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ABSTRACT

We previously introduced photoacoustic imaging to detect blood vessels surrounded by bone and thereby
eliminate the deadly risk of carotid artery injury during endonasal, transsphenoidal surgeries. Light would be
transmitted through an optical fiber attached to the surgical drill, while a transcranial probe placed on the
temporal region of the skull receives photoacoustic signals. This work quantifies changes in photoacoustic image
contrast as the sphenoid bone is drilled. Frontal bone from a human adult cadaver skull was cut into seven 3
cm x 3 cm chips and sanded to thicknesses ranging 1-4 mm. For 700-940 nm wavelengths, the average optical
transmission through these specimens increased from 19% to 44% as bone thickness decreased, with measurements
agreeing with Monte Carlo simulations within 5%. These skull specimens were individually placed in the optical
pathway of a 3.5 mm diameter, cylindrical, vessel-mimicking photoacoustic target, as the laser wavelength was
varied between 700-940 nm. The mean optical insertion loss and photoacoustic image contrast loss due to the
bone specimens were 56-80% and 46-79%, respectively, with the majority of change observed when the bone was
< 2 mm thick. The decrease in contrast is directly proportional to insertion loss over this thickness range by
factors of 0.8-1.1 when multiple wavelengths are considered. Results suggest that this proportional relationship
may be used to determine the amount of bone that remains to be drilled when the thickness is 2 mm or less.
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1. INTRODUCTION

Endonasal, transsphenoidal surgery is the most common approach to remove pituitary tumors located at the
base of the brain. Although the surgery is generally safe, one of the most significant complications is caused by
the location of the carotid arteries within 1-7 mm of the pituitary gland."»? Accidental injury to the carotid
arteries is a serious surgical setback that causes extreme blood loss, thrombosis, delayed neurological deficits,
strokes, and possibly death, with 14% morbidity and 24-40% mortality rates.®# A real-time Doppler ultrasound
probe was developed to assist surgeons with detecting carotid arteries,® but it failed in at least one case due to
misinterpretation of images and Doppler signals, resulting in misjudgment of the carotid artery location.? Thus,
there remains a salient need for real-time imaging methods that eliminate carotid artery injury during surgery.

We previously proposed photoacoustic imaging to provide real-time, intraoperative visualization of blood
vessels located behind bone.® Light would be transmitted through an optical fiber attached to the surgical drill,
while a transcranial ultrasound probe placed on the temporal region of the skull receives photoacoustic signals.
Other types of transcranial photoacoustic prototypes have been proposed with the light and probe external to the
skull. These prototypes demonstrated feasibility with phantoms, human adult skull, monkey skulls, and monkey
brains.” ® Wang et al.'° additionally reported 60-70% light transmission through a 0.6-0.9 mm thick infant skull,
and this transmission was sufficient to visualize a 50 pm target comprised of canine blood located approximately
2 cm below the bone surface. These studies provide evidence that our proposed system has potential to guide
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transphenoidal surgeries, as the sphenoid bone is 0.4-8.8 mm thick,'!*!2? located up to 1.37 cm away from the
internal carotid arteries,'® which have diameters of 3.7-8.0 mm.'*

The penetration of light through the sphenoid bone and hence the quality of resulting photoacoustic images
is expected to improve as the sphenoid bone is removed, given the proportional relationships between optical
transmission through bone, laser fluence incident on underlying vessels, and photoacoustic signal amplitude.
However, to the authors’ knowledge, no experimental studies directly measure these relationships. The purpose
of this work is to quantify the expected improvements in signal contrast and optical penetration as bone thickness
decreases due to the drilling process, with additional applicability to identifying candidates for more general
transcranial photoacoustic imaging based on skull thickness.

2. METHODS
2.1 Photoacoustic Experiments

A plastisol phantom was fabricated with no optical or acoustic scatterers to isolate effects due to the presence
of bone. A 3 mm diameter hole was drilled into the phantom and a black, cylindrical rubber target with a
diameter of 3.5 mm was inserted into the hole. This target was chosen for its similar diameter to the internal
carotid artery® and to achieve an optical absorption at least an order of magnitude greater than bone (similar
to blood).'> 17 The target is not expected to significantly vary with wavelength in order to separate the effects
of bone penetration from blood absorption as a function of wavelength.

