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Abstract

Chronic leg ulcers are affecting approximately 6.5 million Americans, and they are associated
with significant mortality, reduced quality of life, and high treatment costs. Since many chronic
ulcers have underlying vascular insufficiency, accurate assessment of tissue perfusion is critical to
treatment planning and monitoring. This study introduces a dual-scan photoacoustic tomography
system that can simultaneously image the dorsal and plantar sides of the foot to reduce imaging
time. To account for the unique shape of the foot, the system employs height-adjustable and
articulating base ball stages that can scan along the foot’s contour. In vivo results from healthy
volunteers demonstrate the system’s ability to acquire clear images of foot vasculature, and results
from patients indicate that the system can image patients with various ulcer conditions. We also
investigated various photoacoustic features and examined their correlation with the foot condition.
Our preliminary results indicate that vessel sharpness, occupancy, intensity, and density could
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all be used to assess tissue perfusion. This research demonstrated the potential of photoacoustic
tomography for routine clinical tissue perfusion assessment.
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Chronic leg ulcers; Foot imaging; Peripheral vascular disorders; Photoacoustic; Photoacoustic
tomography

[. Introduction

Chronic leg ulcers are commonly associated with peripheral vascular disorders, and affect
approximately 6.5 million Americans [1-3]. Patients with ulcers commonly suffer from
decreased mobility and lower quality of life [2]. Revascularization surgery is one of the most
effective treatments for ischemia-related foot ulcers, as it restores blood flow and perfusion
to the ulcer region. Thus, the ability to monitor the change in perfusion before and after
surgery is essential in determining surgical success.

However, current clinical tests fail to meet this need [4]. For instance, ankle-brachial index
(ABI) and toe-brachial index (TBI) cannot provide information on perfusion conditions of
a specific region; handheld Doppler Ultrasound has limitations due to its low sensitivity

to the microvasculature [5]; photoplethysmography (PPG) is affected by skin conditions
and its readings cannot be mapped to a single vessel [6]; transcutaneous oxygen (TcPO2)
pressure requires a long acquisition time (larger than 30 minutes) and has not been shown to
accurately assess perfusion related healing [7]; and X-ray CT angiogram and ICG-based
near-infrared fluorescence angiography have ionizing radiation or need contrast agent
injection and are not appropriate for monitoring perfusion over time.

Photoacoustic (PA) tomography (PAT) is an emerging imaging modality based on the PA
effect [8]. The light energy is transformed into heat during the light absorption in tissue.
Meanwhile, mechanical waves, which are generated by the thermoelastic expansion of the
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tissue, are detected by ultrasonic probes [9]. High-resolution PA images of light absorption
can be formed by back projecting PA signals. PAT overcomes the diffusion limit of light
and generates high-resolution images in optical diffusive regimes, as acoustic scattering

is much weaker than that of light in tissue [9]. For perfusion assessment, the major PA
contrast is hemoglobin, and its concentration and distribution are correlated with blood
perfusion. Compared to other optical imaging methods for foot assessment, photoacoustic
imaging has unique advantages. For instance, direct eye visualization is the most common
technique in wound assessment, but it cannot provide functional or depth information.
Optical fluorescence imaging has also been used for perfusion assessment [7, 10], however,
it needs contrast agent injection. Multi-spectral imaging is another emerging technique
[11]. While it provides functional information on blood oxygenation, it cannot reveal the
vasculature and depth information. In contrast, PAT enables label-free three-dimensional
(3D) imaging of hemoglobin distribution, allowing for safe assessment of the blood
perfusion after revascularization surgery.

