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We proposed a non-contact photoacoustic (PA) detection method using spectral domain optical coherence to-
mography (SDOCT). Two interference spectrums (A-lines) were acquired before and after the PA excitation with
SDOCT. PA signal propagated within the sample causing the vibration. The vibration inner the sample introduced
phase change between the acquired two A-lines. Thus, the PA signal can be detected by evaluating the difference
in phase between the two A-lines. Based on the method, an OCT-PAM dual-mode imaging system was con-

structed. In the system, SDOCT served as the detection unit for PAM. Thus, the combination of the two imaging
modalities was simplified. Another advantage of the system is that it realizes non-contact all-optic detection,
which is attractive for biomedical imaging. Using the system, we imaged phantoms of carbon fibers, asparagus
leaves and human hairs. Furthermore, the cortical vasculature of rat was imaged in vivo and the flow status was

evaluated quantitatively.

1. Introduction

Over the past few years, optical imaging techniques have developed
fast and become increasingly important in biological research and
medical diagnostics. Optical coherence tomography (OCT) is a well-
established technique in the biomedical field, that relies on low-
coherence interference for optical imaging. It has depth-resolved abil-
ity and can provide um-scale optical scattering contrast [1-3]. OCT
technology has gradually developed from the initial intensity-based
structural imaging to functional imaging, including the Doppler OCT
(DOCT) [4], polarization-sensitive OCT (PS-OCT) [5], and OCT angi-
ography (OCTA) [6], etc. Due to the advantages of combining optical
contrast and ultrasound resolution, photoacoustic imaging (PAI) is
attracting increasing interest [7-11]. It detects the optical absorption of
samples depending on the photoacoustic (PA) effect, a physical mech-
anism by which absorbed optical power is converted into the acoustic
wave [12]. As one type of implementation of PAI, photoacoustic mi-
croscopy (PAM) has the advantage of providing micron-scale spatial
resolution and rich optical-absorption contrast [13-15].

Any single type of imaging technology has its limitations and is not
able to reflect the full range of physiological and pathological infor-
mation [16]. For the past several decades, the emergence of multimodal
optical imaging technology has enabled the acquisition of more
comprehensive information about the structure and functions of bio-
logical tissues, facilitating biomedical research and clinical diagnosis
[17]. Scattering and absorption are two major optical characteristics of
biological tissue, corresponding to OCT and PAM, respectively. An im-
aging system that combines OCT and PAM can provide complementary
contrasts for imaging [18,19]. However, acoustic coupling between the
sample and transducer is a fundamental requirement in traditional PA
imaging, which limits the potential applications (such as brain surgeries
[20] and burn diagnostics [21]). On the other hand, the transducer used
in PAM obstructs OCT scanning [22]. Therefore, finding an effective
non-contact photoacoustic detection method to replace the traditional
ultrasonic transducer is one of the focuses of current research.

One solution for non-contact PAM is to detect the PA signal using
optical interference techniques. In some non-contact photoacoustic im-
aging studies, Mach-Zehnder interferometers and Fabry-Perot
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interferometers were employed as substitutes for traditional ultrasonic
transducers [23-27]. It should be noted that these techniques also pre-
sent difficulties when combined with OCT systems, because of the bulky
configuration of the optics, the loss of sensitivity, or the disturbance of
the dispersion [28]. J. Eom et al. proposed an all-fiber-based dual-modal
imaging system that combined non-contact photoacoustic imaging and
OCT. The PA signals were remotely measured by utilising a fibre inter-
ferometer as an ultrasound detector. The all-fibre-optic system has
promising potential in minimally invasive and endoscopic imaging [29].
Yi Wang et al. applied a homodyne interferometric method based on the
Michelson interferometer for PA signal detection and realized vascular
imaging using mouse auricle as a sample [30,31]. The optical path
design of this method is simple and easy to combine with other imaging
modes. Based on this technology, Zhongjiang Chen et al. realized
multi-modal imaging of the OCT-PAM-fluorescence imaging [28]. To
maximize the sensitivity of the system, it is necessary to acquire the
signal near the zero point (the phase is an integer multiple of n). This
procedure takes a lot of time, which slows down the imaging speed of the
multimodal system. Blatter et al. proposed a methodology for extracting
the PA signal from the evolution of the phases over time of the swept
source OCT [32]. To reduce the phase noise, multiple acquisitions (each
lateral position 200 M-Scans) are required, which limits the imaging
speed. Benyamin et al. proposed a method to detect PA signals based on
the laser speckle contrast [33]. However, PA signals need to be coupled
to the surface of the glass cuvette for detection, which may cause
inconvenience to the experiment. In our previous study, we proposed a
non-contact PA detection method based on contrast reduction of spectral
interference [34]. The method gave the potential to construct an
OCT-PAM dual-mode system with a simplified optical design, namely,
the detection unit of PAM was replaced by SDOCT. However, the method
proposed previously only utilises the interference induced from the
surface reflection of the sample for PA detection thus the surface
reflection is crucial. The sample must cover a thin layer of water (or oil)
film to improve the surface reflection. Water film covering is inconve-
nient, especially for in vivo experiments.

