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Abstract: Photothermal optical coherence microscopy (PT-OCM) combines the high-resolution,
label-free morphological imaging of OCM with the ability to discriminate tissue composition
through phase-sensitive photothermal imaging. In this study, we perform 2D imaging of
human carotid endarterectomies to spectrally determine lipid distribution, with verification via
histologically stained samples. The structural information from OCM is combined with the
spectral information gained from measuring the resulting sample surface displacement from
thermoelastic expansion, following light irradiation. PT-OCM is thus demonstrated as a potential
tool in the investigation of atherosclerotic plaque lipids, contributing towards the understanding
of plaque instability.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The ability to differentiate tissue composition and structure in a noninvasive, label-free form
has been highly desired yet challenging to achieve, due to a trade-off between structural detail
and molecular contrast. Optical coherence tomography (OCT) has the ability to produce rapid
volumetric imaging of tissue microstructure through measurements of sample backscattered light
[1]. These properties have established OCT as an indispensable tool in medicine by offering
non-invasive, high-resolution imaging of tissue morphology without the need for tissue staining
or contact. Its microscopic derivative, named optical coherence microscopy (OCM), trades
imaging depth for micron-level, in-plane resolution, enabling detailed visualization of cellular and
subcellular structures [2,3]. OCM has had widespread applications ranging from depth-resolved
imaging of the retinal layers to identification of plaque characteristics [4—10]. However, though
OCT and OCM provide high-resolution tissue morphology, they lack chemically specific tissue
contrast.

To overcome the main limitation of conventional OCM, various functional extensions have been
proposed to provide molecular contrast. Spectroscopic OCT (SOCT) extracts the spectral content
of the tissue within the bandwidth of the OCT laser source offering biochemical information
[11-14]. By utilizing the phase signal of OCT, optical coherence elastography (OCE) may
quantify the biomechanical properties of biological tissue finding applications in detecting cancer
and fibrotic diseases [15—17]. Phase information can further be used to provide quantitative
measurements of blood flow and velocity extracted from the Doppler frequency shift through
Doppler OCT (DOCT) [18-20]. As a final example, polarization-sensitive OCT (PS-OCT)
measures changes in the polarization state of light through tissue birefringence, contributing
significantly to the fields of ophthalmology and dermatology [21-23].
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Photothermal OCT (PT-OCT) and its less common microscopic implementation (PT-OCM)
are functional extensions of OCT that offer optical absorption contrast combined with OCT’s
high-resolution morphology. PT-OCT utilizes the photothermal effect in which a modulated laser
source is used to induce a localized temperature rise in biological tissue. The increase in local
temperature leads to a thermal expansion of the tissue, as well as a change in refractive index [24].
The combined effect, with thermoelastic expansion as the dominant contributor, is a change in
the optical path length of the backscattered light. This is then detected as a change in phase in the
OCT signal. Thus, optical absorption contrast is achieved through the intrinsic light absorption
by endogenous chromophores, by choosing salient excitation wavelengths. Applications of
PT-OCT have ranged from the use of gold nanorods as contrast agents for molecular imaging, to
single-cell imaging [25-28]. However, major limitations of traditional PT-OCT were its use of
continuous wave lasers for modulation which led to heating of the tissue samples coupled with
long measurement times. Recent advances in modulated PT-OCT have somewhat alleviated these
limitations by reducing frame acquisition time to the order of hundreds of microseconds [29,30].

In previous work, we applied a nanosecond pulsed laser to overcome the limitations of heating
and acquisition time by conventional PT-OCT. We further demonstrated its viability in improving
the acquisition speed of PT-OCT to the single-microsecond range, offering the potential for
spectroscopic imaging [31]. We now advance to the cellular regime with PT-OCM, demonstrating
its ability to map lipid distribution on human carotid endarterectomy (CEA) samples via high
spatial resolution spectroscopy. This is all coupled with 2D imaging with overlayed surface
displacement maps on OCM’s high-resolution morphology.

