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A B S T R A C T   

Approximately 19 % of breast cancer patients undergoing breast conserving surgery (BCS) must return for a 
secondary surgery due to incomplete tumour removal. Our previous work demonstrated that the lower lipid 
content, characteristic of tumour tissue, was observed as regions of hypo-intense photoacoustic (PA) contrast. 
The goal of this work was to evaluate feasibility of a low-frequency, hand-held PA imaging probe for surgical 
margin assessment based on lipid content differences. Here, we describe (i) the design of a prototype hand-held 
PA imaging probe, (ii) the effect of limited-bandwidth on image contrast, (iii) accuracy towards hypo-intense 
contrast detection, (iv) the limited-view characteristics of the single sensor design, and (iv) early imaging re
sults of an ex-vivo breast cancer specimen. The probe incorporates a single polyvinylidene fluoride acoustic 
sensor, a 1-to-4 optical fibre bundle and a polycarbonate axicon lens for light delivery. Imaging results on 
phantoms designed to mimic positive margins demonstrated the ability to detect gaps in optical absorption as 
small as 1 mm in width. Compared to images from a near full-view PAI system, the hand-held PAI probe had 
higher signal to noise ratio but suffered from negativity image artifacts. Lumpectomy specimen imaging showed 
that strong signals can be obtained from the fatty tissue. Taken together, the results show this imaging approach 
with a hand-held probe has potential for detection of residual breast cancer tissue during BCS; however, more 
work is needed to reduce the size of the probe to fit within the surgical cavity.   

1. Introduction 

Approximately 60–70 % of breast cancer patients, typically with 
stage I or II cancer, undergo breast conserving surgery (BCS) along with 
adjuvant therapy [1]. The goal of BCS is to excise all tumour tissue 
together with a margin of healthy tissue while maintaining the cosmetic 
appearance of the breast. The excision is considered successful if margin 
status is reported negative by pathology and is associated with reduced 
local recurrence. A surgery is considered a failure if the margin status is 
reported positive. Current guidelines for invasive breast cancer recom
mend that no tumour cells be detected on the surface of excised tissue 
[2–4]. For ductal carcinoma in situ (DCIS), the criterion for a negative 
assessment is a minimum 2 mm margin of healthy tissue at the surface 
[2–4]. 

While pathology is a well-established method for margin assessment, 

surgeons do not receive real-time feedback and margin status is reported 
only a few days post-surgery. In case of positive margin status, the pa
tient may need to return for a re-excision surgery to remove the residual 
tumour tissue. Failure rates vary between surgeons and across health 
care institutions, but on average patients need to return for a re-excision 
surgery in 19 % of cases [5,6]. Re-excision surgeries delay adjuvant 
therapy delivery, degrade cosmetic outcome, and increase the likelihood 
for complications. 

In an effort to provide feedback during surgery, several methods 
have been proposed including imprint cytology, frozen-section analysis, 
ultrasound, X-ray imaging, and Raman spectroscopy [7–11]. Most of 
these techniques are performed on the ex vivo specimen rather than 
inside the surgical cavity. As such, they tend to prolong BCS and create 
an extra challenge for the surgeon, since it is often difficult to relate a 
position on the specimen to its associated position inside the surgical 
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cavity. 
Inspection of the surgical cavity, as opposed to the specimen, can 

provide the surgeon with a precise location of cancerous tissue. Three 
devices are currently under investigation for intracavity use. ClearEdge 
(LSBioPath, Saratoga, CA, USA) and MarginProbe® (Dilon Technolo
gies® Inc., Newport News, VA, USA) use radio frequency (RF) spec
troscopy. ClearEdge has sensitivity and specificity of 87.3 % and 75.6 %, 
respectively, whereas MarginProbe® reported 70 % sensitivity and 70 % 
specificity for binary differentiation of cancerous vs healthy tissue with 
features as small as 0.15 mm, and 100 % sensitivity, 87 % specificity for 
tissue with feature sizes of a few mm [12,13]. The intelligent knife 
(iKnife) (Waters Corporation, Milford, MA, USA) analyses aerosols 
released during electrosurgical dissection utilising rapid evaporative 
ionization mass spectrometry. Binary tissue classification was estimated 
to have 97.7 % specificity and 96.5 % specificity [14]. The main 
drawbacks of these devices are sparse tissue sampling and their inability 
to assess the extent of the detected anomaly. 

Imaging techniques offer a way to overcome sparse tissue sampling 
and fully visualize the extent of the disease. For example, optical im
aging has shown excellent sensitivity towards differentiation of 
cancerous and healthy tissue [15–17]. However, purely optical imaging 
techniques struggle beyond ~1–2 mm [18–21]. Photoacoustic imaging 
(PAI), which has also shown promise at differentiating cancerous and 
healthy tissue [22,23], utilizes ultrasonic detection and can provide 
greater imaging depth compared to purely optical imaging techniques. 
Several groups have evaluated tomographic PAI for breast cancer 
margin assessment on excised specimens and have shown sensitivity and 
specificity comparable to intracavity RF and mass spectroscopy devices 
[24–26]. Furthermore, tomographic PAI is able to image the entire 
specimen, thereby overcoming sparse sampling and fully visualising the 
extent of the disease [17,27,28]. 

In PAI studies by Kosik et. al. [17,28] and Li et al. [24], lipid optical 
absorption was used to differentiate tumour tissue from healthy tissue 
[17,27,28]. Tumour tissue tended to have a lower lipid content 
compared to healthy tissue and as a result appeared dark (hypo-intense) 
in the images, whereas healthy tissue appeared bright (hyper-intense) 
[29]. Moreover, excised specimens typically have low haemoglobin 
content [28]. Therefore, the photoacoustic signal at 930 nm from lipids 
was expected to be the dominant contribution compared to haemoglo
bin. Kosik et al. (2022) also showed that hypo-intense regions in the PA 
images of lumpectomy specimens corresponded to the size of the tumour 
detected preoperatively with MRI [17]. 