A human frontal skull bone was cut into seven 3 cm x 3 cm specimens and sanded to thicknesses ranging
1.0-4.0 mm (measured with calipers), as shown in Fig. 1(a). Note that although bone thickness was controlled,
there were subtle variations among the specimens (e.g. embedded vessels, bone color) that could cause variations
in the optical properties. A slit was cut approximately 1 cm from vessel and the skull specimens were individually
placed in the slit to obstruct the optical path, as shown in Fig. 1(b). Light was transmitted from the 5-mm
diameter optical fiber bundle coupled to a combined Nd:YAG laser and optical parametric oscillator (OPO)
system (Phocus InLine, Opotek, Carlsbad, CA) which tuned the wavelength from 700 nm to 940 nm, in 20 nm
increments. An Ultrasonix L14-5W /60 linear transducer with a bandwidth of 5-14 MHz was placed with the
long axis of the vessel perpendicular to the axial dimension of the probe. The transducer was connected to a
SonixTouch ultrasound scanner, and a SonixDAQ data acquisition unit was triggered by the flashlamp output
signal of the laser to access raw, pre-beamformed radiofrequency photoacoustic data.

Photoacoustic images were reconstructed with a delay-and-sum beamformer and the resulting contrast was
measured as follows:

o

Contrast = 20logo (%) (1)

where S; and S, are the means of the image data within regions of interest (ROIs) located inside and outside
of the target, respectively, and o, is the standard deviation of the data within the ROI located outside of the
target. ROIs were defined by searching for the maximum signal within the expected signal location, surrounding
this signal with a rectangle, and automatically creating a same-sized noise ROI at the same depth to the right
of the signal ROI. Contrast measurements were averaged over five independent acquisitions.
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Figure 1. Photographs of (a) skull bone sanded to the thicknesses indicated above each image and (b) the experimental
setup.



The contrast loss due to the placement of bone, C},ss, was measured as follows:

Cy
= (1- =) 100% 2
Closs ( Co) 00% (2)

where Cy is the contrast when no bone was placed and C} is the contrast when one of the bone specimens
was present. All image processing and data analyses were performed with MATLAB software (The MathWorks,
Natick, MA).

2.2 Optical Transmission Measurements

The average energy per pulse was recorded with and without the bone inserted between the fiber and energy
meter (NOVA, Ophir, Jerusalem, Israel) as the wavelength of laser was tuned from 700 nm to 940 nm, in
increments of 20 nm. A 5 mm diameter fiber bundle delivered the light with an average pulse energy that varied
between 6.3 mJ and 14.5 mJ with each wavelength. Transmission was calculated as the ratio between the energy
measurements before insertion of the bone to that measured after bone insertion. This ratio was multiplied by
100 to report optical transmission as a percentage and converted to insertion loss measurements through the
expression:

Insertion Loss = (1 — Transmission Ratio) - 100% (3)

A one-layer tissue model with the average wavelength-dependent optical properties for skull bone,!8 as listed
in Table 1, was used to estimate optical transmission through bone with a Monte Carlo simulation package.'®
The bone’s thickness was varied between 0.5-4 mm in increments of 0.5 mm (which is within the range of sphenoid
bone thickness??), the wavelength was varied between 700-940 nm, and the refractive index was held constant at
1.56.'6 The top and bottom ambient media were modeled as air with a refractive index of 1. The related optical
insertion loss was calculated using Eq. 3. The parameters in Table 1 were additionally adjusted within the error
of reported measurements'® to find the best fit with our experimental data.

Table 1. Simulation parameters for absorption, p, (cm™'), scattering, ps (cm™'), and anisotropy factor (g)

Wavelength (nm)
700 720 740 760 780 800 820 840 860 880 900 920 940

La 024 023 024 025 0245 0245 025 026 027 029 033 038 043
s 333 326 320 313 306 300 293 286 280 273 266 260 253
g 0.932 0.935 0.936 0.937 0.938 0.938 0.938 0.939 0.939 0.940 0941 0.943 0.944