2. Materials and methods
2.1. Phase-sensitive OCT interferometer with the FDML laser

For interrogation, a phase-sensitive OCT (PhS-OCT) system built upon a dispersion-compensated,
1.6 MHz Fourier-domain mode-locked laser (FDML) is utilized [33]. Figure 1 illustrates the
schematic layout of the FDML laser resonator, which is equipped with a 4x buffer stage. In short,
a high-speed laser diode driver is used to modulate the semiconductor optical amplifier (SOA),
achieving a laser duty cycle of 25%. Following this, the laser’s full wavelength sweep range of
108 nm around a central wavelength of 1316 nm is delayed and time-interleaved with copies of
the original sweep in the subsequent 4x buffer stage. This results in an effective duty cycle of
100% at a sweep rate of 1.6 MHz. The output generated from the FDML laser is divided in a 9:1
ratio, where 90% of the output power is directed to the sample arm, while the remaining 10% is
sent to the reference arm. The reflected light from the sample arm is recombined with the light
from the reference arm in a 50/50 coupler. The laser achieves an output power of 3 mW on the
sample with a sensitivity of 102 dB and a phase stability of 0.5 nm in air. The coherence fringes
were captured by a 1.6 GHz, InGaAs balanced photodetector (PDB480C-AC, Thorlabs, NJ, US),
and subsequently transformed into a digital signal through a 4 GS/s, 8-bit data acquisition card
(CobraMax, Gage, IL, US).

2.2. Photothermal optical coherence microscopy

For interrogation, the OCT beam was collimated with a 1310 nm air-spaced doublet (F810APC-
1310, Thorlabs, NJ, US), expanded to fill the entrance pupil of the objective with a plano-concave
lens (LC1582-C-ML, Thorlabs, U.S.), then collimated with a spherical singlet (LBF254-150-C,
Thorlabs, U.S.). The collimated beam is then reflected off a 50:50 UVES beamsplitter (BSW30,
Thorlabs, U.S.) onto a mirror (PF10-03-PO1, Thorlabs, U.S.) and directed into an infinity-corrected
objective lens (PAL-20-NIR-HR-LCO00, Mitutoyo, Japan), focusing the light on the sample.

To induce thermoelastic deformation, we integrated a wavelength tunable pulsed optical
parametric oscillator (OPO) laser (SpitLight EVO-OPO, Innolas, Germany) into the PhS-OCT
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Fig. 1. Schematic of the FDML Swept-Source OCT system. (a) Schematic of the setup
based on a wavelength tunable pulsed laser and a 1.6 MHz phase-sensitive OCT system.
CTRL, driver and control electronics, LDC, laser diode controller, PC, polarization controller,
SOA, semiconductor optical amplifier, FBG, fiber Bragg grating, FP-TF, Fabry-Pérot tunable
filter, FRM, Faraday rotation mirror, C1-4, circulators 1-4, ISO, isolator, RA, reference arm,
L1-4, lenses 1-4, M1-2, mirrors 1-2, B, calibration block, SA, sample arm, CA, calibration
arm, OCT, optical coherence tomography, FDML, Fourier domain mode-locked, DAQ, data
acquisition card. [Adapted] with permission from [32] © The Optical Society.