Over the past few years, various PAT systems have been proposed for imaging foot ulcers.
For instance, Yang et a/. devised a real-time PA/Ultrasound (US) system with an arc-shaped
concave transducer array and compared the PA signal intensity with and without occlusion
[12, 13]. Taruttis et a/. proposed a handheld Multispectral optoacoustic tomography (MSOT)
with a concave transducer array for imaging both major and microvasculature on foot,
providing images of hemoglobin oxygen saturation and pulsation [14]. Mantri et a/.

utilized an LED-based PA system with a linear transducer array to monitor the peripheral
hemodynamic response to changes in blood pressure in healthy volunteers and patients
undergoing hemodialysis [15]. However, all these systems could only image a cross-section
and the selection of the cross-section is operator-dependent. Recently, Choi et a/. developed
a three-dimension (3D) PA/US multistructural quantitative imaging platform with a linear
transducer array and the system provides volumetric and multiparametric information about
the foot [16]. A potential concern is that the system requires the foot to be fully immersed
in water, which could pose a challenge for patients with wounds. Additionally, the system
necessitates a longer scanning time as it needs a pre-scan for height estimation. Lee et a/.
demonstrated a compact handheld 3D PA/US scanner that does not need water immersion.
However, the motion artifact might impact the imaging quality [17]. Nagae et a/. built a 3D
limb imaging system using a hemispherical detector array. However, the system is relatively
bulky and expensive due to the transducer design. In addition, positioning of the foot is not
very convenient [18]. Previously, our group also introduced a 3D PAT system for wound
assessment, and we demonstrated preliminary results from patients. However, similar to all
3D PAT systems mentioned above, it can only image one side of the foot, while ulcers might
occur at multiple locations [19].

Here we introduce a dual-scan 3D PAT system for imaging the vascular structure of the
foot. The system is capable of imaging both the dorsal and plantar sides of the foot
simultaneously to reduce imaging time. The whole system is built on a cart and takes very
little clinical space. To account for the height change on the dorsal side of the foot, we also
integrated a laser distance sensor into the motion control system. The performance of our
system is demonstrated through phantom imaging and human tests. Our results indicate that
the system has a high potential for clinical translation.
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lI. Methods
A. System Design

The proposed system is comprised of two scanning subsystems, as shown in Fig. 1a. The top
subsystem images the instep of the foot, while the bottom subsystem scans the plantar side.
The light source is a portable Nd:YAG laser (Big Sky Laser) operating at 10 Hz with a pulse
width of about 8 ns and a wavelength of 1064 nm. The laser output is coupled to a bifurcated
fiber bundle (Dolan-Jenner Industries) for light delivery to both top and bottom subsystems.
PA signals from both subsystems are captured by a 256-channel data acquisition (DAQ) unit
(PhotoSound Technologies Inc.) operating at a 40 MHz sampling rate. Synchronization of
data capturing and laser pulse is achieved by trigger signals from the laser. The entire system
is installed on a mobile cart (McMaster Inc.), as shown in Fig. 1b. An optical breadboard
(Thorlabs, Inc) is mounted on the lower level of the cart as the base of the system. The water
tank for the bottom subsystem is fixed to the breadboard, whereas the top one is mounted on
two position slides (McMaster Inc.), so the top water tank can be moved up and down to fit
different foot sizes. Both water tanks are made with clear polycarbonate sheets (McMaster
Inc.) and the imaging windows are sealed with 0.001” plastic films.

The scanning head of the top subsystem consists of a customized linear-array transducer
(Imasonic SAS, France) with 128 elements and 2.25 MHz central frequency (named as
L2), one of the bifurcated fiber bundle output (3-inch line output), a high-performance cold
mirror (Edmund Optics Inc.), and a 3D-printed base. The transducer elements were designed
by scaling down the frequency of a clinical L7-5 transducer from 5 MHz to 2.25 MHz.

It has an 86 mm total length to cover the region of interest on foot, and each element is
curved to achieve acoustic focusing without using a lens. The transducer and fiber bundle
head are placed vertically to each other as shown in Fig. 1a, and the cold mirror is attached
at 45 degrees to the fiber bundle. This design achieves co-planar light illumination and
acoustic detection, offering optimum imaging depth [20]. The scanning head is installed on
an articulating baseball stage (Thorlabs Inc.), allowing easy positioning of the head to align
with the foot surface. The ball stage is further mounted on two translation stages, which are
used for scanning and height adjustment, respectively.

