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ABSTRACT

Photoacoustic-guided surgery benefits from precise co-alignment between the light delivery and sound recep-
tion device components. Misalignment can result in absent photoacoustic signals, potentially leading to critical
structures incorrectly interpreted as absent. Augmented reality has the potential to provide real-time spatial
registration and intuitive visualization through tracking of the laser and ultrasound transducer positions. We
developed and validated a novel augmented reality guidance system that tracks the laser source and ultrasound
transducer, rendering real-time virtual representations of the associated laser beam and ultrasound image to
facilitate intuitive alignment. Quantitative evaluation using a submerged hex key target demonstrated a 58%
reduction in mean targeting error during static alignment tasks, relative to a standard freehand approach imple-
mented without augmented reality. Results indicate that augmented reality as a promising approach to address
anticipated challenges surrounding freehand photoacoustic-guided surgery.
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1. INTRODUCTION

Photoacoustic imaging is a promising biomedical modality that combines the high contrast of optical imaging
with the deep tissue penetration of ultrasound.1 By exciting tissue with short-pulsed, non-ionizing laser light
and detecting the resulting ultrasonic waves, photoacoustic imaging can map hemoglobin concentration, lipid
distribution, and other chromophores in real time with greater contrast than traditional ultrasound.2–5 This ca-
pability makes photoacoustic imaging particularly valuable for surgical guidance by identifying critical structures
such as blood vessels, nerves, and tumors.6–9

When photoacoustic imaging is used to guide surgeries, light sources may be attached to surgical tools10–12 or
undergo freehand operation13,14 to make decisions about the location of critical structures hidden by tissue.15,16

However, the independence of light delivery from an ultrasound transducer introduces an alignment challenge.
In particular, the laser path must intersect the two-dimensional image plane of the ultrasound transducer to
generate detectable photoacoustic signals. Misalignment can result in no photoacoustic signals, leading to an
incorrect conclusion that there are no critical structures in view, when in reality the existing structure, light
profile, and image plane are misaligned.15,16 Alignment can be performed manually, requiring surgeons and
interventionalists to make fine adjustments based on visual feedback from an external monitor, which demands
considerable expertise and requires additional time during surgical procedures.17

Beyond alignment challenges, widespread adoption of photoacoustic imaging is limited by difficulties in image
interpretation and spatial registration. Traditional systems present 2D images on external monitors that require
expertise to mentally map to anatomical structures, which can present a distraction during procedures.17 Without
additional guidance, surgeons may need to shift attention from the patient to the image display monitor or
ultrasound transducer position, which would increase cognitive load and the potential for errors.
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Augmented reality technology offers a compelling solution to surgical guidance challenges by overlaying virtual
information onto the physical world viewed by the user.18 These virtual counterparts to the physical world can
be rendered in the original position of objects in the physical world by tracking the positions of the laser and
ultrasound transducer, thereby transforming the alignment task from challenging to intuitive.19 Augmented
reality can also be employed to overlay photoacoustic data on the anatomy of a patient, thereby improving
spatial understanding and reducing the cognitive burden of mental registration. While augmented reality has
been successfully applied to other medical imaging domains, such as ultrasound-guided procedures18,20 and
computed tomography,21 its integration with photoacoustic imaging is limited. Previous work by Suzuki et al.22

demonstrated a method to overlay preexisting photoacoustic images onto anatomical structures for preoperative
visualization. However, this approach required preoperative photoacoustic images and did not address the
fundamental challenge of real-time transducer alignment during image acquisition.

Herein, we investigate real-time augmented reality guidance for the initial alignment process of the photoa-
coustic system, enabling users to efficiently position the laser and ultrasound transducer to obtain photoacoustic
images of targeted structures in real-time. We present the design, implementation, and initial evaluation of our
novel augmented reality-guided photoacoustic imaging system, which renders a geometrically calibrated model
of the laser beam and overlays a live video feed of the photoacoustic image onto a virtual imaging plane. These
innovations are designed to assist with real-time spatial registration and visualization by providing reliable image
overlays and intuitive image guidance for users.

2. MATERIALS AND METHODS

2.1 System Architecture

Three major design components of our system include: (1) physical markers for the surgical tools, (2) a
Unity application (Unity Technologies, San Francisco, CA, USA) for the Magic Leap 2 headset (Magic Leap Inc.,
Plantation, FL, USA) to perform tracking and rendering, and (3) a calibration protocol to ensure the geometric
accuracy of the virtual laser beam. The hardware component of our system was designed to track a handheld
laser source (Vevo F2, FUJIFILM VisualSonics Inc., Toronto, ON, Canada) and ultrasound transducer (UHF29x,
FUJIFILM VisualSonics Inc., Toronto, ON, Canada). Custom holders were designed using Autodesk Fusion 360
(Autodesk Inc., San Francisco, CA, USA) to affix ArUco fiducial markers to each device. Our laser holder design
incorporated two modular pyramid structures with 20 mm square ArUco markers positioned at 45-degree angles
relative to the base, as shown in Fig. 1.

2.2 Marker Detection and Pose Estimation

Tracking software was developed using a Unity application with custom C# scripts running on the Magic
Leap 2 augmented reality platform. Markers were detected through front-facing cameras on the Magic Leap 2
headset. Upon marker detection, an API provided unique marker IDs and associated poses with 6 degrees of
freedom (DOF) in the world coordinate system. To determine the device positions and orientations in the world
coordinate system after detecting the markers, spatial transformations from the marker origin to the device were
computed from 3D models of the device scanned and reconstructed using Polycam software (Polycam Inc., San
Francisco, CA, USA). When multiple markers were detected on a single device, the Unity application calculated
individual pose candidates by applying stored offsets to the world pose of each marker. To generate a single,
stable device pose, the vectors of candidate positions and rotations were averaged using quaternion interpolation.