system as shown in Fig. 2(a). The pulsed laser has a wavelength tuning range of 660 - 2400 nm
with pulse durations of 4 - 7 ns and repetition rates of 10 - 200 Hz. Output light from the pulsed
laser was attenuated to desired levels using absorptive neutral density filters then directed by two
protected silver mirrors (PF10-03-PO1, Thorlabs, U.S.) onto a plano-convex lens for collimation
(LA5012, Thorlabs, U.S.). The collimated beam is then spatially filtered by focusing the beam
with a best-form lens (LBF254-40, Thorlabs, U.S.) through a high-power aperture (200 pm
Copper Aperture #39-894, Edmund Optics, U.S.) then recollimated with a second, best-form
lens (LBF254-075, Thorlabs, U.S.). The beam size is then reduced and collimated with a lens
pair (LBF254-050, LC1715-ML, Thorlabs, U.S.) traveling through a beam sampler (BSF10-C,
Thorlabs, U.S.), beamsplitter and reflected off a mirror into the objective and focused on the
sample. The light from the beam sampler is directed towards a nanosecond InGaAs photodetector
(1623, Newport, U.S.) recording shot-to-shot fluctuations in the pulsed laser energy. This is later
used in postprocessing for power compensation. Note that no dichroic mirrors or beamsplitters
were used in the system, so spectral overlap exists between the OCT beam and pulsed laser beam
across the spectral band of the OCT wavelength sweep range (1262-1370 nm). However, the
effect is negligible as there is no temporal overlap between the beams allowing clear separation
of the two.

The spot sizes of the co-aligned beams were measured by imaging a negative 1951 USAF
test target (R3L3S1N, Thorlabs, U.S.), then fitting the edge-spread function (ESF) acquired by
scanning across an edge of the test target (Fig. 2(b), ¢). The line-spread function (LSF) was then
calculated by taking the derivative of the ESF. The lateral resolution of the probe beam, measured
as the full width at half-maximum (FWHM) of the LSF, is diffraction limited at approximately
1.4 um as seen in Fig. 2(d) while the excitation beam has a FWHM of 14 um and is kept larger
than the probe beam following the thermoelastic model [31]. Images of the biological samples
were generated by raster scanning a 3-axis translational stage setup (X-LDM110C-AE54D12,
Zaber, Canada; KMTSS0E/M, Thorlabs, U.S.; LTA-HS, Newport, U.S.).

2.3. Hardware synchronization

A digital delay generator with a 100 MHz internal clock was employed in a master-slave
configuration to synchronize the movement of the stages, OCT data acquisition, photodiode
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Fig. 2. Photothermal optical coherence microscopy imaging system. (a) Schematic of the
setup consisting of a 1.6 MHz Fourier domain mode-locked swept-source OCT system (see
Fig. 1) coupled with a nanosecond pulsed wavelength tunable laser. (b) Acquired 2D image
of a USAF target. (c) Stock photo of a USAF resolution target [33]. (d) Lateral resolution
derived from the edge spread function obtained by scanning a line across the resolution
target. A lateral resolution of 1.4 pm FWHM is achieved.

detection and pulse emission from the pulsed laser, as seen in Fig. 3. A square wave with a
duty cycle equal to an entire line (B-scan) was generated by channel A for control of the XY
stages for raster scanning. The fast-axis linear stage moves while the signal is high then returns
to its original position when the signal is low, with movement of the slow-axis stage occurring
simultaneously. The output of Channel B is passed through an arbitrary waveform generator
and converted to a sine wave at the same frequency. Since the FDML laser is untriggered and
free running at 390 kHz, a high-speed comparator is employed to produce an output pulse,
aligning the master A-line of the FDML laser with the output of Channel B. The output of
the comparator is sent to a 4 GS/s data acquisition card for acquisition of sample data from
the balanced photodetector. Channels C and D are dedicated to the control of the diode pump
and Pockels cell of the pulsed laser, respectively. Two pulse trains at the same frequency are
generated in which the Pockels cell trigger is delayed by n ps to the diode pump to control the
excitation energy of the Q-switched laser. Finally, Channel E is used to trigger the acquisition of
a second data acquisition card which stores the output of an external photodetector for power
compensation. Note that with the exclusion of the trigger for the XY stages and the FDML clock,
all other signals are operated at the same frequency, simply with varying delays.