As the bottom scanning head is completely immersed in water, a double mirror structure
shown in Fig. 1a is utilized to achieve the co-planar light delivery and acoustic receiving
[21]. A high-performance hot mirror (>95% reflection at 1064nm, Edmund Optics Inc.)

is mounted in front of the fiber bundle to reflect the light. Another cold mirror is placed
parallel to the hot mirror as shown in Fig. 1a, which enables over 90% transmission at 1064
nm and reflects the acoustic waves to the transducer. The bottom linear-array transducer has
128 elements with 5 MHz central frequency and 50 mm lateral length. A higher frequency
transducer is used at the bottom as vessels are smaller on the plantar side of the foot. The
scanning head is connected to a translation stage and driven by a stepper motor to perform
linear scanning.
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B. Foot Coupling

Prior to placing the foot on the bottom water tank, we attach a small medical tape on the skin
for better correlation of the PA imaging region with the photos. The tape has a cross-shaped
black mark, which can be visualized in PA. Then, we apply ultrasound gel on the plantar
side of the foot filling the gaps between the toes to enhance acoustic coupling. For patients
with foot ulcers, we used sterilized clear Gel (AquaSonic clear, Parker Laboratories, Inc.)

to reduce the risk of infection. The plantar side of the patient’s foot is mostly flat, so the
bottom water tank has a flat imaging window covered by a plastic membrane (Fig. 2a).

The top imaging window has a slope to account for the height difference between the toes
and ankle. Based on prior research [22], the average foot size length of an elderly American
is 255.9 mm and the average instep height is 114 mm, leading to a 24-degree slope. We
chose to design a 15-degree tilted imaging window, as the smaller angle will improve
coupling. Once the patient places their foot on the bottom water tank, more ultrasound gel is
applied on the instep side. Then, the top water tank is lowered for coupling. The movement
of the top water tank is manually controlled by two translation stages. As the top water tank
is lowered, the foot instep surface is slightly compressed by the membrane on the water tank
to improve acoustic coupling.

The limited view natural of a linear array indicates that the optimal performance of

the system is achieved when the array surface is aligned with the object. As the foot
instep surface is not flat, we used the articulating platform to manually control transducer
positioning before scanning. As depicted in Fig. 2a, the rotation angle is determined
manually based on the shape of the foot instep. After the foot coupling procedures have
been completed, we can begin scanning with the motion control system.

C. Motion Control

During the experiment, both the top and bottom transducers move simultaneously at a
constant scanning speed of 1 mm/s. The height change in the foot instep also brings a
challenge in scanning. To ensure that the transducer focus always stays around the skin
surface, we used a laser distance sensor (TOF 10102, OCESTORE, US) to estimate the
instep height, which is used to guide the scanning. As shown in Fig. 2a, the laser distance
sensor is attached to the edge of the top water tank. The laser distance sensor measures and
records the instep ankle height. Then, the information is sent to the Arduino program to
calculate the endpoint position for the top transducer. This design allows the travel path to
vary with ankle heights to ensure that the transducer’s focus stays near the foot surface.

D. Image reconstruction and processing

As the Photosound system does not offer real-time display, we transferred raw channel
data into the computer for offline processing and reconstruction. We first filter the data by
a bandpass filter (1-5 MHz for the top and 3—-7 MHz for the bottom) to eliminate noise
and then use the back project algorithm to reconstruct the PA image [23]. The 2D image
frames are then stacked along the scanning direction to form a 3D image. A wavelet filter
is further used to remove electromagnetic interference noises, which is shown as stripes in
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the reconstructed images [24]. For better visualization, we use the depth-encoded maximum
projection image (MAP) to display the 3D image in 2D.

We also noticed that the PA surface signal could be high in subjects with dark skin color.
Therefore, we developed a skin removal algorithm to reveal the underlying vessels. The
algorithm requires the operator to manually pick multiple points in reconstructed data to
label the border between the skin and tissue, as shown in Fig. 3. The operation is performed
on the axial-lateral plane first to extract the lateral contour of the foot (Fig. 3a and blue line
in Fig. 3e), and then the same operation is applied on the axial-elevation plane to get the
elevation contour of the foot (Fig. 3d and orange line in Fig. 3e). A 3D skin map is then
generated by sweeping the lateral contour along the elevation curve as shown in Fig. 3e.
The skin map will be projected to the reconstruction space to mark the regions where the
signal will be removed. Fig. 3b shows a PA image of a patient with dark skin, where strong
surface signals can be observed. Fig. 3c shows the PA image after skin removal, where the
subdermal vasculature structure can be visualized. The manually picked points are shown in
Fig. 3a and 3d.