3. RESULTS

Fig. 2 shows sample photoacoustic images of the target in Fig. 1(b), taken with 800 nm wavelength (13.1 mJ
per pulse) in the presence of the bone thicknesses indicated above each image and when no bone was present (0
mm), representing the changes in vessel contrast that would be observed as the sphenoid bone is drilled. Only
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Figure 2. Photoacoustic images of the vessel-mimicking target acquired as the bone thickness indicated above each image
obstructed the optical path. Each image is shown with 15 dB dynamic range and measures 7.5 mm x 9 mm (axial x
lateral probe dimensions, respectively).
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Figure 3. Optical transmission ratios due to (a) varying bone thicknesses (at 800 nm laser wavelength) and (b) varying laser
wavelengths (at 1 mm and 2 mm bone thicknesses), as measured with Monte Carlo simulations and experimental results.
The optical parameters reported in Table 1 were additionally adjusted in (a) to obtain the best fit with experimental data

as a function of thickness and the maximum optical transmission. Error bars indicate 4 one standard deviation of three
independent measurements for each wavelength and thickness, respectively.

1 15 2 25 3 35 4 700 750
Bone thickness (mm)

the proximal and distal boundaries of the 3.5 mm diameter vessel are visible in these images. In addition, the
signal appears less diffuse as bone thickness decreases.

Optical transmission measurements are shown as a function of bone thickness in Fig. 3(a) for both simulation
and experimental measurements. In addition to the values reported in Table 1, the optical parameters were
adjusted to obtain a “best fit” for all thicknesses (us = 280 cm~!,g = 0.948) as well as an “upper limit”
(i.e. max in Fig. 3(a)) based on the error reported in previous measurements (us = 270 em™1, g = 0.948).1%
With these adjustments, the simulation and experimental measurements differ by up to 5%. Note the measured
transmission decreases up to 30% with increased thickness, a primary factor causing the poor image contrast
observed with increased bone thickness in Fig 2.

The simulation results in Fig. 3(b) show optical transmission measurements as a function of laser wavelength
for experimental measurements and simulation results based on the parameters reported in Table 1. Contrary to
variations as a function of bone thickness, the optical transmission increases by less than 4% as the wavelength
is varied, indicating that the change in bone thickness would have a greater effect on image contrast than the
change caused by different laser wavelengths, particularly within the 700-940 nm range. For all wavelengths
investigated, the mean optical transmission through the specimens increased from 19% to 44% as bone thickness
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Figure 4. Contrast of the photoacoustic signal as a function of (a) bone thickness (for 700 and 800 nm wavelengths)
and (b) laser wavelength (for 0, 1, and 2 mm bone thicknesses). Error bars represent + one standard deviation of five
independent measurements.



decreased from 4 mm to 1 mm.

Photoacoustic signal contrast is quantified as a function of bone thickness in Fig. 4(a) for laser wavelengths
of 700 and 800 nm. Each data point shows the mean + one standard deviation of five independent acquisitions.
A majority of the changes in contrast occur for bone thicknesses < 2 mm, which corresponds to measured
transmission ratios > 30%. Poor target visibility (e.g. contrast) was observed at wavelengths of 700 nm (Fig.
4(a)) and 920 nm (not shown), thus the data from these measurements were not included in subsequent analyses.

Contrast is shown as a function of wavelength in Fig. 4(b) for bone thicknesses of 0 mm (i.e. no bone), 1
mm, and 2 mm. The photoacoustic signal contrast was normalized for changes in laser energy as a function of
wavelength, thus the contrast results for no bone depict the optical absorption spectra differences of the rubber
target. When bone is present, contrast is increased by up to 20 dB as wavelength increases, which may be due
to the increased absorption of the target or the increased optical penetration through bone (Fig. 3(b)).

The measured contrast loss as a function of bone thickness is shown in Fig. 5(a). The gray lines show
individual means for each wavelength and black lines shown mean results for all wavelengths + one standard
deviation. Note that the combination of all wavelengths (i.e. the black line) reduces the variations in the
measurements for each wavelength (i.e. the gray lines). With this combination of spectroscopic information, it
is clear that contrast loss increases with thickness and appears saturated when the thickness is > 2mm.