2.4. Processing pipeline

The processing pipeline from raw data to the final image is depicted in Fig. 4. For background
compensation 100 A-lines were acquired and averaged with the reference and sample arms
alternately opened and closed. 100 A-lines are then acquired off the reference mirror and
background compensation applied. Moving average and bandpass filters were then applied to the
average of the A-lines to compensate for any residual noise following background compensation.
The Hilbert Transform is then applied to obtain the unwrapped phase, and the polynomial
coefficients extracted for later use in resampling the acquired sample data in K-linearization.
For imaging, sample data of a specimen of interest is acquired from the sample arm and
background compensation applied. This is followed by windowing to reduce phase noise, then
the resampling of the acquired data (K-linearization) using the previously calculated coefficients.
This is performed to compensate for the non-linear frequency sweep of the swept-source laser.
Numerical dispersion compensation is then applied in the frequency domain to correct for
dispersion effects. The inverse Fourier Transform is then performed providing a complex dataset.
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Fig. 3. Timing diagram for hardware synchronization. TRG, trigger, FDML, Fourier
domain mode-locked, CLK, clock, AWG, arbitrary waveform generator, DP, diode pump,
PC, Pockels cell, DAQp, data acquisition power compensation, DAQg, data acquisition OCT
sample arm.

The magnitude of this dataset is taken to create the reflectance image, while the phase angle is
calculated from the complex data. For each M-scan consisting of 16 A-lines acquired at the same
location, 4 A-lines prior to the arrival of the laser pulse are subtracted from 4 A-lines following
the pulse to obtain the change in displacement following laser irradiation. The resulting 4 A-lines
are then averaged, and power compensation is applied using the pulse data from an external diode.
Additional compensation for the optical components is performed for the beamsplitter, NIR filters
and objective for differences in transmission across their active wavelength range. Finally, the
phase value is assigned to the corresponding pixel location in the 2D image and overlayed on the
2D reflectance image. All processing was implemented in MATLAB.

2.5. System characterization for spectral acquisition

The phase noise floor of the system was determined by measuring the fluctuation in phase across
the surface of a glass slide. Figure 5 shows the average of 1000 M-scans consisting of 16 A-lines
per M-scan with a mean displacement of 0.4 nm (blue line), a standard deviation of approx.
0.5nm and a min-max range of approx. 3.7nm. Note that in an M-scan, a phase change is
computed by subtracting A-lines in groups of 4 from the initial 4 A-lines. Thus, the first 4 A-lines
have a resulting value of 0 and are discarded.

2.6. Imaging protocol
2.6.1. Spectra of pure lipids

To evaluate the spectroscopic capabilities of the system, spectra were acquired on three pure
lipids: cholesteryl, cholesteryl linoleate, and cholesteryl oleate, as illustrated in Fig. 6. The pure
lipids were dissolved from powder form in 1 mL HPLC-grade chloroform then deposited onto a
glass slide. The chloroform was left to evaporate leaving the lipid deposit on the slide. In the
spectral acquisition of the esters, the pulsed laser was wavelength scanned across the range of
1150 - 2000nm, in 1 nm increments with 20 pulses averaged per wavelength. The sweep was
performed at a repetition rate of 100 Hz with pulse energies ranging from 750 nJ at 1150 nm to
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Fig. 5. Phase noise floor of PT-OCM system with mean and standard deviation.

130 nJ at 2000nm. These fluctuations were compensated for in postprocessing by monitoring the
pulse energy with an external photodetector.

2.6.2. Large area mapping

PT-OCM imaging was performed on a human CEA specimen, first, with a large area image of
the entire cross-section to determine two regions of interest (ROIs) based on their morphological
and apparent lipid distribution within a 1 mm? area. The entire sample was raster scanned,
encompassing 9 mm? (600 x 600 pixels) with a 14 um step size, resulting in a 65 min scan time.
To locate lipid-rich areas offering sufficient optical absorption contrast, optical excitation at
1720nm (100 Hz) was employed with a pulse energy of approximately 2 pJ per pulse.
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Fig. 6. PT-OCM spectra of 3 pure lipids. Normalized spectra of cholesterol, cholesterol
linoleate and cholesterol oleate across the wavelength range 1150-2000nm with the 1150-
1250 nm spectral region magnified.