To quantify PA features of tissue perfusion, we extract the vessels in the PAT images for
further analysis. The detailed steps are listed in Fig. 4. We first apply the Frangi filter

[25] on the grayscale MAP images to improve the vessel contrast and then use the contrast-
limited adaptive histogram equalization (CLAHE) to further enhance signals from deeper
depths [26]. The resulting image is smoothed with a moving average filter to remove noise
[27]. Then, segmentation is performed on the post-processed image to create a vessel mask,
based on the threshold obtained by the ISODATA clustering algorithm [27, 28].

Once the vessel mask is acquired, we compute the convex hull using Matlab’s built-in
function, bwconvhull, to label the region of interest (ROI). Meanwhile, the marker area (on
the medical tape) is also identified and will be excluded from the analysis. Four PA-related
features are studied to evaluate the perfusion condition within these areas. The first feature
is the PA intensity ratio, which is calculated as the ratio of the mean intensity of PA signals
within the vessel mask of the healthy foot to that of the foot with ulcers. This feature is
related to the total hemoglobin concentration. The second feature is blood vessel occupancy
(VO), which is evaluated by calculating the ratio of vessel region to the whole ROI. The
third feature is vessel density, which is related to vessel occupancy. In contrast, vessel
density quantifies the number of vessels instead of the area of vessels. To do so, we extract
the centerline of the vessels using the MATLAB built-in function bwskel [29, 30]. The
vessel density (VD) is then calculated by dividing the number of vessel pixels by the ROI.
The last feature is vessel sharpness, as quantified based on Equation 1 shown below [31].

3 G + G

Area X Vessel density

Sharpness =

@

Where G, and G, are the gradients of the image along horizontal and vertical directions,
respectively, and Areais the total number of pixels in the ROI. Chronic wounds are often
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associated with leaking vessels [32], which might cause blurry edges of vessels. For better
comparison across features, the calculated PA intensity is divided by 10°, and the sharpness
index is multiplied by 102 in this work.

We also investigated the possibility of integrating different vessel features into a single
index. The proposed equation is shown in Equation 2. Here, the coefficient for each

feature is the reciprocal of the average indices from healthy volunteers. The coefficients

are used to normalize the features. As the vasculature on the instep and sole exhibit different
characteristics, the coefficients are determined independently for the top and bottom systems
[33].

2.68 X VO + 1.37 X sharpness +0.52x VD, fortop

Integrated index =
2.07 X VO +0.83 X sharpness +0.27X VD,  for bottom

@

[ll. Results

A. Resolution quantification

To quantify system resolution, we used a 0.2 mm width cross-line phantom made by a

laser printer. The phantom was placed on a 3D-printed foot to mimic the experimental
environments. A ballistic gel pad was placed between the foot and phantom for better
coupling. The distance from the phantom to the transducer is around 4 cm, which is the focal
distance of the transducer. PA images of the phantom from the top and bottom systems are
shown in Fig. 5a and 5b, respectively. The spatial resolution was quantified based on the full
width at half maximum (FWHM) of the reconstructed image. The pixels used for resolution
quantification are marked in the PA reconstructed images, where the red line marks lateral
and the green line labels elevation. The lateral resolution was quantified to be 0.77 mm and
0.54 mm for the top system and bottom systems as shown in Fig. 5¢ and 5d, respectively. As
indicated in Fig. 5e and 5f, the elevation resolutions are 1.20 mm, and 0.87 mm for the top
system and bottom systems, respectively.

B. Healthy Volunteer Results

1): Volunteer Characteristics—The methodology, data, and consent forms for healthy
human subjects used in this research were approved by the IRB committee at the University
at Buffalo. We recruited 4 healthy volunteers, and all volunteers signed the experiment
consent form to collect foot image data. None of the volunteers has foot ulcers or health
problems related to the foot.