PAI has yet to be tested in a real-time intracavity scenario during 
BCS. From a practical standpoint, hand-held PAI devices typically suffer 
from incomplete data collection caused by limited-view angle coverage. 
In addition, limitations posed by the limited frequency bandwidth of the 
acoustic sensor become more dominant in a hand-held scanning 
approach. These problems result in image artifacts, such as blurring, 
streaking and incomplete visualisation of objects [30–32]. Therefore, 
the main objective of this work was to determine the feasibility of a 
compact hand-held PAI probe designed specifically for breast cancer 
margin imaging based on the lipid content differences, as previously 
reported by Kosik et.al (2022). 

In comparison to other hand-held PAI probes, this probe was 
designed with an increased sensitivity towards bulk tissue and with 
consideration towards the ultimate aim of free-hand scanning utilising a 
motion tracking system [33–37]. Typically, hand-held probes used in 
PAI have centre frequencies ranging from 5 to 21 MHz [33–35,37]. This 
results in visualisation of tissue constituents in the range of 0.07–0.3 mm 
and is ideal for imaging of vascular networks, but not optimal for im
aging bulk tissue properties. When looking for differences in tissue 
constituents, such as lipid content, the bulk tissue properties are of 
increased interest. In terms of breast conserving surgery, the ability to 
confirm that the top layer of tissue mostly consists of healthy lipids can 
provide the surgeon with an estimate of the current margin status. 

In this study, we present the design of a hand-held PAI probe 

prototype and its imaging capabilities. The effect of limited-frequency 
bandwidth was investigated by conducting simulations and comparing 
to experimental results. The ability to visualise objects with hypo- 
intense contrast was assessed by imaging tissue mimicking phantoms 
consisting of regions with high and low optical absorption. The feasi
bility of the single-sensor imaging concept and the effect of limited-view 
was assessed by comparing imaging results of a breast cancer specimen 
phantom obtained with the prototype to an image acquired with a near 
full-view tomographic PAI system. Lastly, as a proof-of-concept, pre
liminary imaging of a lumpectomy specimen was performed. 

2. Materials and methods 

This section includes the methodology for a series of experiments 
conducted for the purpose of investigating the feasibility of the hand- 
held imaging approach. Preliminary work aimed towards characterisa
tion of the hand-held PAI probe is included in the Supplementary data. 
For information on the illumination profile, sensor spatial sensitivity, 
frequency response and resolution please consult the Supplementary 
data. 

2.1. Hand-held PAI probe design and characterisation 

The prototype hand-held PAI probe was designed to provide both 
optical illumination and photoacoustic signal detection in the same in
strument (Fig. 1a). An overview of the complete PA imaging system is 
shown in Fig. 1b. Illumination was provided by a 10-Hz Nd:YAG laser 
(Brilliant, Quantel, Bozeman, MT, USA) coupled to an optical parametric 
oscillator for wavelength tuning (Phocus™, Opotek Inc., Carlsbad, CA, 
USA). Short laser pulses (15 mJ, 5 ns) were delivered to a 1-to-4 optical 
fibre bundle (806–00006, Excelitas Canada Inc., Mississauga, ON, CA, 
NA 0.37). The output legs were positioned around the circumference of a 
cylindrical casing containing the acoustic sensor, an approach previ
ously used by other groups [38,39]. Light from the fibre was focused 
with a polycarbonate axicon lens with a wall angle of 52◦. In close 
proximity (0–15 mm) to the probe tip, the illumination profile consisted 
of four distinct bright spots which then converged, formed one uniform 
beam from 15 to 25 mm (see Suppl. Data.). Maximum light was deliv
ered to the object at a probe to surface separation of 20–25 mm (focal 
depth). All imaging experiments were performed at this probe to surface 
separation. The illumination approach was similar to illumination 
methodologies used in photoacoustic microscopy [40]. 

The PA detection unit incorporated a circular (Ø13-mm) 500-µm- 
thick polyvinylidene difluoride (PVDF) piezoelectric element (Airmar 
Technology Corporation, Milford, NH, USA). The centre frequency of the 
acoustic sensor was 322 kHz with a bandwidth of 81 % at − 3 dB (see 
Suppl. data), which corresponded to a peak sensitivity to objects be
tween 3.15 mm and 6.94 mm in size. The angular acceptance of the 
probe was estimated to be ~ 5◦. The combined effect of the illumination 
profile and directionality of the acoustic sensor at a distance of 25 mm 
from the probe tip yielded a circular sensitivity region of 15 mm. The 
acoustic sensor, optical fibres and light guide were held together by two 
3D printed parts and two optical rods. 

Signals were digitized using a 14-bit, 50-MHz data acquisition sys
tem (DAQ32, MultiMagnetics Inc., London, ON, Canada) triggered by 
the laser. A photodiode (DET10A, Thorlabs Inc., Newton, NJ, USA) 
positioned behind a mirror in the light path recorded relative laser 
power measurements for each pulse. Pulse-to-pulse laser output energy 
variation was accounted for by dividing each PA signal by the corre
sponding laser power measurement. 