2.6.3. Full-resolution imaging of regions of interest

High-resolution imaging was performed on two 1 mm? (720 x 720 pixels) ROIs. A step size of
1.4 pm was used, matching the diffraction-limited OCM spot size resulting in a scan time of 92
minutes. The area was raster scanned using two excitation wavelengths alternatingly, 1580 nm to
highlight water absorption and 1720nm for lipid absorption, with the pulsed laser operated at a
100 Hz repetition rate. Absorptive neutral density filters were employed to equalize the excitation
energy to approximately 2 pJ per pulse for both wavelengths. Following acquisition, the surface
displacement at 1580 nm was subtracted from that at 1720nm to produce a water-compensated
image.

2.6.4. Spectroscopic analysis of regions of interest

Morphological features and lipid absorption observed in the water-compensated images led to
the selection of four regions for spectral analysis. Each selected region was subdivided into three
sub-regions, spaced 14 um apart, aligning with the pulsed laser spot size. In each sub-region,
six spectra were acquired, for a total of 18 spectra for each designated area. These spectra were
categorized into two sets: one set comprised three spectra spanning the wavelength range of 1100
to 1300 nm, and the other set consisting three spectra covering 1650 to 1800nm, both acquired
in 1 nm wavelength steps and averaging 20 pulses per wavelength. For the 1100 - 1300 nm
spectra, pulse energies ranged from 8.8 uJ at 1100 nm to 6.6 pWJ at 1300 nm. A lower pulse energy
was utilized for the 1650-1800nm range (2.3 uJ — 1.5 uJ) due to a 7-fold increase in optical
absorption by lipids near the 1700nm band. For all spectra the pulsed laser was operated at
100 Hz resulting in a spectral acquisition time of 70 s for both wavelength ranges. Finally, for
each area encompassing 18 spectra, averages were computed and compared to other areas for
their respective wavelength ranges.

2.6.5. Tissue collection and processing

Human carotid endarterectomy specimens were surgically obtained, snap-frozen, and then stored
at —80°C for subsequent examination. The tissue collection adhered to the ethical guidelines set
by the Erasmus MC Ethics Board, as outlined in protocol MEC 2008-147. This surgical method
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maintains the structural integrity of the plaque and the lumen. Each CEA specimen was cut
transversely into 3 mm thick blocks then embedded in 10% type A porcine gelatin (Sigma-Aldrich,
Netherlands). To facilitate imaging, each block was cryo-sectioned into triplets (one 30 um thick
section for PT-OCM imaging and two adjacent 10 pm thick sections for histology) and mounted
on glass slides. Histology was subsequently performed using Oil Red O (ORO) staining to
highlight lipids and Hematoxylin—Eosin (H&E) staining for tissue morphology. For imaging,
tissue sections were thawed and imaged as fresh tissue, at a fixed temperature of 10 °C without
any fixation method applied to the samples.

3. Results

The spectra acquired from the pure lipid samples are shown in Fig. 6 and were normalized
with peak surface displacements occurring in the 1718—1720nm range. Additionally, a second
absorption band is present in the 1765-1770nm range. The 1150-1250 nm range, absorption peaks
are highlighted in the zoomed area showing a left-shifted peak for cholesterol, a right-shifted
peak for cholesteryl oleate and balanced absorption for cholesteryl linoleate.

The vessel’s morphological details are depicted in the OCM intensity image in Fig. 7(a) and
compared to the histologically stained Hematoxylin—Eosin (H&E) section depicted in Fig. 7(b)
for morphological comparison. The corresponding surface displacement derived from the phase
change is depicted in Fig. 7(c), specifically highlighting the presence of lipids and compared to an
Oil Red O (ORO) stained section (Fig. 7(d)) for validation of lipid distribution. It is worth noting
that the PT-OCM dataset inherently contains both intensity and phase information, acquired
simultaneously, ensuring that the respective images are co-registered.