2): Human Foot Imaging Protocols—Before clinical testing, we tested system
usability and robustness with healthy volunteers. The scanning length of the foot instep

was 50 mm along the elevation direction from toes to ankle, with a step size of 0.1 mm. The
lateral imaging length covered 86 mm from the big toe to the small toe. The scan range of
the bottom was 50 mm from toes to arch, with a step size of 0.1 mm. The lateral imaging
length covered 50 mm from the big toe to the small toe. The imaging acquisition time was
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50 seconds, and the entire imaging session took only 20 minutes from the subject’s arrival to
dismissal.

3): In-Vivo results from the Healthy Volunteer—Fig. 6a and 6b show the results of
two volunteers with a foot size of 10 and 8.5 (US size), respectively. Two groups of scanning
were performed on both the dorsal side and plantar side of the foot, and the approximate
scanning regions are labeled with blue (for the top system) and orange rectangles (for the
bottom system). Depth-encoded MAP images are shown in Figs. 6¢c—f. The results indicate
that our system is capable of providing vascular information on both sides of the foot
simultaneously. The vessel features are evaluated for healthy subjects, and the results are
listed in Table 1. Based on our results, the vessel density, sharpness, and occupancy are all
higher at the plantar side of the foot, while PA intensity is higher at the dorsal side, as the
dorsal skin is thinner which attenuates less light [34].

C. Patient imaging results

The proposed system is also tested in the clinic (UBMD vascular surgery, Amherst, NY)
by imaging patients with ulcers. The inclusion criterion is any person 18 years of age or
older with one or multiple chronic wounds on the foot which is related to arterial perfusion
insufficiency or gangrene. Pregnant women and adults unable to consent are excluded from
the study. The ABI and TBI measurements are conducted before PA experiments by the
clinicians.

Patient 1 is a 68-year-old male with a femoral artery aneurysm and gangrene on the toe of
the left foot. PA imaging is performed on both left and right feet for comparison. As shown
in Fig. 7a and 7b, the scanning region (calibrated based on the marker) is labeled with a blue
rectangle for the top systems. A chronic ulcer is observed on the bottom of the left foot, as
shown in Fig. 7c. The ulcer has mostly healed based on clinical records. PA imaging results
are shown in Fig. 7d-7g. The Ankle Brachial Index (ABI) and Toe Brachial Index (TBI),
acquired before the PA experiments, are listed in Fig. 7d and 7e, showing that the perfusion
condition is similar in both feet. The vessel features are quantified, and the results are listed
in Table 2. It can be seen that the index of most features in the top of the right foot (healthier
foot) is higher than the left one, which agrees with the foot condition and ABI and TBI test
results. For the bottom imaging results, the left foot has a lower integrated index than the
right one, though the vessel occupancy and vessel density show different trends.

Patient 2 is a 52-year-old male with right tranmetatarsal amputation due to ulcers as Fig. 8a
and 8b show. In addition, the subject has an open wound on the side of the left foot. PA
imaging result from the dorsal side of the left (open wound observed) foot is shown in Fig.
8c, while the dorsal PA image of the foot with amputation is shown in Fig. 8d. Similar to
patient 1, we quantified the vessel features and listed the results in Table 2. For most vessel
features, the foot with better perfusion condition (left) has much higher values than the
amputated one (right). Our system needs further development to acquire the bottom image
with this special wound case.

Patient 3 is an 84-year-old patient with chronic ulcers and toe amputation. The photos of the
foot and results from the PAT system are shown in Fig. 9. The scanning window is set to
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cover the region with amputation (Fig. 9a and 9b). The vessel features are evaluated within
the region and the results are shown in Table 3. The indices of the amputated foot (left) are
smaller than the healthier one (right), except for the vessel occupancy index on the dorsal
side. A 3D rendering of the foot vasculature can be found in supplementary materials.

IV. Discussion and Conclusion

In this study, we developed a dual-scan PAT system to image the vascular structures of the
foot and use that information to predict perfusion, which could facilitate clinical decision
making. The top and bottom subsystem design increases the available imaging region and
shortens the scanning time. As Fig. 2b shows, the current system can cover at least half of
the foot, allowing it to handle various ulcer positions. For better scanning of the foot, we
implemented several mechanisms, such as the adaptive height adjustment, customized water
tank with a slope, and the ball stage for better alignment of the transducer. Moreover, the top
and bottom systems can work independently, providing more flexibility for wound imaging.