In this paper, we proposed a non-contact PA detection method using
SDOCT. Instead of only using single-layer reflection from the surface,
the phase variance between two SDOCT A-lines (before and after PA
excitation) was used to extract the PA signal. An all-optic non-contact
OCT-PAM system was developed based on the proposed method. We
imaged phantoms of carbon fibers, asparagus leaves and human hairs
using the system. Furthermore, the cortical vasculature of the rat was
imaged in vivo, and the flow status was evaluated quantitatively. The
result demonstrated that the proposed OCT-PAM system can be a useful
tool for biomedical imaging.

2. Material and methods
2.1. OCT angiography

In SDOCT, the interference spectrum was acquired by a high-speed
line-scan camera. For the sake of simplicity, all non-contributory com-
ponents were disregarded in the extraction of useful information. The
expression for the interference signal is as follows:

"0

1(k) = 2S(k)Er / a(z)cos(2knz + py)dz o)
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where S(k) denotes the light source spectral density; k represents the
wave number; Ej is the reference light amplitude; a(z) is defined as the
backscattered light intensity of the sample; z is the sample depth; and
@ is the initial phase. Fast Fourier transformation (FFT) was performed
on the spectrums to extract backscattering signal distribution. The FFT
result of the real sequence is complex, containing amplitude and phase
information, which can be formulated as:
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where the amplitude I(z) was used to build structural images, while
phase ¢(z) can be employed to calculate the phase change resulting from
the motion.

Based on the amplitude information, OCT angiography (OCTA) can
extract the dynamic information of blood flow BF (x, 2) by difference
operation on images acquired at the same location:

BF(X7Z) = ?(X, Z)HrALg - ?(X, Z)t 3

where, I(x,z) represents the amplitude distribution of OCT B-scan
image; Atp indicates the interval between the two B scans. Then en-face
blood vessel distribution map (OCTA image) can be achieved by rending
multiple BF (x, ) at different positions. The detailed OCTA description
has been described in the previous publication [35].

The calculation of the difference in phase (A¢) between two A-scans
allows for the evaluation of the sample motion [36]. The relationship is
as follows:

Ay = 4nntVcosd @
A

where n (~1.3) is the tissue refractive index; the time interval between

two adjacent A-scans is defined as 7; 6 denotes the Doppler angle; V

represents the absolute velocity; 4 is the light source centre wavelength.

From Eq. (4), it follows that the phase difference (A¢) is proportional to

the motion velocity and can be used for PA signal detection.

2.2. PA signal detection using SDOCT

When a short pulse laser is irradiated on the sample, the absorption
of the laser by localized absorbers within the sample generates PA waves
through thermoelastic expansion. The following general PA equation
describes the generation and propagation of PA waves in the medium
[37]:

s, 1\ . poH(T.1)
<V 7;Sa?>p(r,t)f C o 5)

where v; is the sound speed, which is approximately 1480 m/s in water;
p(T, t) represents the rise of acoustic pressure rise at position r and time
t; the coefficient of thermal expansion of the volume is symbolised by f;
Cp represents the specific heat capacity of the material at constant
pressure; and H( 7, t) stands for the heat function. On the left-hand side
of Eq. (5), we find the description of the wave propagation in the me-
dium, while the right-hand side represents the source.

PA wave generation and propagation usually require the satisfaction
of two basic equations, namely, the equation of thermal expansion [38]:

V-E(T,t) = —kp(T.0) +BT(T 1) ©)
and the motion equation:

P

Py (Tt = —Vp(T.0) @)

where ? represents medium displacement. According to the equation of
motion, the pressure generated by a pulsed laser will cause tissue
displacement. Traditional PA imaging focused on pressure detection,
here we detected the phase variance in SDOCT caused by the propaga-
tion of the acoustic wave in the tissue. During the acoustic wave prop-
agation, the interference spectrum of SDOCT can be formulated as:

00
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Considering that the vibration amplitude of acoustic wave remains
much smaller than z and the center wavelength of SDOCT [39], Eq. (8)
can be rewritten as:

00

Ipa(k) = 2S(k)Eg / a(z)cos dz ©)

—o0

2knz + (2kné&(t) + @q )
——

phase term

According to Eq. (9), ? influences the phase term mainly. After PA
excitation, it generates broadband acoustic waves spanning from dozens
of kHz to hundreds of MHz [40]. The propagation of multiple frequency
components in the sample results in the random variance of the inter-
ference phase in SDOCT. The phase variance can be calculated using two
SDOCT A-lines (before and after PA excitation).