2.2. Imaging experiments 

Real-time data reconstruction and motion tracking were not feasible 
for the first prototype. Therefore, the location of the probe was 
controlled by mounting the probe to an industrial 6-axis robot (C3- 
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A601S-UL, Epson, Suwa, Japan) (Fig. 1c). For acoustic coupling, all 
experiments were performed in a water tank. All imaging with the hand- 
held probe was performed using the scan procedure depicted in Fig. 1d. 
The probe was translated in the x-direction in 4-mm increments (blue 
circles, Fig. 1d) and rotated around each translational step in θ over 84◦

in 6◦ increments (red circles, Fig. 1d). The distance over which the probe 
was translated depended on the size of the object. Scan of an 80 mm long 
object took approximately 1 min. Spatial sampling at increments smaller 
than 4-mm resulted in minor improvements in image quality (see Suppl. 
data). The scan resulted in an axial resolution of 1.0 mm and a lateral 
resolution of 1.8 mm (see Suppl. data). The scanning approach yielded 
angular coverage similar to what is expected to be possible inside a 
surgical cavity. Rotation of the probe about the φ axis was not possible 
due to limitations related to the water tank size and the robot reach. 

The images were reconstructed with a delay and sum algorithm [41] 
including directivity weighting [42] using an open-source PAI recon
struction software package [43]. The collection of sensor positions was 
treated as an array for reconstruction purposes. The pixel size in all 
images was 0.02 mm. Forced zeroing was applied as the only 
post-processing step, unless otherwise stated [30]. 

2.3. Effect of limited frequency bandwidth 

The effect of acoustic sensor frequency response on image quality 
was assessed with simulations and through an imaging experiment on 
two phantoms with lipid inclusions. To fabricate the phantoms, a rect
angular mould (40 mm × 40 mm × 30 mm) was used. A 8 – 10 mm 
thick layer of 2 % w/v agarose (VWR Life Science Agarose RA™, Mis
sissauga, ON, CA) and 4 % v/v Intralipid® (Fresenius Kabi Canada Ltd., 
Toronto, ON, CA) was poured into the mould to create a first layer (µ’s =

1 mm− 1). Once set, the fat inclusion was placed on top of the first layer 

and the mould was backfilled with the agarose and intralipid mixture to 
envelope the inclusion. The fat was obtained from a piece of pork belly 
purchased at the local grocery store. The first phantom had a 9-mm thick 
fat layer with a 2.5-mm deep hole with a diameter of 9 mm. The second 
phantom had a 2-mm thick fat layer with a centrally located 5-mm 
through-hole. 

The phantoms were placed in a water tank and imaged at 930 nm. 
This wavelength was selected as it corresponds to a spectral peak in lipid 
absorption [44]. While the lipid peak at 1200 nm is potentially more 
favourable, as absorption by other dominant chromophores and con
stituents such as water and haemoglobin is lower, we were limited to 
lasers available to us with a maximum achievable wavelength of 
950 nm. 

After imaging, the phantoms were cut along the scan line and the 
cross-sectional view was photographed. The lipid-containing portion of 
each phantom in each photograph was segmented and binarized to 
obtain a mask. The masks were used as initial pressure conditions for k- 
Wave simulations in MATLAB [45,46]. The photoacoustic signal from 
the mask was simulated using the same sensor locations used to image 
the phantoms. Two simulations were performed. The first simulation 
assumed unlimited bandwidth of the acoustic sensor. The second 
simulation assumed a centre frequency of 322 kHz with a bandwidth of 
81 % for the acoustic sensor, to mimic the response of the acoustic sensor 
in the hand-held PAI probe. The speed of sound was set to 1500 m/s. In 
preliminary reconstructions, we investigated the effects of the speed of 
sound on the image quality in the range of 1450–1540 m/s but did not 
note any visible differences due to the small probe to image surface 
separation. The grid size was 36.4 mm by 20.4 mm with a pixel size of 
0.02 mm. Uniform light propagation was assumed in the simulations; 
however, illumination was from one side during experiments. Compar
ison between experimental and simulated data suggested that the 

Fig. 1. (a) Photograph of the prototype hand- 
held PAI probe attached to a robot. The acous
tic sensor casing, light guide and optical fibres 
were held together with two optical rods (Ø 
4 mm) and two 3D printed mounts to align the 
sensor, optical fibres, and lens. (b) block dia
gram of the full imaging set up (robot not 
included in the diagram). The 4-to-1 optical 
fibre from the probe is coupled through a lens 
to the output of the optical parametric oscillator 
(OPO) attached to the 10 Hz Nd:YAG laser. 
Photodiode (PD) is positioned adjacent to the 
laser path to capture laser energy fluctuations. 
Data acquisition is started by software that 
saves the digitized data acquired by the data 
acquisition system (DAQ) and stores it into 
computers (PC) memory. The DAQ is triggered 
by the laser. (c) Illustration of the prototype 
hand-held PAI probe mounted on a robot with 
coordinate system and direction of rotation in
dications. (c) Illustration explaining scan ge
ometry carried out with the probe attached to 
the robot end effector. All imaging experiments 
reported in this paper used this scan type. Probe 
is positioned a set distance from the imaging 
surface (Radius), typically 15–25 mm. Probe 
rotates over 84◦ in 6◦ increments in θ over each 
translational point with centre of rotation being 
the surface of the object being imaged. Red 
circles in the illustration are examples of sensor 
face location during angular steps, while the 
blue circles indicate the translational steps. 
Each translational step becomes a centre of 
rotation. The distance over which the probe was 
translated was dependant on the size of the 
object.   
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uniform laser fluence assumption was reasonable since the main image 
degrading effects were related to US detection (i.e. sensor bandwidth 
and number of angular views). No post-processing was applied to the 
data. 