Compared to the existing cross-sectional PAT system for foot imaging [12-15], the proposed
design utilizes two linear transducer arrays to image the dorsal and plantar sides of the

foot simultaneously. Therefore, our system provides a larger field of view. In addition,

the scanner is driven by the translation stage, which reduces the motion artifacts from the
freehand operation. Compared to other 3D foot imaging systems, the linear transducer array
used in our system has a lower cost [18]. While there are also some linear-array-based

3D foot imaging systems [16, 17], our proposed design used sterilized ultrasound gel
instead of water for coupling. It reduces the imaging preparation time and the risk of
cross-contamination between patients.

To better evaluate perfusion condition, we quantified four vessel features: PA intensity ratio,
vessel occupancy, vessel sharpness, and vessel density. These features are calculated by

an automated algorithm, eliminating the influence of subjective manual operation. The PA
intensity ratios are larger than 1 in most patient cases, showing that healthier feet have better
tissue perfusion. However, we could not compare the PA intensity among patients as the
skin condition and color affects the subdermal optical fluence. A more robust PA intensity
measure could be investigated in the future to mitigate the skin effect. We compare the PA
intensity ratio among patients (healthier foot/ulcer foot) and healthy volunteers (left/right),
and the result indicates that the intensity ratio is close to 1 for healthy volunteers while

the result from patients is larger than 1. The integrated index of vessel features proposed

in this study provides a single number for easy clinical use. We compared these indices of
the healthier and ulcered feet of the same patient and found that the indices are smaller

in the ulcered foot in most cases. For better visualization, we upload the indices into box
plots. As shown in Fig. 10, the integrated indices of healthy volunteers are larger than

that of patients, regardless of the presence of the ulcer. Since peripheral artery disease is

a systemic disorder, it is likely that the foot without an ulcer also has abnormal perfusion.
Among patients, the indices from feet without ulcers are generally larger than that of feet
with ulcers, which agrees with clinical observation. Thus, the four vessel features applied in
this study have the potential to be used in further clinical studies to predict tissue perfusion.
We also noticed that vessel occupancy and vessel density show a similar tendency though
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they indicate different information. The vessel density represents the number of vessels,
whereas the vessel occupancy demonstrates not only the numbers but also the volume of the
vessels. In comparison to traditional methods such as ABI/TBI tests, the proposed system
can obtain information in a specific region close to the wound, allowing clinicians to gain

a better understanding of the tissue perfusion. In addition, the ABI/TBI test is sometimes
impeded by amputations or other foot conditions, such as in patient 3, while the PAT system
can acquire the vessel information in wider clinical conditions.

In this study, a skin removal algorithm has been developed by manually marking the skin
boundary along both lateral and elevational cross-sections, as the skin pigment plays a key
role in photoacoustic imaging quality. The subdermal vasculatures are clearly visible after
removing the skin layer as shown in Fig. 3. While we have not recruited any patients with
dark skin, we expected that the algorithm will perform well in such patients since the skin
signal would be easier to identify. However, the ultimate imaging depth could be affected
due to strong skin attenuation. Nonetheless, given that most foot ulcers are superficial,
adequate signals for feature extraction and quantification should still be attainable.

While promising results have been demonstrated, further improvements in both hardware
and software can be implemented. For the hardware, the water tank design can be improved
to fit the shape of the foot better, leading to a large field of view with improved coupling.

In addition, the current system uses a flashlamp-pumped laser, which is bulky as it requires
water cooling. Diode-pumped lasers [35] can be used to further reduce the system size.
Furthermore, multi-spectral PA imaging can be implemented for the quantification of blood
oxygenation, which is also related to perfusion [11].