Using a tungsten wire phantom, we evaluated the phase variance of
the OCT signal after the PA excitation (Fig. 1). Tungsten wire was
embedded in the agar mixture of intralipid (Fig. 1(a)). The cross-
sectional structural image of the OCT B-scan is displayed in Fig. 1(b).
Focused on the tungsten wire (yellow dashed line in (b)), the original
interference spectrums were acquired and the phase difference was
calculated with and without PA excitation (Fig. 1(c)). The blue curve in
(c) exhibits the difference in phase between two A-lines without exci-
tation. We can see that the fluctuation of the curve is small, indicating a
small phase change at different depths. The red curve in (c) represents
the phase difference between two A-lines before and after excitation.
Compared with the blue curve, the fluctuation of the red curve is large,
indicating that the propagation of acoustic waves causes large phase
changes at different depths. Focused on the agar area (dashed pink line
in (b)), we also acquired interference spectrums and calculated the
phase difference with and without the excitation (Fig. 1(d)). We can see
that there is no significant difference between the two curves. Though
excitation was performed, the absorption of agar is little and the PA
effect is negligible. Thus, the phase between OCT A-lines is also stable
with the excitation. Here, we use the standard deviation (STD) of the
phase difference for imaging:
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where i is the index of N; N is the number of pixels used for the STD
calculation; phase; is the phase difference between before and after PA

excitation; and phase is the average phase difference.

In Fig. 1(c) and (d), we can see strong random noise fluctuation at
low-intensity pixels (i.e., above the sample surface and deep in the
sample). Random noise disturbed the PA detection. Here, only pixels
with sufficient OCT signal intensity were adopted for PA detection. For
each A-line of the OCT signal, an edge detection algorithm was used to
identify the sample surface, and then a threshold segmentation algo-
rithm was used to extract pixels in the sample with sufficient intensity.
We set the phase difference of those unselected (low intensity) pixels to
zero and the results were shown in Fig. 1(e) and (f) (corresponding to (c)
and (d) respectively). The STD values in (e) are 0.13 rad (blue curve)
and 2.04 rad (red curve). PA vibration induced significant phase vari-
ance. The STD values in (f) are 0.15 rad (blue curve) and 0.17 rad (red
curve). Agar cannot absorb excitation light and generate PA vibration.
Thus, there is no significant difference between the two curves in (f).

2.3. OCT and PAM system

A schematic of the OCT-PAM dual-mode system setup is given in
Fig. 2. A superluminescent diode (SLD, D-840-HP, Superlum) with
840 nm centre wavelength and 50 nm bandwidth is employed as the
light source of the SDOCT (orange beam in Fig. 2). A fibre-based
Michelson interferometer was assembled using a circulator (CIR) and
a90:10 fibre coupler (TW850R2A2, Thorlabs), which split the beam into
sample arm and reference arm. The interference spectrum is captured by
a custom-made high-speed spectrometer composed of a collimating lens,
a transmission grating, a focal lens, and a line-scan camera
(spL2048-140 km, Basler). The maximum rate of the camera is 70 kHz.
A passively Q-switched pulsed laser (MCA-532-2.5-060, RealLight
TECH. Ltd, China) operating at 532 nm (green beam in Fig. 2) was used
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Fig. 1. Acoustic wave propagation introduces phase variance in SDOCT signal. (a) photograph of tungsten wire embedded in the agar mixture of intralipid; (b) the
cross-section structural image of OCT B-scan; (c) phase difference acquired with and without PA excitation (focused on the tungsten wire, dashed yellow line in (b));
(d) phase difference with and without the excitation (focused on the agar area, dashed pink line in (b)); (e) phase difference curves corresponding to (c) after random
phase noise removal; (f) phase difference curves corresponding to (d) after random noise removal.
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Fig. 2. OCT-PAM dual-mode system. (a) the schematic of the OCT-PAM dual-mode system; (b) the flow chart of the synchronization process between SDOCT and PA
excitation. IL, indicator light; SLD, superluminescent diode; CIR, circulator; FC, fibre coupler; M1 and M2, mirror; L1-L7, lens; OL, object lens; DM, dichroic mirror;
G, grating; NDF, neutral density filter; XY-GM, XY-galvanometer mirror; BS, beam splitter; PD, photodiode.

to excite the PA signal. The pulse width is 1.5 ns with a maximum pulse
repetition frequency (PRF) of 2.5 kHz. The emitted light passed through
an optical isolator first and then shaped by a beam-shaping module
consisting of L6, L7 and pinholes in Fig. 2. To adjust the intensity of the
excitation light, a neutral density filter (NDF) was placed in front of the
module. The pulsed laser and the OCT light are combined by a dichro-
matic mirror (DMSP650, Thorlabs) to achieve coaxial propagation. The
combined beam was then directed onto the sample by an optical probe
arm containing an X-Y scanner and an objective lens. (NA=0.1, PLN4 x,
Olympus).