To investigate lipid distribution within human carotid arteries, we acquired two 2D images of
I mm? each, at full resolution, employing a step size of 1.4 um. In the first region of interest
(ROI, labelled 1 in Fig. 7), the traditional OCM intensity image shows the microstructure of
the vessel corresponding to structures observed in the H&E histology, as seen in Figs. 8(a) and
8(b), respectively. However, insights into the composition of the tissue cannot be derived solely
from the intensity image. Figures 8(c) and 8(d) illustrate the surface displacement resulting
from irradiating the artery with wavelengths of 1580 nm and 1720nm. We selected 1580 nm
as a background control owing to its substantial water absorption (~8.0cm™") and low lipid
absorption (~0.2 cm™ 1) characteristics [34]. A predominantly uniform surface displacement was
observed across the vessel which was attributed to water absorption. To delineate the ‘true’ lipid
distribution, we subtracted the surface displacement image obtained at 1580 nm from that at
1720nm, resulting in a water-compensated surface displacement image as depicted in Fig. 8(e).
Lipid-rich regions in the water-compensated image are highlighted in deep red, indicating high
surface displacement, which correspond to similarly marked lipid-rich areas observed in the Oil
Red O (ORO) histology, seen in Fig. 8(f).

Morphological features and lipid absorption observed in the water-compensated images led to
the selection of four regions for spectral analysis (see Methods for details), denoted as groups
1-4 in Fig. 9(a), with their respective locations highlighted in the ORO image. For each area
encompassing 18 spectra, averages were computed and results for the 1100—1300 nm range
were plotted in Fig. 9(b), with the 1650-1800nm range illustrated in Fig. 9(c). A discernible
shift in peak absorption is observed in Fig. 9(b), where region 1 exhibits a peak absorption at
1209 nm and region 4 at 1189 nm. Regions 2 and 3 display spectra that contain a combination of
the absorption peaks at 1189 and 1209 nm. The 1650-1800nm range in Fig. 9(c) shows peak
absorptions at approximately 1718nm for groups 1 and 2, while regions 3 and 4 have peaks closer
to 1726nm. Notably, an absorption peak around 1767nm indicates the potential presence of an
additional lipid species’ absorption band [35].

Full-resolution PT-OCM images were acquired in ROI 2 employing the same dual-wavelength
imaging at 1580 nm and 1720nm. The OCM intensity image, presented in Fig. 10(a), reveals
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Fig. 7. Large area low-resolution map of a carotid endarterectomy specimen compared
to histology. (a) Intensity OCM image of carotid artery cross-section. (b) H&E-stained
histology of carotid artery. (c) Surface displacement overlayed on intensity image of carotid
excited at 1720nm. (d) ORO-stained section of carotid artery. Boxes labeled 1 and 2 indicate
areas in which high-resolution scans were acquired.