Figure 1: Marker holder for the (a) laser source and (b) ultrasound probe.
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The averaged pose of the laser beam origin was applied to the virtual counterpart to the physical laser. To
mitigate flickering due to transient tracking loss, a 0.1-second buffer was applied, maintaining the virtual object
at its last known pose when markers were temporarily undetected. To ensure stable visualization of the image
plane, the ultrasound transducer was fixed in place, which is consistent with a configuration reported in previous
photoacoustic guidance systems.11,23–25

2.3 Visualization and Interaction

To render the virtual image plane, a Unity quad object with dimensions of 23.35 mm × 23.0 mm, matching
the imaging area of the ultrasound transducer, was created at the beginning of the Unity application. On a
server computer running a custom Python script and connected to the photoacoustic imaging system, each
photoacoustic image frame was compressed using the Deflate algorithm.26 The resulting compressed byte stream
was then preceded by a 4-byte header indicating its length before being trasnmitted over TCP to the augmented
reality client.

To render the virtual laser beam, the LineRenderer component of the Unity software was utilized. A dynamic
elliptical visual element represented the virtual laser beam intersection with the virtual photoacoustic imaging
plane. Laser-plane intersection was detected using the raycast system of the Unity software. When this inter-
section occurred, the elliptical visual element, positioned at the intersection point, provided visual feedback for
laser-transducer alignment.

The two rendering threads occurred concurrently with data reception on the augmented reality headset. In
particular, a dedicated data reception thread was employed to asynchronously perform data reception, header
parsing, frame extraction, then decompression, followed by buffering, to ensure smooth real-time rendering in
Unity. The concurrent data reception and rendering multithread operations prevented network and decompres-
sion operations from blocking the Unity main rendering thread, thereby allowing continuous frame updates and
smooth rendering performance. After decompression, each frame was stored in a buffer queue to minimize la-
tency and limit memory buildup. Each frame was converted into a Texture2D object (640×480, RGB24) and
updated at a rate of 30 Hz for real-time display, which ocurred asynchronously from the data reception thread.

2.4 Targeting Evaluation Tasks

A hex key submerged in water was used in the photoacoustic imaging setup (Fig. 2(a)). The position of the
hex key was adjusted to the image center according to the co-registered ultrasound image (Fig. 2(b)). With the
guidance of augmented reality, the operator was asked to align the laser path to intersect the hex key (Fig. 2(c)).

Figure 2: (a) Experimental setup with fixed ultrasound transducer and handheld laser, each tracked with custom
ArUco markers. (b) Co-registered photoacoustic and ultrasound images displaying target signal at the imaging
plane center. (c) Augmented reality user view showing virtual laser beam (green) intersecting virtual image
plane (red) with live photoacoustic image overlay. (d) Demonstration of the error calculation, defined as the
Euclidean distance between the intersection of the virtual laser with the virtual image plane and the center of
the virtual image plane.
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The operator was also asked to perform the alignment task while looking at the photoacoustic image without
using the augmented reality device. During these tasks, the server computer recorded the laser-plane intersection
coordinates on the virtual image plane at a frame rate of 1 Hz as the laser source was maintained at the image
plane center during three-minute time intervals with and without the augmented reality device. Considering that
optimal photoacoustic signal generation occurred when the center of the laser beam intersects the center of the
ultrasound imaging plane (where the hex key target was located), accurate alignment was defined as coincidence
among the hex key signal, the virtual laser center, and the center of the virtual photoacoustic image plane. The
Euclidean distance between the virtual laser intersection point and the center of the virtual photoacoustic plane
illustrated in Fig. 2(d) was then calculated for each image acquired during the three-minute time intervals.

3. RESULTS AND DISCUSSION

Fig. 3 shows the spatial distribution of laser intersection points on the photoacoustic imaging plane (Fig.
3(a)) and the temporal evolution of the targeting errors (Fig. 3(b)) with (blue) and without (red) augmented
reality. With augmented reality, the user did not rely on access to the Vevo F2 external monitor. Without
augmented reality assistance, the user relied solely on the Vevo F2 external monitor for visual feedback, resulting
in greater deviations from the target center. The mean targeting error with augmented reality assistance was 3.31
mm (standard deviation: 1.81 mm), compared to 7.88 mm (standard deviation: 3.31 mm) without augmented
reality guidance, representing a 58% reduction in mean targeting error when using the augmented reality system.
Considering that photons can reach targets located outside the direct laser beam path due to tissue scattering,
a tracking accuracy of 3.31 mm is consindered acceptable.

Figure 3: (a) Spatial distribution of laser intersection points on the photoacoustic image plane while attempting
to target the image plane center (x) with (blue) and without (red) augmented reality guidance. (b) Temporal
evolution of distances between laser intersection positions and imaging plane center, with the average distances
indicated by dashed lines.

4. CONCLUSION

This paper presents the first known augmented reality photoacoustic image guidance system, intended to
improve real-time laser-transducer alignment. This system reduces targeting errors by 58% relative to traditional
monitor-based alignment. Our initial results demonstrate the feasibility of augmented reality as a promising
approach to address usability challenges that have limited the adoption of photoacoustic-guided surgery with
light sources separated from acoustic receivers.
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