In PAM imaging, the PA excitation source and the line scan camera
worked in external trigger mode. The flow chart of the synchronization
process between SDOCT and PA excitation is shown in Fig. 2(b). To
detect PA signals, two OCT A-lines are required for PA vibration-induced
phase difference calculation. At each point on the sample, the DAQ card
(PCI 6713, National Instrument) generated a pulse to trigger the PA
excitation source (@ in Fig. 2(b)). Simultaneously, the pulse also served
as an input of a joint (OR) gate (in Fig. 2(a)). The PA excitation source
received the trigger pulse and generated a laser pulse (@ in Fig. 2(b)).
There was a certain time delay between the input electric pulse trigger
and the output laser pulse. The delay time was approximately 98+3ps. A
photodiode (SMO5PD2A, Thorlabs) monitored the laser emission and
generated another electric pulse (® in Fig. 2(b)). The pulse (®) is the
other input of the joint gate. The output of the joint gate (@ in Fig. 2(b))
contains two pulses (O + ®), which were used to trigger the line scan
camera acquisition. Thus, each PA excitation corresponds to two inter-
ference spectrum acquisitions (before and after the excitation). The time
interval between the two spectrum acquisitions is mainly determined by
the time delay in the PA excitation laser (® in Fig. 2(b), 98+3ps) since
the pulse width of the excitation laser is ~1.5 ns and the response time

(rise time) of the photodiode is ~1 ns.
3. Results
3.1. Resolution of the system

To evaluate the OCT axial resolution, a planar mirror was imaged as
the standard sample. The full width at half maximum (FWHM) of the
OCT signal (Fig. 3(a)) determined the axial resolution. The axial reso-
lution of OCT was measured to be ~9pum. The lateral resolution of OCT
and PAM were measured by imaging the sharp edge of a blade. In Fig. 3
(b) and Fig. 3(c), the black points are the raw data from a one-
dimensional scan across the sample edge. Then to derive the line
spread function (LSF), the edge spread function (ESF) was acquired and
fitted. The lateral resolution was considered to be the FWHM of the LSF.
And the lateral resolution of OCT and PAM was about 7pm and 6pm
respectively (Fig. 3(b) and (c)).

3.2. Phantom study

We imaged a phantom with carbon fibers (~7 um) embedded in
scattering gel to evaluate the performance of the proposed system. The
scattering gel was prepared by mixing the agar with a 1 % intralipid,
which produced a scatter background similar to that of tissue. The fre-
quency of the synchronization pulse train (from the DAQ card) is set at
2000 Hz. At each point of the phantom, interference spectrums were
acquired before (SP;) and after (SPy) the PA excitation. Then, FFT was
performed on the two spectrums. The amplitude of FFT(SP;) was used to
build an OCT structural image. The phase difference between FFT(SP;)
and FFT(SP;) was used for PAM imaging. We acquired 400 x 400 (XxY)
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Fig. 3. Resolution of the OCT-PAM system. (a) axial resolution of SDOCT; (b) lateral resolution of SDOCT; (c) lateral resolution of PAM.

points covering 5 x 5 mm?2. The acquisition is ~100 s. The speed of the
imaging process is mainly limited by the excitation laser pulse repetition
rate. Fig. 4(a) shows the en-face maximum intensity projection (MIP)
image of OCT, and The B-scan of the cross-section corresponding to the
dashed line in Fig. 4(a) is shown in Fig. 4(b). And Fig. 4(c) shows the en-
face PAM image. Compared to Fig. 4(a) and (c), the carbon fibers dis-
tribution acquired by the two imaging modalities corresponds well. In
OCT images, some carbon fibers are blurry or even absent (Fig. 4(a) and
(c) white arrows). This is because of the focus mismatch between the
detecting beam of OCT and the excitation beam of PAM. The two beams
are generated from different light sources with different wavelengths.
The two beams were combined by a dichroic mirror and the combined
coaxial beam was then focused onto the sample using a larger NA
objective lens. Thus, it is difficult to realize the perfect coincidence of the
two focuses. During the experiment, we focused the PAM excitation
beam on the carbon fibers to achieve optimal PAM images, which may
sacrifice the imaging quality of OCT.