2.4. Detection study 

Three absorbing phantoms with eight non-absorbing rectangular slits 
(widths of 0.5, 1, 2, 3, 4, 5, 6, 7 mm) were made to validate the accuracy 
of hypo-intense object identification with the hand-held PAI probe. Each 
phantom had a set slit depth (2, 4 or 6 mm). The absorbing background 
consisted of 0.15 % v/v India ink (Speedball, Statesville, NC, USA), 2 % 
w/v agarose and 2 % v/v Intralipid®, resulting in µa= 0.54 mm− 1 and 
µs’= 0.5 mm− 1. The slits were filled with 2 % w/v agarose and 2 % v/v 
Intralipid®. Each phantom was imaged with the hand-held PAI probe at 
800 nm. The width of each slit was measured from the FWHM of the 
intensity line profile extracted in the lateral image direction. Slit depth 
was measured from the intensity line profile extracted in the axial image 
direction. The measured values were then compared to the expected 
distances. 

2.5. Effect of limited-view angle coverage 

The effect of limited-view on image quality was assessed by imaging 
a phantom mimicking an ex-vivo breast cancer specimen with both the 
hand-held PAI probe and a tomographic imaging system with near full- 
view data capture capabilities. The phantom was made of a chicken 
breast wrapped in a 2-mm thick layer of pork belly fat, both purchased at 
a local grocery store. The chicken simulated cancerous tissue with lower 
lipid content compared to the pork belly fat layer that simulated healthy 
tissue. A gap in the pork belly layer exposed the chicken breast to 
simulate a positive margin. The phantom was affixed as described by I. 
Kosik et al. [28] for breast cancer specimen imaging [28]. In brief, the 
phantom was placed in a resealable bag filled with saline. The bag was 
positioned on an inclined surface to push out most of the saline along 
with any air bubbles and then sealed. Multiple dots were placed on the 
bag using a permanent black marker as landmarks for image registra
tion. Clear packing tape was used to create tabs on two sides of the bag, 
which were then punched to create four holes. Using the holes, the bag 
was attached to four posts mounted on a circular holder. 

The phantom was imaged with the hand-held PAI probe, then flipped 
180◦ to acquire information from the opposite side. Next, the phantom 
was imaged using a near full view photoacoustic tomography (PAT) 
system, reported elsewhere [47]. Briefly, the near full view system was 
comprised of eight illumination fibres and 64 PVDF-based unfocused 
detectors (circular apertures of 12.7 mm) divided into 16 modules 
(Superior Assemblies, Mississauga, ON, CA). Each module had two lower 
frequency, 0.4-MHz peak frequency (160 % bandwidth at − 6 dB), and 
two higher frequency elements, 0.9-MHz peak frequency (185 % 
bandwidth at − 6 dB). Detector modules and illumination fibres were 
evenly mounted around and oriented towards the centre of a circular 
ring mounted to the beforehand mentioned robot. Data acquisition and 
laser coupling followed the same protocol as reported above for the 
hand-held PAI probe. The array was raster scanned and rotated in Φ and 
θ to image the entire phantom. The near full-view system had an 
effective ~3.8π steradian spherical coverage and was designed for high 
sensitivity towards bulk tissue absorption with a spatial resolution of 
0.7–2.0 mm. The 930-nm laser light was used in both imaging setups. 
Although the illumination profile for both imaging system was consid
erably different, comparison between both systems was considered valid 
due to the image quality being mainly determined by the US detection 
side rather than illumination. Images acquired from both sides of the 
phantom using the hand-held PAI probe were stitched together in 
ImageJ with the help of markers placed as landmarks [48]. The corre
sponding slice in the 3D image obtained with the tomographic system 
was found using 2D to 3D image registration in 3D Slicer with the 

marker dots as landmarks [49]. 

2.6. Imaging of ex-vivo breast cancer specimen 

As a proof of concept, a lumpectomy specimen was imaged using the 
hand-held PAI prototype. A patient diagnosed with early breast cancer 
and scheduled to undergo breast conversing surgery was asked to 
participate in the study. The study was carried out with informed con
sent as well as the approval of the institutional review board of The 
University of Western Ontario (UWO Research Ethics Board # 105467; 
Lawson Approval #R-14–311). After excision, specimen preparation 
followed the same procedure as described in the section above and 
elsewhere [28], except for a different resealable bag (S-1692, Uline, 
3′′x3′′). It was confirmed that the bag material did not create significant 
photoacoustic signal by studying photoacoustic images of a bag filled 
with saline only. The bag was marked with black marker on two sides, 
serving as fiducials for image registration. Imaging of the specimen was 
performed in the same manner as described in the section above. Im
aging did not interfere with the standard of care surgical procedure. In 
addition to the PA images, 2D X-ray projections were obtained with a 
Faxitron™ (OR v2.0 MDS2, Tucson, AZ, USA) as part of the standard of 
care. 

3. Results 

3.1. Effect of limited frequency bandwidth 

The effect of limited detection bandwidth (band-limited) on image 
quality was investigated using two lipid phantoms (Fig. 2). The first 
phantom (Phantom 1) had a large fat void whereas the second phantom 
(Phantom 2) had a smaller fat void. Photographs of the phantoms are 
shown in Fig. 2a and b. The binary masks used to generate the initial 
pressure distribution for each photoacoustic imaging simulation are 
shown in Fig. 2c. The time series simulated from each initial pressure 
distribution was then reconstructed into a photoacoustic image for the 
wide-band (Fig. 2d) and band-limited cases (Fig. 2e). 

