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ABSTRACT

Endonasal surgeries to remove pituitary tumors incur the deadly risk of carotid artery injury due to limitations
with real-time visualization of blood vessels surrounded by bone. We propose to use photoacoustic imaging to
overcome current limitations. Blood vessels and surrounding bone would be illuminated by an optical fiber
attached to the endonasal drill, while a transducer placed on the pterional region outside of the skull acquires
images. To investigate feasibility, a plastisol phantom embedded with a spherical metal target was submerged
in a water tank. The target was aligned with a 1-mm optical fiber coupled to a 1064nm Nd:YAG laser. An
Ultrasonix L14-5W /60 linear transducer, placed approximately 1 cm above the phantom, acquired photoacoustic
and ultrasound images of the target in the presence and absence of 2- and 4-mm-thick human adult cadaveric
skull specimens. Though visualized at 18 mm depth when no bone was present, the target was not detectable
in ultrasound images when the 4-mm thick skull specimen was placed between the transducer and phantom.
In contrast, the target was visible in photoacoustic images at depths of 17-18 mm with and without the skull
specimen. To mimic a clinical scenario where cranial bone in the nasal cavity reduces optical transmission prior
to drill penetration, the 2-mm-thick specimen was placed between the phantom and optical fiber, while the 4-mm
specimen remained between the phantom and transducer. In this case, the target was present at depths of 15-17
mm for energies ranging 9-18 mJ. With conventional delay-and-sum beamforming, the photoacoustic signal-to-
noise ratios measured 15-18 dB and the contrast measured 5-13 dB. A short-lag spatial coherence beamformer
was applied to increase signal contrast by 11-27 dB with similar values for SNR at most laser energies. Results
are generally promising for photoacoustic-guided endonasal surgeries.
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1. INTRODUCTION

Transsphenoidal surgery is the most common method for removal of pituitary tumors.! It is a minimally-
invasive procedure in which instruments such as a drill for sphenoidal bone removal and a curette for tumor
resection are passed through the nostrils and nasal septum to access the sphenoid sinus and resect the tumor.
In endoscopic endonasal transsphenoidal surgery, an endoscope is inserted through an incision at the rear of the
nasal septum, for visualization of the surgical field. The endoscope is not capable of visualizing vessels hidden
behind the sphenoidal bone.

Injury to the carotid arteries, which are located behind the sphenoid on either side of the pea-sized pituitary
gland, is a significant complication of transsphenoidal surgery that causes severe blood loss, stroke, or death.
It may be treated with emergency interventions, albeit with a high risk of irreversible neurological damage.?
This complication occurs most frequently with novice surgeons who have performed fewer than 200-500 of these
surgeries and thus are not sufficiently familiar with potential variations in the anatomy surrounding the pituitary
gland.? In addition, this procedure is particularly challenging in pediatric patients who are born with small nasal
cavities that mainly develop into their full size after puberty.*?®

*E-mail:muyinatu.ledijubell@jhu.edu
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Figure 1. Schematic illustration of the proposed photoacoustic imaging system setup. A transducer is placed on the
temporal region on the outside of the patient’s skull (and skin), as indicated by the dashed box, while an optical fiber
attached to the surgical drill is inserted into the nasal septum.

The availability of imaging methods for localizing blood vessels during endonasal surgery would assist with
reducing the occurrence of carotid artery injury. Intraoperative CT may be used for guidance of the bony
anatomy surrounding the pituitary tumor,® however, it does a poor job of visualizing blood vessels and incurs
the risks associated with radiation exposure. Magnetic resonance angiography is another option,” but it is costly
and patients with pacemakers or metal implants are not suitable candidates for this approach. In addition, these
imaging modalities are not quite real-time as one volumetric reconstruction could take as long as 20 minutes.
Transcranial ultrasound is a potential option, but it requires low transmit frequencies for skull penetration, which
translates to poor spatial resolution and a necessity for expert sonographers to interpret images.®

Real-time photoacoustic imaging® is a faster, safer, less expensive option which generates images by emitting
nanosecond light pulses from a laser.!® When the light irradiates a target, such as bone or vessels, the target
absorbs the light, according to its optical absorption spectrum. Optical absorption causes thermoelastic expansion
and generates acoustic waves that are detectable with an ultrasound transducer. Photoacoustic imaging is
advantageous over conventional ultrasound imaging because there is less acoustic interaction with the skull. The
acoustic waves are only required to pass through the skull one time, rather than twice as in pulse-echo ultrasound
and as a result, the waves are less susceptible to the sound scattering and aberrations that occur when they
encounter the skull. The feasibility of transcranial photoacoustic imaging was previously demonstrated with
neonatal and adult skulls.!!"13