We also conducted imaging on another sample exhibiting branching
patterns. An asparagus leaf was immersed in black ink for over 5h,
followed by rinsing off the residual ink (which did not infiltrate the leaf
veins) with clear water. Subsequently, the prepared sample was
embedded in a scattering medium and subjected to imaging. The scat-
tering medium was made in the same way as described above. An
appropriate location on the sample was chosen for imaging (Fig. 5(a)),
and the field of view was 4x4 mm?. The corresponding PAM result for
the selected area is presented in Fig. 5(b), and an en-face MIP OCT image
is shown in Fig. 5(c). Fig. 5(d) displays the OCT B-scan cross-sectional
image matched with the white dashed line in Fig. 5(c). These results
further demonstrated the capability of our imaging system.

3.3. OCT-PAM dual-mode imaging on human hair phantom

To demonstrate the advantage of dual-mode imaging, we imaged a
human hair phantom using the proposed system. Two black hairs and

500pm

Fig. 5. Asparagus leaf imaging with the dual-mode system. (a) photograph of
asparagus leaf embedded in the agar mixture of intralipid; (b) PAM result for
the selected area; (c) en-face MIP OCT image; (d) the cross-sectional OCT B-scan
image corresponding to the white dotted line in (c).

two white hairs were embedded in the agar mixture of intralipid. Fig. 6
(a) shows the photograph of the phantom. An appropriate location on
the sample was chosen for imaging, and the field of view was 4x4 mm?.
Fig. 6(b) shows the PAM result. We can see that black hair absorbs PA

excitation, which can be visualized by PAM. In contrast, white hairs

Fig. 4. The dual-mode imaging results of carbon fibers. (a) the en-face MIP image of OCT; (b) the cross-sectional OCT B-scan image corresponding to the dashed line

in (a); (c) the PAM result.
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Fig. 6. Human hair phantom imaging with the dual-mode system. (a) photo-
graph of a human hair phantom; (b) the PAM result; (c) cross-sectional OCT B-
scan image corresponding to the white dotted line in (a); (d) en-face MIP
OCT image.

absorb little PA excitation and are invisible on PAM. Fig. 6(c) shows the
OCT B-scan image matched with the white dashed line in Fig. 6(a), and
an en-face MIP OCT image is displayed in Fig. 6(d). OCT is based on light
backscatter for imaging. Backscatter is mainly determined by refractive
index difference in the sample. Black hair and white hair have similar
refractive index and are different from the agar. Thus, both black and
white hairs were visualized in OCT. The experiment demonstrated that
OCT-PAM dual-mode can provide complementary contrast, i.e., OCT for
backscattering and PAM for absorption.

3.4. Imaging of rat cortex vasculature in vivo

We also imaged the cortex vasculature of rats in vivo. Male Sprague-
Dawley (SD) rats about 3 months of age, weighing 250 ~ 280 g each,
were selected for the experiment. All experimental operations were
carried out in conformity with the Guide for the Care and Use of Labo-
ratory Animals regulated by the National Institutes of Health and the
standards of the Northeastern University Animal Ethics Committee. All
possible measures were taken to minimise the suffering of animals and
to minimise the amount of animals used. Sodium pentobarbital (3 %,
5mg/100 g, IP) was used to induce surgical anaesthesia before the
experiment. A thermostatic blanket was used to keep the body temper-
ature of the animals at 36.8°C during the experiment. The anaesthetised
rats were immobilised on the stereotaxic apparatus (ST-5ND-C) with a
nose clip and ear rods. The fur on the rats’ heads was removed using a
depilatory cream, after which the skin was washed clean with 0.9 %
physiological saline solution. The rat scalp was incised along the cranial
midline, exposing the interparietal bone. The subcutaneous tissue and
the periosteum were subsequently cleared. A cranial window measuring
5 x 5mm? was created in the left parietal cortex, situated 0.5 mm
lateral from the sagittal suture and 0.5 mm posterior from the bregma.
After surgery, the rats were placed on the imaging platform for data
acquisition.