the microstructural details of the carotid artery, which align closely with those observed in the
H&E histology (Fig. 10(b)). Notably, a qualitative distinction is evident in this region; the tissue
proximal to the lumen, depicted in the top half of the figure, exhibits a denser composition
compared to the tissue at the bottom, which is also observed in the H&E histology. The surface
displacement images, shown in Figs. 10(c) and 10(d) for 1580 nm and 1720nm respectively,
show consistent trends with those identified in ROI 1. At 1580 nm, surface displacement appears
uniformly across the vessel. Conversely, at 1720nm, a variation in lipid structure and intensity is
discernible, with concentrated lipid deposits near the vessel’s lumen observed as high surface
displacement, and diminishing concentration observed with increasing distance from the lumen.
The difference is clearer in Fig. 10(e) when it is compared to the ORO histology in Fig. 10(f).
Continuing our analysis, four areas were selected based on their proximity to the vessel lumen,
guided by the same morphological and lipid criteria previously described. These areas are
illustrated in Fig. 11(a), with their specific locations emphasized in the corresponding ORO
histology. A notable shift in peak absorption is observed in Fig. 11(b). Specifically, region 1
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Fig. 8. High-resolution PT-OCM images in the carotid artery compared to histology; ROI
1 in Fig. 7. (a) OCM intensity image of the carotid artery. (b) H&E-stained histology of
carotid artery. (c) Artery surface displacement image, excited at 1580 nm. (d) Artery surface
displacement with 1720nm excitation. (e) Water compensated surface displacement image
from 1720-1580 nm subtraction. (f) ORO-stained cross-section of carotid artery.
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Fig. 9. PT-OCM spectra in ROI 1 (Fig. 7.) east of the vessel lumen, with group 1 closest
to the lumen. (a) Water compensated surface displacement image and corresponding
ORO-stained cross-section area with 4 areas highlighted for spectral analysis. (b) Spectral
mean of groups 1-4 normalized across the wavelength range 1100-1300 nm (c) Spectral
mean of groups 1-4 normalized across the wavelength range 1650-1800nm. G1-G4, groups
1-4.

shows a peak absorption at 1208 nm, whereas region 4’s peak absorption occurs at 1190 nm. The
spectra from regions 2 and 3 exhibit an equal weighting of the two distinct absorption peaks.
In the wavelength range of 1650 to 1800nm, displayed in Fig. 11(c), the absorption profiles
of all four regions converge around a peak at approximately 1725nm. However, the secondary
absorption peak around 1769nm is less pronounced across the regions.
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Fig. 10. High-resolution PT-OCM images of a carotid endarterectomy specimen compared
to histology in ROI 2 (Fig. 7). (a) OCM intensity image of the carotid artery. (b) H&E-stained
histology of carotid artery. (c) Artery surface displacement image, excited at 1580 nm.
(d) Artery surface displacement with 1720nm excitation. (e) Water compensated surface
displacement image from 1720-1580 nm subtraction. (f) ORO-stained cross-section of
carotid artery.



Research Article Vol. 15, No. 12/1 Dec 2024/ Biomedical Optics Express 6666 |

Biomedical Optics EXPRESS

a
40 nm
0
-40 nm
b 1720 1725 1769
1 . ¥, . . - . : ]
A b . —Gl
0.9t g | - r —G2 409
Lo s G3
0.8 0.8

4
9

10.6

o
)
.

W
Normalized displacement (a.u.)

Normalized displacement (a.u.)
o
W

04r 0.4
0.3 0.3
0.2 0.2
0.1 10.1
o Lo i
oL == . M . . M . H 0
1100 1150 1200 1250 1300 1650 1700 1750 1800

Wavelength (nm)

Fig. 11. PT-OCM spectra of ROI 2 (see Fig. 7.) south of the vessel lumen, with group 1
closest to the lumen. (a) Water compensated surface displacement image and corresponding
ORO-stained cross-section area with 4 areas highlighted for spectral analysis. (b) Spectral
mean of groups 1-4 normalized across the wavelength range 1100-1300 nm (c) Spectral
mean of groups 1-4 normalized across the wavelength range 1650-1800nm. G1-G4, groups
1-4.