Reconstructions using the simulated wide-band data closely repro
duced the shape of each lipid inclusion. The edges and crevasses of the 
reconstructed lipid inclusion were sharply defined. However, negativity 
artifact appearing as shadowing was observed at the bottom of each 
reconstructed lipid inclusion (Fig. 2d, white arrows). Reconstructions 
that utilized the simulated limited-band data had less-defined edges 
with negativity artifacts at the lipid inclusion boundaries (Fig. 2e, yellow 
arrows). However, regions without lipid, such as the crevasse in phan
tom 1 and the through hole in phantom 2 were easily identified (Fig. 2e). 
Furthermore, within the lipid regions, the bulk lipid signal was not 
observable in the limited-band reconstructions as compared to the wide- 
band reconstructions. 

When comparing the experimental results to the simulated results, 
negativity artifacts similar to those present in the simulated limited- 
band data were observed (Fig. 2f, yellow arrows). In addition, the 
lipid distributions within each phantom were less-defined compared to 
the wide-band simulated data (c.f. Fig. 2d). However, the regions lack
ing lipids were easily identified for both phantoms. One of the major 
differences between the experimental and simulated results was the 
poor reconstruction of the bottom portion of phantom 1 due to insuffi
cient light penetration and illumination provided only from one side of 
the phantom (Fig. 2f, top panel). 

3.2. Detection study 

Ability to detect hypo-intense contrast was investigated using slit 
phantoms with a series of hypo-intense features. The width and depth of 
the slits were measured from PA images and compared to the known slit 
dimensions. A photograph of a cross-section through the slit phantom 
with a slit depth of 6 mm is presented in Fig. 3a. Photographs of the 
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remaining slit phantoms are available in the supplemental materials. 
The PA images of the slit phantoms with 2 mm, 4 mm, and 6 mm slit 

depth are presented in Fig. 3b-d, respectively. Slit features, such as the 
sides and bottom of slits down to 2 mm in width can be clearly visualised 
in the PA images for all three phantoms. Slits with widths of 1 and 
0.5 mm can be identified, but not clearly distinguished from the back
ground material due to blurring. In all images, only the top portion (~ 
4 mm) of each phantom was visualised. The bottom of each slit was 
clearly visualized for the six largest slit widths in each of the phantoms. 
However, image contrast degraded as the slit depths increased. For the 
six largest slits, the average difference between the measured and ex
pected slit depth was 0.31 mm ± 0.48 mm. 

The slit width for each phantom was measured by finding the FHWM 
in the lateral cross-sectional intensity plots (Fig. 3e). Each drop in in
tensity indicated the presence of a hypo-intense feature (i.e., slit). The 
slit width and depth were measured for each image and plotted against 
the expected values (Fig. 3 f) from the phantom mould. The average 
deviation from the expected slit width was 1.36 mm. The deviation from 
the expected slit width along with the standard deviation increased as 
slit width decreased. For a slit width of 7 mm, the average deviation 
from the expected value was 0.45 ± 0.10 mm and increased to 2.93 
± 0.46 mm for a slit width of 0.5 mm. 

3.3. Effect of limited-view angle coverage 

A breast cancer lumpectomy specimen phantom was imaged with the 
hand-held PAI probe to evaluate its feasibility for ex-vivo specimen 
imaging. In addition, the results were compared to PA images of the 
same phantom using a near full-view PAT system to evaluate the effect 
of limited-view angle coverage. Photographs of the top and bottom of 
the lumpectomy phantom are shown in Fig. 4a and b, respectively. The 
phantom was constructed with a simulated positive margin on the top 
surface (arrow in Fig. 4a). Lipid containing phantom regions produced 
strong photoacoustic signals (a RF data example is shown in Fig. 4c). 
However, the signal peak was surrounded by a negative signal (see item 
1 in Fig. 4c) resulting from the limited angular view. To make image 
interpretation easier forced zeroing was utilized for image display. 
Furthermore, it can be seen that there was a secondary peak following 
the signal peak (see item 2 in Fig. 4c), which corresponded to a ghost 
artifact due to ringing of the sensor. Two-dimensional PA images of both 
the top (Fig. 4d) and the bottom (Fig. 4e) of the phantom were acquired 
with the hand-held PAI probe. The latter was acquired after rotating the 
phantom 180◦ about the y-axis. Image artifacts were noticeable as a 
ghost image offset in the z-direction (Fig. 4d, red arrow). The two PA 
images acquired with the hand-held probe were superimposed using 
fiducial markers on the specimen holder (Fig. 4d, c, green arrows) to 
visualise the entire cross-section of the phantom (Fig. 4f). Aside from the 
ghost artifacts, the signal in the image was confined to the lipid layer 

Fig. 2. Lipid phantom imaging and simulation study results. The scale bars correspond to 10 mm in all images. Photograph of (a) phantom 1 and (b) phantom 2 with 
~ 8.7 mm and ~2 mm thick lipid inclusions, respectively. (c) Masks used as the initial pressure distribution for photoacoustic simulation of the phantoms in 
photographs (a) and (b), respectively. (d) and (e) Reconstructed PA images from simulated time series data with wide-band and limited-band (centre frequency of 
322 kHz, bandwidth of 81 %) frequency response, respectively. White arrows and yellow arrows indicate negativity artifacts. (f) Photoacoustic images obtained with 
the hand-held probe of the phantoms in photographs (a) and (b). Scale bar on right side is common to all reconstructed images presented. For the binary mask image, 
black corresponds to 0. 
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representing a layer of healthy breast tissue. The chicken breast 
(mimicking breast cancer tissue) ‘positive margin’ was clearly detected 
as a lack of signal in the middle portion and on the surface of the 
phantom (Fig. 4f, yellow arrow). 