For OCTA imaging, the scan protocol is similar to our previous
publication [44]. In brief, four B-scans were performed repeatedly at
each position (Y direction). Each B-scan consists of 400 A-lines acquired
with the line scan speed at 25,000 Hz. The repeated B-scans were
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performed at 400 positions. The imaging area is 4 mmx4 mm (XxY)
mm. Fig. 7(a) illustrates a representative OCT B-scan structural image of
the rat cortex, corresponding to the white dashed line in Fig. 7(c). Using
Eq. (3), the blood flow signal was extracted from the repeated B-scans
(Fig. 7(b)). Fig. 7(c) shows the achieved OCTA image. The optical energy
irradiated to the sample during OCT imaging is about 3 mW, which is
within the safe range of near-infrared light required by American Na-
tional Standards Institute (ANSI) standards. As for the PAM imaging, the
data acquisition is the same as the protocol described in Section 3.2.
Briefly, interference spectrums were acquired before and after the PA
excitation. The phase change between the two A-scans was used for PA
signal extraction. Fig. 7(d) shows the PAM imaging result which consists
of 400400 pixels (corresponding to 4 mm x4 mm imaging area). In this
study, the energy of each excitation pulse for in vivo imaging was 250nJ,
corresponding to a surface fluence of about 3 mJ/cm? calculated by
Ref. [41]. The surface fluence is below the single-pulse limit of
20 mJ/cm?, established by the ANSI.

In the OCTA image (Fig. 7(c)), the large vessels’ intensity is not
identical, i.e. the centre of the blood vessel has a higher intensity than
the border (green arrows in (c)). OCTA is a method based upon the
principle of contrast imaging utilising motion. For large vessels, the flow
of the centre is fast, corresponding to the high OCTA intensity. A com-
parison of Fig. 7(c) and (d) reveals that the blood vessel diameter of PAM
is slightly larger than OCTA, especially at some vascular branches (blue
arrows in (c) and (d)). Eventually, OCTA extracts blood cell motion to
visualize blood vessels. There is a certain speed limitation that low-
speed motion is undetectable by OCTA. Thus, the visualized vessel
diameter decrease in OCTA is attributed to the low-velocity blood flow
at the vessel border. On the other hand, PAM imaging is founded upon
the phenomenon of red blood cells’ absorption of the excitation light.
The distribution of red blood cells is the primary determinant of this
phenomenon, regardless of their state of flow [42]. Thus, the visualized
blood vessel in PAM is closer to the real diameter than OCTA.

3.5. Blood perfusion evaluation of rat cortex by OCT-PAM dual-mode
imaging

To demonstrate the advantage of dual-mode imaging, we imaged rat

X
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Fig. 7. Dual-mode imaging results of the rat cortical vasculature. (a) OCT B-
scan structure image (white dashed line in (c)); (b) OCTA result of blood flow
signal; (c) en-face OCTA image; (d) PAM image.
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cortex vasculature of an animal model called bilateral common carotid
arteries occlusion (BCCAo) [43]. Firstly, the vasculature of the rat cortex
was imaged by OCT (Fig. 8(a)) and PAM (Fig. 8(c)) as a baseline. Then,
bilateral common carotid arteries of rats were occluded (detail opera-
tion, please see reference [43]). After the occlusion, dual-mode imaging
was performed immediately. Fig. 8(b) and Fig. 8(d) show the OCTA and
PAM results correspondingly. The experiment was conducted on six rats.
To quantify vascular parameters, Fig. 8(a-d) was binarized by the pre-
viously proposed "locally adaptive region growing" algorithm [44], and
the results are shown in Fig. 8(e-h). Based on the binarized image, three
vascular parameters were quantified to evaluate the blood flow status,
including vascular perfusion density (VPD), vascular diameter (VD) and
vascular length (VL) [46]. VPD was defined as the ratio of "the number of
blood vessel pixels" to "the total number of pixels in the angiogram".
Fig. 8(i-1) are the VPD maps, in which each pixel value represents the
VPD at the local region around the point. The distance transformation
was performed on the binarized images to obtain the vascular skeleton
diagrams (Fig. 8(m-p)). Each pixel value in the vascular skeleton dia-
grams represents the blood vessel’s radius (the unit is um), and the VD
can be obtained by multiplying that value by 2. VL is the length of the
vascular skeleton. Fig. 8(q-s) exhibits the statistics of the three param-
eters achieved from OCTA and PAM images before and after the
occlusion.

In Fig. 8(a) and (c), we can see that both OCTA and PAM can detect
abundant blood vessels before the occlusion. After the occlusion, only
large veins can be visualized by OCTA (Fig. 8(b)), and the VPD and VL
decreased by 60.1 % and 58.6 %, respectively (Fig. 8(q) and (s)).
Meanwhile, the massive reduction of small vessels led to a 16 % increase
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in VD (Fig. 8(r)). For PAM, although a few small vessels become unde-
tectable after the occlusion (Fig. 8(d)), most blood vessels can still be
captured, and the three statistical parameters changed slightly. The VD
increased 1 %, and the VPD and VL decreased by 8.2 % and 8.8 %,
respectively (Fig. 8(q-s)). The sudden occlusion of the bilateral common
carotid arteries ceased the blood supply on the cortex and caused blood
flow in arteries to stop. Only part of the vein return is maintained in the
cortex. OCTA detected these veins with blood flow since OCTA is a
technique based on motion contrast for imaging. Red blood cells are still
retained for those flow-ceased vessels and can be detected by PAM.
Blood flow status can be evaluated when combined with the two im-
aging modalities. Blood flow status is essential for mechanical studies for
blood supply-related diseases (such as ischemic stroke). The proposed
OCT-PAM dual-mode system has the potential to promote related
research.