Fig. 5(b) directly relates contrast loss to insertion loss. For 56%, 66% and 70% mean optical insertion loss
(i.e. 1, 1.5, and 2 mm bone thickness, respectively) the mean contrast loss is 46%, 64%, and 75%, respectively.
The error bars show standard deviation and span +10-13% and +1-2% for the contrast loss and insertion loss
measurements, respectively. A large component of this variation (e.g. up to 4% or 20 dB, respectively) is caused
by the combination of all wavelengths. Nonetheless, this combination reduces variations in the measurements,
revealing that changes in optical transmission are proportional to changes in image contrast, with scaling factors
that range from 0.8 to 1.1, particularly when the bone thickness is < 2mm.
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Figure 5. (a) Loss in contrast relative to the signal with no bone with gray lines showing individual means for each
wavelength and black lines showing mean results for all wavelengths + one standard deviation. (b) Mean contrast loss vs.
mean optical insertion loss over 720-940 nm wavelengths with gray points showing measurements for each wavelength for
1, 1.5, and 2 mm bone thicknesses, black points showing the mean values for all wavelengths and all thicknesses (1, 1.5
and 2.0 mm thicknesses are noted next to the corresponding points). The error bars represent + one standard deviation.

4. DISCUSSION

The expected relationships between optical transmission, bone thickness, and photoacoustic image contrast
were confirmed, particularly for bone thicknesses of 2 mm or less. When the measured insertion loss was greater
than 70% (i.e. less than 30% optical transmission, which corresponds with the 2.0 mm bone thickness), changes
in contrast were subtle to nonexistent, likely because of anatomical variability, insufficient fluence to generate a
photoacoustic signal, or low-amplitude signals that are difficult to detect with delay-and-sum beamforming. The
latter challenge may be overcome with coherence-based beamforming,® which might be the preferred method for



vessel visualization when more than 2 mm of bone remains to be drilled. Otherwise, with an amplitude-based
beamformer like delay-and-sum, the contrast of photoacoustic signals increases with decreasing bone thickness.

Over the 720-940 nm wavelength range, Wang et al'® measured 60-70% optical transmission through an infant
skull thickness of 0.6-0.9 mm. This is consistent with extrapolation of the results in Fig. 3(a). The work herein
therefore extends previous measurements to a larger range of bone thicknesses. For the same wavelength range,
the mean optical transmission through human adult skulls of thickness 1-4 mm is expected to increase from 14
to 49% as thickness decreases, with up to 5% deviation from expected values. This information may be used to
identify successful candidates for transcranial imaging based solely on skull thickness.

Acoustic scattering and the presence of temporal bone between the transducer and phantom would reduce
the final optical transmission measurements. Nonetheless, the presented experiments were designed to minimize
the acoustic effects of transcranial photoacoustic imaging, which has been studied previously for human adult
skulls with reports of approximately 0-40 dB acoustic insertion loss.'®2! In addition, the contrast loss relative
to an initial measurement from the same acoustic environment, as illustrated in Fig. 5(a), is not expected to be
affected by the presence of temporal bone.

A key finding from this work is the quantifiable scaling factor between contrast loss and optical insertion
loss measurements for bone thicknesses of 2 mm or less when multiple wavelengths are considered. Otherwise,
if contrast is relatively constant as bone is drilled, surgeons may assume that more than 2 mm of bone remains.
The expected mean contrast change in photoacoustic signals due to drilling can potentially be predicted using
the proposed spectroscopic approach if the optical transmission through bone and an initial bone thickness
(determined from preoperative CT or MR images) are known. The patient-specific optical transmission could be
provided by analyzing the initial specimens of sphenoid bone removed during an operation. If this type of analysis
is unavailable (e.g. if the initial thickness of the sphenoid bone is 2 mm or less), Monte Carlo simulations may
be utilized with an approximate 5% expected deviation between simulated and measured optical transmission,
based on the results presented in Fig. 3(a). A contrast loss prediction that relies on either method may then be
correlated with actual intraoperative contrast loss measurements to determine the amount of bone that remains
to be drilled, which will be the focus of future work.

5. CONCLUSION

We quantified the proportional relationships between photoacoustic image contrast, bone thickness (< 2mm),
and optical penetration with a spectroscopic approach that combines measurements from multiple wavelengths
(720-940 nm). The scaling factor between contrast loss and insertion loss is 0.8-1.1 for bone thicknesses < 2mm
and is relatively constant for greater thicknesses due to minimal changes in image contrast. Results additionally
demonstrate that the optical penetration through human adult skull bone of thickness 1 mm to 4 mm is 50%
to 15%, respectively, and contrast is relatively constant for optical transmission greater than 30% (i.e. 70%
insertion loss). This work lays the foundation for determining the amount of bone that remains to be drilled by
monitoring image contrast during endonasal transsphenoidal surgeries.
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