This paper presents our preliminary investigations into the feasibility of photoacoustic imaging for guiding
endonasal surgeries. We envision that a transducer would be placed on the temporal region of the patient’s skull,
as indicated by the dashed box in Fig. 1. The temporal region includes the pterion bone which is the thinnest
portion of the human skull measuring 1-4.4 mm thick.!* The optical fiber, coupled to a laser, would be attached
to a surgical drill. During the surgery, the drill and optical fiber would be inserted into the nasal passage where
the optical fiber would illuminate the sphenoid bone (located at the rear of the nasal septum), which has a
thickness of approximately 2 mm.!® Intraoperative photoacoustic images will be acquired to visualize hidden
blood vessels as surgeons are drilling to remove the sphenoidal bone.

2. METHODS
2.1 Phantom Experiments

A plastisol phantom embedded with a spherical metal target was submerged in a water tank to investigate
the feasibility of target visualization in the presence of acoustic and optical interference from cranial bone. An
Ultrasonix L14-5W /60 linear transducer with a bandwidth of 5-14 MHz was placed approximately 1 cm above
the phantom to acquire ultrasound and photoacoustic image data. A 1-mm core diameter optical fiber with
a 0.37 numerical aperture was coupled to a 1064 nm Nd:YAG laser and the free end of the fiber was placed
orthogonal to the probe, as shown in Fig. 2(a). 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 (RF) photoacoustic data.
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Figure 2. (a) Experimental setup of a spherical metal target embedded in a plastisol phantom in the absence of adult
cadaveric skull specimens. (b) A 4-mm thick skull specimen was added between the phantom and transducer. (¢) A 2-mm
thick skull specimen was added between the fiber and phantom.

A 4-mm thick, formalin-fixed, human adult cadaveric skull specimen was placed between the phantom and
ultrasound probe, which represents an imaging scenario after the sphenoidal bone is removed, as illustrated in
Fig. 2(b). Pre-beamformed RF photoacoustic data were acquired at an energy of 18mJ with and without this
bone in place.

A similar 2-mm thick, formalin-fixed human adult cadaveric skull specimen was then added between the
phantom and optical fiber to investigate imaging feasibility prior to drill penetration, as shown in Fig. 2(c).
For this experiment, the energy at the tip of the optical fiber was varied from 9 to 18 mJ, and six frames of
pre-beamformed RF photoacoustic data were acquired for each laser energy.

2.2 Beamforming of Photoacoustic Data

Conventional beamformers, like delay-and-sum (DAS), use an amplitude-based approach that suffers from
poor contrast when the laser fluence and penetration is insufficient. A coherence-based approach, like short-lag
spatial coherence (SLSC), has potential to overcome the traditional limitations associated with insufficient laser
penetration, because the SLSC beamformer measures and displays the acoustic wavefield’s spatial coherence,
which is independent of signal amplitude.'%17 The SLSC beamformer was previously applied to photoacoustic
images to improve the contrast of various targets.'6:18

The DAS and SLSC beamformers were applied to the acquired data by first delaying the signals received by
the transducer to account for differences in arrival time, where s;(n) represents the time-delayed signal received
by the ith transducer element at sample number (or depth), n. One pixel in a DAS image was obtained by
summation of all s; at a particular depth n. To apply the SLSC beamformer, the normalized spatial coherence

across the receive aperture, R, and the resulting short-lag spatial coherence, Ry, was calculated as follows:'7 19
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where m is the lateral spacing, or lag, between two elements on the receive aperture, N is the number of receive
elements, and M is the maximum number of lags integrated to make an SLSC image. One pixel in a SLSC
photoacoustic image is formed by computing Eqs. 1 and 2 at a depth n of the channel signals, using a correlation
kernel size equal to ny — ny, centered about n.

The performance of the two beamformers was evaluated by measuring target contrast and signal-to-noise
ratios (SNR) as follows:
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Figure 3. Ultrasound and photoacoustic images of spherical metal target embedded in a plastisol phantom in the (a)
absence and presence of (b) the 4-mm thick skull specimen and (c) both the 4-mm and 2-mm thick skull specimens.
Results indicate that it is possible to detect a target in the presence of human adult skull specimens with photoacoustic
imaging in cases where ultrasound imaging fails.

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 surrounding the maximum signal from the target were manually selected, and a matching ROI at
the same depth and with the same size was automatically created.