In terms of software, the calculated PA indices are both system and patient dependent.
Variations in system parameters, such as spatial resolution and excitation wavelength,

as well as fluctuations in patient condition, would affect the quantification results. A
normalization factor can be developed in the future to neutralize these dependencies and
make the quantification results more universally applicable. Moreover, advanced image
reconstruction and processing methods can be implemented to reduce image noise and
improve spatial resolution [36-38]. Such improvements would allow for more precise
quantification of vessel occupancy. A cleaner image will also enable the quantification

of vessel curvature, which is relevant to perfusion [39]. Finally, the proposed calculation
method can be optimized with more clinical data with proper weighting on different indices
to provide a more accurate prediction for tissue perfusion. We also plan to include more
PAD control patients without foot ulcers in order to evaluate the potential of our technique
for early ulcer detection.

In conclusion, a compact dual-scan 3D PAT system is proposed in this study. The system can
simultaneously image both dorsal and plantar sides of the foot, leading to a short scanning
time. Co-planar light illumination and acoustic detection are achieved on both the top and
bottom subsystems to increase imaging depth. In addition, we used an adaptable height scan
on the top system to ensure the feature of interest is always near the transducer focus. The
resolution of the system has been quantified with the crossline phantoms. The in-vivo results
from healthy volunteers indicate that the system can acquire clear images of foot vascular
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structure in less than 1 minute of scanning time. Preliminary results from patients with
chronic wounds demonstrate the capability of the system to image the vessels of the patients
under different situations. Four vessel features from PA images are extracted for analysis, an
integrated index is proposed for easy clinical use, and most of the results correlate with the
foot condition. As an ongoing study, more patient data will be added in the future to further
enhance the accuracy and robustness of our technique, making it a valuable tool for foot
ulcer evaluation.
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(a)

Light illumination

Trigger

DAQ

FB Light illumination

Fig. 1.
Experimental setup of the dual-scan imaging system. (a) A schematic drawing of the dual-

scan PAT system. The light transmission is marked in green, while the acoustic propagation
is labeled in yellow. BS: Ball stage; FB: fiber bundle; TR: transducer. (b) A photograph of
the system. Most equipment is installed on a cart except the portable laser.
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(a) Top subsystem potential cover region (b)
Bottom subsystem potential cover region
) B laser sensor “ Ball Stage
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Fig. 2.
Schematic drawings of the top and bottom scanning schemes. (a) A schematic drawing in

axial-elevation view of the transducer. The laser distance sensor is mounted close to the
ankle to measure the distance from the sensor to the skin surface. The potential scanning
regions are marked with blue and yellow for the top and bottom systems, respectively. The
scanner is rotated via the ball stage in the axial-elevation plane to align with the foot. (b) A
schematic drawing in the axial-lateral view of the transducer. The transducer is positioned
parallel to the lateral direction, covering from the right (big toe) to the left (small toe). The
scanner can also be manually rotated in the axial-lateral plane to fit the curve of the foot.
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Fig. 3.

ngonstration of the skin removal algorithm. (a) Manual selection of the skin region in
axial-lateral cross-sectional view. (b) A PA depth-encoded maximum amplitude projection
(MAP) image of the subject’s foot. The skin signal has strong intensity, making it hard to
see vessels beneath the skin. (c) A PA depth-encoded MAP image after the skin removal
algorithm. The vessels can now be clearly visualized. (d) Manual selection of the skin region
in axial-elevation cross-sectional view. () A schematic drawing of the foot and the curves
used to mark the skin. The blue curve shows the cross-section profile of the foot and the
orange curve shows the height change of the foot.
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Fig. 4.

A flowchart of the feature extraction procedure.
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(c) Lateral resolution: 0.54 mm
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Fig. 5.

(d) Lateral resolution: 0.77 mm
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Quantification of the system’s spatial resolution. (a) A Maximum Amplitude Projection
(MAP) image of the cross-line phantom acquired by the bottom system. (b) A MAP image
of the cross-line phantom acquired by the top system. The resolution is quantified by
Full-Width at Half Maximum (FWHM). (c)-(d) The lateral resolutions are 0.54 mm and 0.77
mm in the bottom and top systems, respectively. (e)-(f) The elevation resolutions are 0.87
mm and 1.20 mm in the bottom and top systems, respectively.
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Fig. 6.