4. Discussion

In our previous work [34], we proposed an interference contrast
reduction method for PA detection. The method focused on the inter-
ference between the sample surface and the reference arm. The spectral
interference contrast decreases because of the surface vibration induced
by PA excitation. Generally, the sample’s surface is rough, and the
reflection is weak. Thus, the sample requires a thin layer of water (or oil)
film, which can provide sufficient reflection and remove the influence of
speckles [31]. We compared the performance of the two methods
(previous and current) by imaging the vasculature of rat cortex in vivo.
The rat operation is the same as the procedure described in Section 3.4.

%‘_- J&:l .." 31
N

ocT PAM

Fig. 8. Quantified dual-mode imaging results of BCCAo model (n=6). (a) en-face OCTA image before occlusion; (b) en-face OCTA image after occlusion; (c¢) PAM
image before occlusion; (d) PAM image after occlusion; (e-h) binarized angiography images corresponding to (a-d); (i-1) VPD maps corresponding to (a-d); (m-p)
vascular skeleton diagrams corresponding to (a-d); (q) comparison of VPD before and after occlusion in OCT and PAM,; (r) comparison of VD before and after oc-
clusion in OCT and PAM; (s) comparison of VL before and after occlusion in OCT and PAM.
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A thin water film was built on the sample. PAM imaging was performed
using the previous method, and the result is shown in Fig. 9(a). Then, the
water film was removed from the sample. Using the current method, we
imaged the same area on the rat cortex (Fig. 9(b)). The two results were
acquired with the same PA excitation energy. Compared to the two re-
sults, we can see that the current method visualized more blood vessels.
The performance improvement originated from parallel detection (or
multi-layer detection). Only interference induced from the water film
surface (single-layer) is considered for the previous method. In contrast,
the current method calculated the STD of phase difference among
multiple pixels (corresponding to multi-layers). Thus, the current
method is more sensitive to PA vibration than the previous method.
The proposed method uses the STD of phase difference to detect the
PA signal. On the other hand, blood flow also can cause phase change
between repeated A-scans, i.e., Doppler OCT. In a sense, Doppler-
induced phase difference is helpful for blood vessel detection. Howev-
er, the help is almost negligible since PAM concentrates more on small
vessels. For OCT A-lines containing small vessels, blood flow only pre-
sents at a few pixels and affects little on STD calculation (Eq. (10)). For
large vessels, the flow velocity is fast, and the diameter is big. Theo-
retically, the Doppler phase difference can slightly increase the STD
value. Considering the PA signal of large vessels is strong, the STD in-
crease caused by blood flow also has little effect. Another problem
concerning the proposed method is phase wrapping, which is an
inherent problem for phase-related techniques. Eventually, the proposed
method measures the displacement caused by PA vibration for imaging.
The displacement corresponds to the phase difference. When the
displacement exceeds a certain threshold, phase wrapping occurs
because the value of phase was confined within [-n ©]. Thus, phase
wrapping deteriorates the PA vibration detection since it limits the
maximum measurable displacement. Furthermore, phase wrapping
destroyed the linear mapping between the displacement and the phase
difference, which obstructs the quantitative measurement of the PA
signal. Proper phase unwrapping algorithms are possible solutions to
improve the performance of the proposed method. For the proposed
method, SDOCT is utilized to detect phase differences induced by PA
vibration. Thus, the phase stability of SDOCT is crucial for detection.
Using a phantom of agar mixture with intralipid as the sample, 1000 A-
scans were acquired by SDOCT. The phase difference between the
adjacent two A-lines was calculated. The mean STD of phase difference
is about 0.15 rad. Using a tungsten wire phantom as a sample, the mean
STD of phase difference is about 2.09 rad (1000 times excitation).
Therefore, the phase stability of SDOCT is sufficient for PA detection.
Absorption and Scattering are two basic forms of interaction between
light and tissue, represented by PAM and OCT, respectively [45]. PAM
can offer abundant and specific molecular-level absorption contrast at
the um scale [15], which renders it an invaluable tool for biomedical
research. Unlike PAM, the contrast provided by OCT is generated
through the scattering of light within the tissue microstructure. In