The phantom was also imaged with the near full-view PAT system 
and a yz-slice corresponding to the hand-held images was extracted from 
the 3D data volume (Fig. 4 g). Similar to the images obtained with the 
hand-held PAI probe, signal was confined to the lipid layer surrounding 
the mimicked breast cancer tissue and fiducial markers on the specimen 
holder (Fig. 4 g, green arrow). The mimicked positive margin was also 
detected (Fig. 4 g, yellow arrow); however, it was not as distinct and 
blurred compared to images obtained with the hand-held PAI probe 
(compare Fig. 4 f and g). Differences in the signal-to-noise levels be
tween the hand-held PAI probe and the near-full view system can be well 
visualized in Fig. 4c. 

The images from the two systems were then displayed as a false- 
colour overlay for comparison (Fig. 4 h). Based on the overlay, the 
image captured with the near full-view PAT system was blurred and had 
lower signal-to-noise compared to the images captured with the hand- 
held PAI probe. However, the images obtained with the hand-held 
probe had signal dropouts on the left and right side of the phantom 
and suffered from a greater number of image artifacts. The image 
overlay revealed close correspondence between the two PAI systems in 
terms of shape, and presence of the simulated positive margin on the 
lumpectomy phantom. A noticeable difference between the two images 
is the apparent thickness of the fat layer. The thickness of the fat layer in 
the images obtained with the hand-held probe is uniform, while in image 
from the near full-view PAT system thickness varies. This indicates that 

hand-held PAI probe is suitable for imaging of only the very surface as it 
is not capable to recover the correct thickness of the layer. 

3.4. Imaging of ex-vivo breast cancer specimen 

A breast cancer lumpectomy specimen was imaged with the hand- 
held PAI probe to evaluate feasibility for ex-vivo specimen imaging. 
Photographs of the top and bottom of the lumpectomy specimen are 
shown in Fig. 5a and b, respectively. A two-dimensional X-ray image of 
the specimen was acquired with the same orientation as Fig. 5a as a part 
of the standard of care procedure (Fig. 5c). Two-dimensional PA images 
of both the top (Fig. 5d) and the bottom (Fig. 5e) of the specimen were 
acquired with the hand-held PAI probe. The latter was acquired after 
rotating the specimen 180◦ about the y-axis. The top and bottom images 
were registered using black marker lines as landmarks (Fig. 5d and e, 
green arrows) and superimposed to obtain a complete view of the 
specimen cross section (Fig. 5f). 

Negativity artifacts were noticeable as shadowing beneath positive 
signal relative to the surface of the specimen, similar to artifacts seen in 
the results shown in Fig. 4. Signal from a surgical suture placed on the 
specimen surface by the surgeon for orientation purposes was a domi
nant feature in the PA image (Fig. 5 f, yellow arrow). As a result, signal 
from the surface of the specimen had lower SNR compared to the sutures 
and the phantom experiment reported in the previous section (Fig. 4). 
Forced zeroing removed the negative signal seen in (Fig. 5d-f), but 
enhanced visibility of the ringing artifacts (Fig. 5 g, blue arrow). 

Fig. 3. Hypo-intense contrast detection study results. (a) Photograph of the slit phantom with 6-mm slit depth (D) with indication of phantom design details and slit 
widths. (b-d) Photoacoustic images of slit phantoms obtained with the hand-held PAI probe with slit depths (D) of 2, 4, and 6 mm, respectively. (e) Measured mean 
slit width and slit depth for all three phantoms plotted against the expected (known) measurement. Error bars represent ± 1 standard deviation of the mean. (f) Line 
profiles extracted from the PA images of the phantoms with slit depths of 2-, 4- and 6-mm. Panel indicates an example of a FWHM determination. 
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4. Discussion 

We have developed a prototype hand-held PAI probe intended for 
breast cancer margin assessment based on lipid content differences. The 
probe provided optical illumination and acoustic detection in a single 
instrument and enabled imaging of the surface of an excised lumpec
tomy specimen and potentially the wall of the surgical cavity. Addi
tionally, while cancer detection based on lipid content differences has 
been suggested before, it has never been tested with in a single-sensor 
design optimized for low frequency detection of bulk tissue properties. 

In this work, we demonstrated the feasibility of this concept by exam
ining the effects of limited view angle and limited frequency bandwidth 
posed by a hand-held device. 

Experiments with the prototype hand-held PAI probe at 930 nm 
resulted in excellent image contrast from lipids (e.g. see Fig. 4). Lipid 
free gaps mimicking positive margins were clearly visible in the images. 
Breast cancer on average contains 6 times less lipid compared to healthy 
tissue [50]. Our tissue phantom was comprised of chicken breast, which 
on average contained 14 % fat. The phantom also contained pork belly 
fat, which was 7 times fattier than chicken breast thereby providing a 

Fig. 4. Comparison of PA images of a lumpectomy phantom acquired with the hand-held PAI probe and a near full-view PAI system. (a) A photograph of the top and 
(b) bottom portion of the lumpectomy phantom. (c) radio-frequency (RF) data of the images presented in (d) FZ H-H top, (e) FZ H-H bottom and (g) near full-view 
through the cross section of the phantom as indicated by white dashed line in (h). RF data of raw photoacoustic signal from the hand-held probe is also presented (H- 
H top and H-H bottom). Please note that RF signal is presented in a way it appears in the overlayed image, meaning signal obtained with the hand-held PAI probe 
from the bottom lipid layer is inverted. The signal peak corresponds to the signal from the lipid-layer. It is preceded and followed by a negative signal (1.). The second 
peak following the highest peak (2.) was likely due to ringing of the sensor. (d) Forced zeroed PA image of the top and (e) bottom surface of lumpectomy phantom 
acquired with the hand-held PAI probe with indication of fiducial markers (green arrow) and artifacts (red arrow). (f) Overlay of the PA images of the top and bottom 
surfaces of the lumpectomy phantom corresponding to (d) and (e), respectively. (g) PA image of the lumpectomy phantom acquired with a near full-view PAT system. 
(h) Overlay of images shown in panels (f) and (g), with colour coding in pink and blue, respectively. The yellow arrows indicate the location of the mimicked positive 
margin. The green arrows indicate the fiducial markers from the phantom holder. 
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good approximation of the photoacoustic contrast differences between 
cancerous and healthy tissue. The lack of contrast between the coupling 
medium and the lipid-free gaps (i.e., the specimen surface) presented a 
challenge for the 930 nm imaging approach. However, 
multi-wavelength PAI and/or incorporation of pulse/receive ultrasound 
imaging into the probe could be used to detect the specimen surface. 