3. RESULTS

Ultrasound and photoacoustic images of the metal target in the absence and presence of the skull specimens
are shown in Fig. 3. When no bone was present (Fig. 3(a)), the phantom and target were clearly visualized
in the ultrasound image, while only the target is visible in the photoacoustic image. The presence of the 4-mm
bone placed between the phantom and transducer (Fig. 3(b)) inhibited ultrasound imaging of the target within
the 5-14 MHz bandwidth of the probe. However, the target was still visualized in the photoacoustic image, albeit
with lower SNR. The target was similarly visualized when the skull specimen was added between the fiber and
phantom (Fig. 3(c)). The photoacoustic images shown in Fig. 3 were created with DAS beamforming.

SLSC beamforming was implemented to compare with DAS beamforming results. Coherence curves were
calculated using Eq. 1. In general, the targets have higher spatial coherence across the receiver compared to
the noise regions surrounding them. Fig. 4(a) shows the coherence curves of the target and noise regions when
both skull specimens were present (as depicted in Fig. 2(c)). In the absence of the skull specimens, signals from
the target had higher spatial correlation than that shown in Fig. 4, indicating that the presence of cranial bone
reduces the spatial coherence of acoustic waves emanating from a target.

Coherence curves like those shown in Fig. 4(a) were integrated, as described by Eq. 2, to create the SLSC
images shown in Fig. 4 (b), acquired at the laser energy indicated above each image. The integral of the noise
region is lower than that of the target, particularly in the short-lag region (e.g. the region where receive element
spacings range from 1 to 10).

Image improvements were achieved with the SLSC beamformer, compared to the DAS beamformer, as shown
in Fig. 5. The mean contrast of the target in the SLSC beamformed images was 11-27 dB greater than that in
matched DAS beamformed images, as measured from five image acquisitions at each energy level. However, at
lower energies (e.g. 9 mJ), although contrast was improved, the mean SNR in SLSC images was reduced by up
to 3 dB, compared to that of the DAS images.
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Figure 4. (a) Example of coherence curves used to form SLSC photoacoustic images. (b) Delay-and-sum (DAS) vs. SLSC
beamforming as energy at the tip of the fiber is varied. The white line, 5mm in length, indicates the image scale. All
images are all shown with 25 dB dynamic range.
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Figure 5. (a) Contrast and (b) SNR in the DAS and SLSC photoacoustic images as a function of energy. Results are
reported as the mean + one standard deviation of the six images acquired at each energy level.

4. DISCUSSION

Preliminary work with a spherical metal target embedded in a plastisol phantom indicates that it is possible
to detect a target in the presence of human adult skull specimens, as shown in Fig. 3. The target was located
at a depth of 18 mm with no bone and 17 mm when the 4-mm thick bone was placed between the transducer
and the phantom, which is consistent with the expected depth shift due to sound speed inhomogeneities between
the bone and the phantom. Thus, a transcranial photoacoustic image will not depict the true depth of vessels
if sound speed differences are not taken into account during image reconstruction, as noted by Jin et al.2° One
implication for clinical translation is that a margin of error that corresponds with the expected depth shifts
should be added to the visualized vessels if no sound speed corrections are applied prior to image display.

The sound aberrations caused by cranial bone reduces the SNR of received photoacoustic signals. Thus,
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beamforming plays a critical role in the image quality that can be achieved with transcranial photoacoustic
imaging. Application of a coherence-based SLSC beamformer improved signal contrast by up to 27 dB, compared
to the conventional amplitude-based DAS beamformer. Similar advanced beamformers should be investigated in
more detail to achieve optimal image quality for the proposed application.

One limitation of the presented study is that the imaging target was a metal sphere, which has significantly
different optical absorption and scattering properties compared to blood. Nonetheless, the goal of the feasibility
study was achieved, and results indicate that it is possible to detect a photoacoustic target in the presence of
acoustic and optical interference from cranial bone. Future work will include investigations with targets that are
more similar to the carotid artery.

5. CONCLUSION

The feasibility of transcranial photoacoustic imaging for guiding endonasal surgery was investigated with
favorable results. Namely, the presence of skull bone did not impede target visualization with photoacoustic
imaging, as it did in ultrasound imaging. Although image contrast was reduced when skull specimens were
placed between the phantom and the transducer, results indicate that advanced beamformers have potential to
overcome this limitation. Particularly, the coherence-based SLSC beamformer improved image contrast by up
to 27 dB. These results are generally promising for real-time photoacoustic image guidance during endonasal
surgeries.
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