively, each obtained with the ocular acoustic window.
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Fig. 3: Point spread function -6 dB contours for the (a)
homogeneous point target simulations and (b) heterogeneous
point target simulations and experimental image.

Fig. 4: Homogeneous and heterogeneous simulated photoa-
coustic images of the 4 mm-diameter target obtained with the
(a,b) ocular, (c,d) temple, and (d,e) sphenoid sinus acoustic
windows. Image are displayed with 15 dB dynamic range.

Although the simulated image shows more artifacts than the
experimental image, the shape, location, and visibility of
the targets generally agree. Figs. 2(c) and 2(d) show the
simulated images of the point target obtained with the temple
and sphenoid sinus acoustic windows, respectively. Artifacts
visible in the image obtained with the temple acoustic window
are absent in the image obtained with the sphenoid sinus
acoustic window. The simulation results in Figs. 2(b)-2(d)
indicate that the sphenoid sinus is the preferable transducer
location due to this location producing the least artifacts in
simulation.

Fig. 3 shows the -6 dB contours of the experimental
and simulated photoacoustic point target images. To provide
baseline measurements, the contour areas of the homogeneous
simulated images were 10.82 mm2, 12.80 mm2, and 4.22 mm2

for the ocular, temple, and sphenoid sinus acoustic windows,
respectively. The areas of the corresponding simulated im-
ages obtained with the cadaver head model and displayed in
Figs. 2(b-d) were 16.26 mm2, 23.34 mm2, and 5.44 mm2,
respectively. We observed the smallest impact on resolution
from heterogeneous tissues in the acoustic pathway with the
sphenoid sinus acoustic window. Therefore, the sphenoid sinus
transducer location provides images with the best resolution,
likely due to minimal bone present in the acoustic pathway and
shallow target imaging depth. In addition, the corresponding
area of the ocular experimental image was 10.59 mm2, which
indicates good agreement between this experimental result and
the heterogeneous ocular simulation, as observed in Fig. 3(b).

Fig. 4 shows photoacoustic images generated from homoge-
neous and heterogeneous simulations of a 4 mm-diameter tar-
get to assess target visibility. In each homogeneous simulated
image, the clearly visible target provides a baseline to assess
target visibility. The presence of brain, bone, and skin tissues
causes differences between the homogeneous baseline (Figs.
4(a,c,e)) and heterogeneous images (Figs. 4(b,d,f)). Qualita-
tively, the heterogeneous image obtained with the temporal
acoustic window shows prominent artifacts near the target,
which negatively affect target visibility. Although the hetero-
geneous image obtained with the ocular acoustic window also
shows artifacts, these artifacts are distinct from the target and
do not negatively affect the target visibility. Therefore, the
ocular location is a more feasible transducer position than the
temporal region. The homogeneous and heterogeneous images
obtained with the sphenoid sinus acoustic window display
a similar target appearance, without visible artifacts in the
heterogeneous image, which suggests that the sphenoid sinus
transducer location is most optimal. However, miniaturized
endonasal transducers for navigation to and within the sphe-
noid sinus are not readily available. Based on these results,
we propose the ocular acoustic window when the sphenoid
sinus window is logistically infeasible, which agrees with the
conclusions of our previous publication [15].

Fig. 5 quantifies the target visibility of the heterogeneous
simulated images displayed in Fig. 4. Images obtained with
the sphenoid sinus acoustic window produced contrast, SNR,
CNR, and gCNR measurements of 23.02 ± 3.48 dB, 35.15 ±
4.30 dB, 6.04 ± 0.22, and 1.00 ± 0.00, respectively. These
measurements generally outperformed measurements obtained
with the ocular and temporal acoustic windows. When the
sphenoid sinus transducer location is logistically infeasible, the
ocular acoustic window provides suitable target visibility, and
notably identical gCNR, which is arguably the most important
indicator of a surgeon’s ability to visualize a target [19].
Considering that the sphenoid sinus location provides images
with the best target visibility and resolution, these results
provide additional motivation for the development of dedicated
nasal intraoperative transducers for transcranial photoacoustic
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Fig. 5: Mean ± one standard deviation of (a) contrast, (b) signal-to-noise ratio (SNR), (c) contrast-to-noise ratio (CNR), and
(d) generalized contrast-to-noise ratio (gCNR) measurements from the heterogeneous simulated photoacoustic images of the 4
mm-diameter target. Singular target and multiple background ROIs were used to calculate the mean and standard deviation.

imaging [15], [20].

IV. CONCLUSION

The work presented in this paper details advances in our
patient-specific simulation methodology for presurgical plan-
ning of transducer placement for intraoperative photoacoustic
image guidance. Although the sphenoid sinus was identified
as an optimal acoustic window for photoacoustic visualiza-
tion of the ICAs (based on resolution and target visibility
measurements), this window is logistically infeasible with
current transducer technology. Therefore, the ocular cavity was
identified as the next best acoustic window option when con-
sidering both ICA visibility and logistical feasibility (despite
the reduced resolution). These simulation results additionally
motivate the development of intraoperative transducers that
exploit the sphenoid sinus acoustic window for transcranial
photoacoustic visualization of the ICAs.
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