The prototype hand-held PAI probe allowed for the identification of 
hypo-intense features with characteristic dimensions of 0.5–7.0 mm in 
width and 2–6 mm in depth. This provided an indication that the probe 

could potentially identify residual cancerous tissue, represented as lack 
of signal, extending up to 6 mm into the surgical cavity wall or into an 
excised specimen. In addition, signal obtained from the absorbing 
background of the slit phantom showed that full visualisation of hyper- 
intense features was possible up to 5.3 mm in depth. This indicated that 
a margin of healthy tissue can potentially be visualized up to this depth. 
It needs to be pointed out that the geometry of the slit phantom might 
have improved the image quality compared to what would be achievable 
in a surgical scenario. The slits in the phantom were extended in length 

Fig. 5. Lumpectomy specimen imaging results. (a) A photograph of the top and (b) bottom of the lumpectomy specimen placed in a bag with black fiducial markers 
and secured on a holder. Yellow arrows indicate the location of the surgical sutures. (c) 2D X-ray image of the lumpectomy specimen (scale unknown) with similar 
orientation to panel (a). Red arrow indicates location of the radioactive seed. Location of the cancerous tissue is indicated with a dashed circle. (d) Raw PA image of 
the top and (e) bottom surface of lumpectomy specimen acquired with the hand-held PAI probe with indication of fiducial markers (green arrows). The white dashed 
line in images (a) and (b) represent imaging plane for images (e) and (d), respectively. (f) Registered and superimposed PA image of the top and bottom of the 
lumpectomy specimen corresponding to (e) and (f), respectively. Signal from the surgical sutures is indicated with yellow arrows. (g) Forced zero PA image of the 
lumpectomy specimen. The blue arrow indicates the location of the ringing artifacts. 
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in the out of plane dimension. This was a consequence of the fabrication 
procedure. Given that the sensor response and illumination was highly 
directional (see Fig. 3 in Supplementary data), we expected the contri
bution of out plane signal to be negligible, however, a rectangular 
feature will emit a substantially planar wave that will reach different 
parts of sensor simultaneously possibly leading to improved image 
quality. However, this situation could also be encountered in some 
surgical scenarios. 

The lumpectomy specimen imaging study showed (Fig. 5) that a 
strong signal can be obtained from fatty tissue. Contrast appeared lower 
compared to the images obtained in the phantom imaging study (Fig. 4). 
The optical absorption and, therefore, the photoacoustic signal from the 
surgical sutures were a few orders of magnitude higher than the signal 
from fatty tissue. The presence of the sutures made signals from the 
surface of the specimen appear visually weaker in the reconstructed 
images. This issue will not affect intracavity imaging due to the absence 
of sutures. Also, specimen imaging with the probe in a free-hand mode 
will give the operator the opportunity to avoid sutures during imaging 
tasks. Moreover, in the future, multispectral photoacoustic imaging 
could aid in differentiation of the sutures from tissue. One interesting 
finding from the lumpectomy study related to the delineation of the 
specimen surface. The reconstructed surface, although well delineated, 
had a much smaller thickness than expected on account of fatty tissue 
throughout the specimen. The finding indicated that the width of the 
surface feature may not be indicative of the thickness of the fatty tissue. 
Although the reason for this effect is unknown, it is likely related to a 
variety of factors such as limited light penetration depth, narrow fre
quency response of the sensor, and limited angular views used to 
reconstruct the image. The finding suggests that the identification of 
close margins might not be possible with this imaging approach. How
ever, the probe is likely to be a valuable tool for identification of positive 
margins at the surface of the specimen or surgical cavity. 

A major limitation of the hand-held PAI probe related to the presence 
of negativity artifacts in the PA images. Negativity artifacts arose from 
limited bandwidth and limited view angle of the detector as described 
elsewhere [30]. Detector bandwidth can potentially be improved with 
different piezoelectric materials; however, the range of detector view 
angles is limited by the maximum achievable angle between the probe 
and the cavity wall. In our simulations, we used an angular range of 
± 42◦ and both flat and limited frequency response. Image reconstruc
tion with simulated wide-band data resulted in negativity artifacts that 
appeared as minor shadowing and did not notably alter the image 
quality. In contrast, image reconstruction with experimentally collected 
data and simulated limited bandwidth data had notably larger nega
tivity artifacts appearing as signal dropouts above and below the signal 
from the fat layer. Therefore, it can be concluded that the presence of 
negativity image artifacts in the experimental work was due primarily to 
the limited bandwidth of the sensor. Overall, the simulations and 
experimental results give confidence that angular coverage of ± 42◦ can 
provide sufficient image quality given a sensor with appropriate band
width. However, in situ experiments will ultimately determine if ± 42◦

is a practical angular range. 
Comparison of imaging results from the hand-held PAI probe with 

the full-view PAI system revealed that negativity artifacts could also be 
reduced by having more angular views. Image quality was notably 
improved when the hand-held PAI probe was both translated and 
rotated through a greater number of angular views. However, rotation of 
the hand-held PAI probe was limited to a single dimension due to re
strictions posed by the robot reach and the size of the water tank. A more 
compact probe will offer the possibility to study a greater range of angles 
and more complex scan arrangements. 