In?vivo results from two healthy volunteers. (a) A photograph of the left foot of healthy
volunteer 1 (HVO01). (b) A photograph of the right foot of healthy volunteer 2 (HV02). (c)
The PA depth-encoded MAP image of the dorsal side of the left foot from HVO1. (d) The
PA depth-encoded MAP image of the dorsal side of the right foot from HV02. (e) The
PA depth-encoded MAP image of the plantar side of the left foot from HVO0L. (f) The PA
depth-encoded MAP image of the plantar side of the right foot from HV02. The scanning
regions of the top system and bottom system are labeled with blue and orange rectangles,
respectively.
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Fig. 7.
In-vivo results from the patient with an ulcer at the plantar side of the left foot. (a) A

photograph of the subject’s left foot. (b) A photograph of the subject’s right foot. (c) A
photograph of the ulcer, which is located on the dorsal side of the left foot. (d) The PA
depth-encoded MAP image of the dorsal side of the left foot. (¢) The PA depth-encoded
MAP image of the dorsal side of the right foot. (f) The PA depth-encode MAP image of the
plantar side of the left foot. (g) The PA depth-encoded MAP image of the plantar side of the
right foot. The imaging region for the top system is labeled with a blue rectangle.
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Fig. 8.

In?vivo results of the patient with multiple ulcers on the right foot. The front of the right
foot was amputated. (a) A photograph of the patient’s left foot. A close look from the side
view shows an open wound. (b) A photograph of the patient’s right foot, which has been
amputated, and multiple ulcers are observed. (c) PA depth-encoded MAP image of the dorsal
side of the left foot. (d) PA depth-encoded MAP image of the dorsal side of the right foot.
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Fig. 9.

In?vivo results of a patient with wounds on the left foot. (a) A photograph of the left foot.
Two toes were amputated due to chronic ulcers. (b) A photograph of the right foot (no open
wound was observed). (c) PA depth-encoded MAP image of the dorsal side of the left foot.
(d) PA depth-encoded MAP image of the dorsal side of the right foot. (e) PA depth-encoded
MAP image of the plantar side of the left foot. (f) PA depth-encoded MAP image of the
plantar side of the right foot. The scanning regions of the top system are labeled with blue
rectangles in photos.
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Quantitative comparisons between healthy volunteers, healthy feet of the patients, and feet
with ulcers of the patients for features acquired by (a) the top system and (b) the bottom
system. (c) Comparison of PA intensity ratio between healthy volunteers and patients. The
ratio is calculated as Left/Right for healthy volunteers and Healthier foot/Ulcer foot for
patients. Data are presented as box plots and data points are marked.
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TABLE 1

The vessel features extracted from the healthy volunteers.
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Foot Top Bottom
L (HV01) | R(HV02) | L (HVO1) | R (HVO2)
Vessel Occupancy 0.39 0.34 0.53 0.47
Sharpness x102 0.49 0.65 0.99 1.07
Vessel Density 2.05 1.82 4.85 3.81
Integrated Index 2.70 2.64 3.23 2.89
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The vessel features extracted from patients 1&2. Patient 1 has wound on the left foot (marked in red). Patient 2
has wound (amputation) on the right foot (marked in red).

Patient Number Patient 1 Patient 2
Foot Top Bottom Top

L R L R L R
PA intensity ratio 1.39 1.24 1.96
Vessel occupancy | 0.33 | 0.41 | 041 | 0.31 | 0.39 | 0.15
Sharpness x102 0.47 | 046 | 1.15 | 1.78 | 0.30 | 0.16
Vessel density 156 | 1.92 | 3.54 | 267 | 2.10 | 0.83
Integrated index 234 | 273 | 276 | 2.84 | 250 | 1.03
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The vessel features extracted from patient 3. The patient has amputation on the left foot (marked in red)

Patient Number Patient 3
Foot Top Bottom

L R L R
PA intensity ratio 117 1.41
Vessel occupancy | 0.38 | 0.38 | 0.32 | 0.35
Sharpness x10? 0.14 | 015 | 1.90 | 2.18
Vessel density 215 | 220 | 245 | 2.75
Integrated index 233 | 237 | 290 | 3.28
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