Fig. 9. PAM imaging of rat cortical vasculature with different methods. (a) the
result of the previous spectral interference contrast reduction method; (b) the
result of the proposed phase difference method.
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addition to the initial structural imaging, OCT has developed several
extended functions, including DOCT [4], OCTA [6], and OCT attenua-
tion imaging (OCT-AI) [46], etc. The capacity of OCT and PAM to offer
complementary information renders them the ideal modalities for
multimodal imaging systems. The integrated system provides a powerful
tool for the research of diseases in the vascular system such as ischemia,
bleeding, and vascular obstructions [19,47]. Meanwhile, OCT and PAM
systems help to diagnose brain diseases such as stroke and oedema by
providing detailed vascular structure and subcellular features [48,49].
On the other hand, PAM has a significant advantage in quantitative
oxygen saturation studies and, when combined with Doppler OCT blood
flow velocity measurements, will facilitate physiopathological studies of
angiogenesis and inflammatory responses. In a word, as a compound
imaging method, OCT-PAM imaging can provide more comprehensive
information, play a key role in disease monitoring, diagnosis and
treatment, and have broad prospects in biomedical imaging.

Both OCT and PAM are optical imaging and require light sources and
signal detection units. Traditional PA imaging uses ultrasonic trans-
ducers, and the probe needs physical contact with the sample, which
blocks the detection light of OCT. Non-contact PA detection usually uses
an optical detection method to replace the traditional ultrasonic trans-
ducer, which does not need to contact the sample and simplifies the
combination with OCT [31]. In most OCT-PAM dual-mode imaging
systems, the probe terminal usually requires three beams coupling,
including OCT detection light, PA excitation light, and PA detection
light. Multiple optical coupling increases the difficulty of optical path
adjustment, and at the same time, it causes light energy loss due to
coupling efficiency. Moreover, the OCT and PAM of the OCT-PAM
dual-mode imaging system need corresponding detection units respec-
tively, and the dual detection units also increase the complexity of the
system [50]. In this paper, we proposed a probe fusion non-contact
OCT-PAM dual-mode imaging system. At the probe terminal, only two
light channels (PA excitation light and OCT probe light) are coupled,
which further simplifies the system and reduces the difficulty of system
adjustment. SDOCT was used to detect the phase change of the sample
resulting from the PA vibration, without the need for a separate unit for
PA signal detection. Importantly, our method analyzed the OCT signal
within the sample to detect the PA signal, needless to create a water film
on the sample surface [34], which realized complete non-contact im-
aging. This is particularly beneficial in disease examination, as it mini-
mizes the potential risk of infection.

In OCT-PAM systems, the lateral resolution of both modes is
contingent on the optical focusing, which allows a high lateral resolu-
tion (~10pm) [51]. The OCT axial resolution is dependent upon the
spectral bandwidth of the light source (~several microns). In the case of
traditional transducer-based PAM, the axial resolution is contingent
upon the bandwidth of the detector and ultrasound attenuation, usually
several tens of microns [42]. For the proposed SDOCT detection-based
PAM, the axial resolution is poor because the exposure time of each
SDOCT A-scan is tens of microseconds while the velocity of ultrasound in
tissue is ~1500 m/s. Theoretically, the axial resolution of PAM can be
enhanced simply by reducing the exposure time of SDOCT. However,
this approach is not practical since SDOCT can’t provide a sufficient SNR
for imaging with ultrashort exposure time. In 2019, Matan et al. pro-
posed a noncontact method of PA imaging employing a laser speckle
contrast analysis [33]. The axial resolution was enhanced by a gradual
alteration of the exposure start time. This protocol can be ported to our
method. However, the operation increases acquisition time. For the
dual-mode system, OCT is capable of providing excellent axial resolu-
tion, which can partially compensate for the drawback of poor axial
resolution in PAM.

5. Conclusions

In summary, we proposed a probe fusion all-optic OCT-PAM dual-
mode imaging system for biomedical imaging. Here, the PA signal was
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detected by SDOCT, i.e. SDOCT serves as the detection unit of PAM.
Thus, the dual-mode imaging system consists of a standard SDOCT and a
PA excitation laser. Compared with other OCT-PAM systems, the pro-
posed system is simple in construction. Furthermore, the system realized
total non-contact detection for both of the two imaging modalities,
which is critical for biomedical imaging. The imaging capability of the
system was proved by imaging phantoms and cerebral cortex vascula-
ture of rats in vivo. The proposed system facilitates the combination of
OCT and PAM and has a rosy prospect in biomedical applications. More
efforts are underway to improve the performance of the system.
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