The negativity artifacts present in images acquired with the hand- 
held PAI probe were unavoidable due to the limited bandwidth and 
limited view angle intrinsic to the design. However, we found that these 
artifacts could be mitigated by post-processing the images with forced 
zeroing as previously suggested by K. Shen et.al (2020). Forced zeroing 

produced images that were easier to interpret due to the elimination of 
the negative signal. However, the introduction of forced zeroing comes 
with the cost of size overestimation of hypo-intense objects and under
estimation of hyper-intense objects. Additionally, artifacts could 
potentially be mitigated by deconvolution of the acquired data with the 
impulse response of the sensor. This could also improve the visibility and 
detectability of objects outside of the − 3 dB bandwidth range, as the 
sensor frequency response extends from 100 kHz to 2 MHz. Sensor 
material selection was mainly based on the stock availability from 
manufacturers. We aimed for optimization at lower frequencies which 
required thick PVDF film. Larger bandwidth and a higher centre fre
quency would likely yield better visualisation of the top 2 mm. 

A solid sensor backing was incorporated into the probe, which re
flected acoustic waves back into the sensor material. Although a solid 
backing degraded image resolution 2-fold due to the back-and-forth 
travel of acoustic waves though the sensor, it also resulted in an in
crease in detection sensitivity. However, the stiffness of the solid 
backing layer was not sufficient to dampen all sensor oscillations. The 
sensor oscillations resulted in ringing that generated ghosting artifacts 
in the reconstructed images. Typically, US sensors have an acoustically 
matched backing layer that guides the incoming acoustic wave away 
from the sensor element and dampens reverberations. However, sensi
tivity of a sensor with a matched backing layer is reduced compared to a 
sensor with a solid backing layer. Therefore, the trade-off between 
sensitivity and presence of artifacts needs to be examined closer. While 
artifacts degrade the image quality, lower sensitivity affects image 
quality also. 

For the hand-held probe to be useful as a free-hand imaging instru
ment, the location and orientation of the probe relative to a reference 
point must be determined in real-time. Preliminary work with an elec
tromagnetic tracking system (not shown) was largely unsuccessful. 
While other research groups have shown the ability to obtained accu
racy up to 0.2 mm on average using electromagnetic tracking, we were 
not able to achieve such accuracy and precision due to sensitivity to
wards metal inside the probe and in nearby structures [51]. We, there
fore, utilized a 6-axis robot to perform scanning procedures with the 
hand-held probe. The probe was scanned linearly and through a wide 
range of angles. This allowed to achieve a sub-millimetre accuracy and 
precise repeatability thereby ensuring reconstructed images were not 
affected by probe positioning errors both within an image and between 
images. In a surgical scenario, the probe will be moved freely inside the 
surgical cavity, which necessitates real-time positional tracking of the 
probe. We propose that a camera-based optical tracking method might 
be well-suited for this application. Depending on the achievable accu
racy of the positional data obtained from the optical tracking, free-hand 
scanning can possibly allow for more angular positions (not only in θ, 
but also φ) reducing the impact of image artifacts. 

Currently available hand-held tools for breast cancer margin 
assessment generally provide a binary output (yes/no) and tend to 
sparsely sample tissue without the ability to discriminate depth. Depth 
discrimination is important for correlating results to pathology in some 
cases (e.g. 2 mm DCIS criteria) [2]. For example, the MarginProbe® is 
able to provide information only up to 1 mm in depth, ClearEdge up to 
3 mm, while iKnife removes a piece of tissue in the size range of 
0.1–1 mm3 from the point of interest on the surgical specimen [13,14, 
52]. In comparison, the hand-held PAI probe provides a continuum of 
image contrast at useful depths from the surface, although optimisation 
is needed for human tissue. Furthermore, the probe enables dense 
sampling at fixed points or across a region of interest due to the high 
repetition rate of the pulsed laser (10 Hz). Additionally, compared to 
mass spectrometry techniques, it is non-destructive to tissue. 

Future work on the hand-held PAI probe is needed in three areas. 
First, the probe needs to be miniaturised to fit inside the surgical cavity. 
Second, free-hand imaging with the probe needs to be demonstrated. 
The addition of optical positional tracking is likely to provide real-time 
data with the accuracy and precision needed to generate PA images with 
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free-hand scanning. This will allow the surgeon to advance the probe 
and build up an image of the region of interest in real-time. Third, the 
probe needs to be tested on excised breast cancer specimens as optical 
characteristics of phantoms are only representative of human tissue due 
to weak anisotropic scattering and do not fully simulate real tissue. 

5. Conclusion 

The feasibility of a hand-held PAI probe designed to detect cancerous 
tissue based on lipid content differences was assessed. The hand-held 
PAI probe was able to image hypo-intense contrast features in phan
toms that were representative of a positive surgical margin and provided 
a strong signal from fatty tissue in a lumpectomy specimen. Detection of 
objects with hypo-intense contrast down to 0.5 mm in width and up to 
6 mm in depth was achieved. However, the limited bandwidth of the 
sensor combined with the limited range of view-angles resulted in image 
artifacts. Nevertheless, images captured with the hand-held probe had 
higher contrast compared to images captured with a near full-view PAT 
system. Further work on probe miniaturisation and additional testing on 
human lumpectomy specimens is needed to ensure the technology is 
suitable for intra-operative margin assessment during breast conserving 
surgery. 
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