4. Discussion

Photothermal optical coherence microscopy (PT-OCM) offers unique advantages in optical
absorption contrast imaging, by negating the need for tissue staining or contact. In this work, we
increase the range of possible applications of PT-OCM to high spatial resolution spectroscopy, in
which the lipid distribution in biological tissue can be determined. This is made possible by the
combination of an OCT system with MHz A-line rate, a diffraction-limited spot size for surface
interrogation, and a widely wavelength tunable pulsed laser. Human carotid endarterectomy
samples (CEAs) were first imaged by 2D raster scanning of the entire surface area at reduced
resolution, followed by high-resolution imaging of two regions of interest. Both the obtained large
area sample ‘maps’ at 1720nm excitation and high-resolution small area qualitatively suggest a
relation with ORO and H&E histology. Raster scanning was followed by subsequent spectroscopy
at various regions of interest across two distinct lipid absorption bands. Within both absorption



Research Article Vol. 15, No. 12/1 Dec 2024/ Biomedical Optics Express 6667 |

Biomedical Optics EXPRESS o~

bands, 1100 - 1300 nm and 1650—1800nm, a notable shift in the ratio of peak absorption occurs
between 1189 and 1209 nm in the first band and 1720 and 1726nm in the second.

In our previous work, we demonstrated the spectroscopic capabilities of photothermal imaging
in pure lipid samples. However, when attempting translation to biologically complex samples,
it was difficult to discern spectral features [36]. This was likely due to the large excitation and
probe volumes in which spectra would then consist of a multitude of contributions from various
tissue components.

In reported literature, PT-OCT has had limited success, particularly in its microscopic
implementation. Salimi et al. acquired lipid and collagen spectra in Transient Mode PT-OCT
using mayonnaise and chicken cartilage [37]. Still, as demonstrated in our previous work, the
transition to human tissue is non-trivial. The initially acquired spectra of various cholesteryl esters
were performed in comparison to previous work by our group, in which similar spectral features
were observed [38]. More significantly, our group previously performed lipid imaging similarly
in CEAs using photoacoustic spectroscopy across the 1150—1240 nm wavelength range, which
was supplemented by principal component analysis decomposition and matrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI-MSI). Their findings corroborate the
spectral patterns demonstrated by PT-OCM in which variations in the ratio of peak absorption
occur relative to the proximity of the lipid to the lumen [39].

The spectroscopic contrast between lipid areas observed in Figs. 9 and 11, relates to differences
in molecular structure and confirms insights from photoacoustic (PA) imaging [40,41]. A spatially
matched comparison between micro-spectroscopic PA and mass spectroscopy imaging revealed
that the relative weights of the peaks in the lipid spectra are governed by the length, and the
number of double bonds in the acyl chains of the various lipids but not directly to lipid class
[39]. Consequently, while we successfully highlight variations in lipid distribution, we do not
differentiate molecular composition.

The obvious limitation of our work for practical application lies in our low imaging speed
which occurs for two reasons. First, the pulse laser was operated at 100 Hz as this resulted in a
lower fluctuation in pulse energy (compared to the maximum of 200 Hz). Second, due to the
use of linear motorized stages, imaging speed is limited to ensure high location repeatability.
Considering the 1.6 MHz A-line acquisition rate with approximately 8 A-lines required per frame,
the system can potentially achieve frame acquisition speeds up to 180 kHz, assuming proper
selection of system and imaging parameters to prevent tissue heating. Such acquisition speeds
coupled with galvo mirrors for scanning, could have the potential for fast imaging of tissue
sections.

The ability to obtain spectroscopic information coupled with high-resolution imaging of tissue
microstructure offers many opportunities. We believe that PT-OCM could potentially become a
microscopic tool in pathology, offering histology-like images in a label-free form.

5. Conclusion

In this work we have demonstrated the potential of Photothermal optical coherence microscopy
(PT-OCM) as a tool in optical absorption contrast imaging, without the need for tissue staining or
sample contact. By integrating an OCT system with a MHz A-line rate, a diffraction-limited
spot size, and a tunable pulsed laser, PT-OCM successfully extends its application to high spatial
resolution spectroscopy. This method allows for detailed lipid distribution mapping in biological
tissues, as evidenced by the correlation with ORO and H&E histology in carotid endarterectomy
samples. The advancement in frame acquisition rates and potential real-time imaging capabilities
highlight PT-OCM’s promise for future clinical and research applications in lipid imaging.
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