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Terahertz imaging of human skin pathologies
using laser feedback interferometry with
quantum cascade lasers

X1A0QIONG QI,' ® KARL BERTLING,! ® MITCHELL S. STARK,?
THOMAS TAIMRE,® ® YUNG-CHING KAO,2 YAH LENG Lim,' ® SHE
HAN,' BLAKE O’BRIEN,?* ANGUS COLLINS,* MICHAEL WALSH,?
JARI TORNIAINEN,! TIMOTHY GILLESPIE,' BOGDAN C. DONOSE,"
PAauL DEAN,®> ® LIAN HE L1,° ® EDMUND H. LINFIELD,? ® A. GILES
DAVIES,? ® DRAGAN INDJIN,® ® H. PETER SOYER,2:° AND
ALEKSANDAR D. RAKIG!”

!School of Information Technology and Electrical Engineering, The University of Queensland, Brisbane,
QLD 4072, Australia

2The University of Queensland Diamantina Institute, The University of Queensland, Dermatology Research
Centre, Brisbane, QLD 4102, Australia

3School of Mathematics and Physics, The University of Queensland, Brisbane, QLD 4072, Australia
4Sullivan Nicolaides Pathology, Brisbane, QLD, Australia

ISchool of Electronic and Electrical Engineering, University of Leeds, Leeds LS2 9JT, UK

6Department of Dermatology, Princess Alexandra Hospital, Brisbane, Queensland, Australia
“rakic @itee.uq.edu.au

Abstract: Early detection of skin pathologies with current clinical diagnostic tools is challenging,
particularly when there are no visible colour changes or morphological cues present on the
skin. In this study, we present a terahertz (THz) imaging technology based on a narrow band
quantum cascade laser (QCL) at 2.8 THz for human skin pathology detection with diffraction
limited spatial resolution. THz imaging was conducted for three different groups of unstained
human skin samples (benign naevus, dysplastic naevus, and melanoma) and compared to the
corresponding traditional histopathologic stained images. The minimum thickness of dehydrated
human skin that can provide THz contrast was determined to be 50 um, which is approximately
one half-wavelength of the THz wave used. The THz images from different types of 50 um-thick
skin samples were well correlated with the histological findings. The per-sample locations of
pathology vs healthy skin can be separated from the density distribution of the corresponding
pixels in the THz amplitude—phase map. The possible THz contrast mechanisms relating to
the origin of image contrast in addition to water content were analyzed from these dehydrated
samples. Our findings suggest that THz imaging could provide a feasible imaging modality for
skin cancer detection that is beyond the visible.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Skin cancers are the most common groups of cancers diagnosed worldwide, with more than
1.5 million new cases estimated in 2020 [1]. Melanoma, the deadiest form of skin cancer,
has an estimated worldwide total of 325 000 new cases and 57 000 deaths in 2020, with the
highest incidence rates observed in Australia/New Zealand, followed by Western Europe, North
America, and Northern Europe [1]. Melanoma cases are set to increase by 57% by 2040 with an
estimated 68% rise in mortality [1]. Currently, the clinical diagnosis of melanoma still requires
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full skin examination, and if a suspected melanoma is observed using a dermatocope, a skin
biopsy/excision is taken followed by histopathologic examination based on visual inspection of
lesion morphology using hematoxylin and eosin staining (H&E). Histopathological diagnosis is
relatively rapid and has moderate-high reproducibility if there is clear evidence of benign status
(naevus) or if there is clear signs of invading melanoma cells through the epidermal-dermal
junction (invasive melanoma) [2]. The difficulty lies when there is evidence of tissue architecture
disorder and changes in cell morphology which may indicate early signs of a dysplastic’ naevus
(also benign) or a melanoma in situ (malignant but non-invasive). This current diagnostic process
has been shown to be neither consistent nor reproducible [2]. The clinical appearance of an
early invasive melanoma can often be missed as it may appear small or may have the appearance
of a naevus. As a result, some melanomas will not be found until later stages when they have
an increased thickness (i.e., more chances for melanoma cells to enter the blood or lymphatic
vessels). Early detection of melanoma is still critical to enable curative surgery, however current
clinical approaches are unable to fully address this unmet need.

THz radiation lies in between the microwave and infrared regions of the electromagnetic
spectrum with a frequency range from 0.1 to 10 THz [3]. It is known as “THz gap” due to the lack
of compact and powerful THz laser sources as well as effective THz detectors. However, THz
radiation offers great promise for medical and biological imaging applications, such as detection
and imaging of cancers [4—6], due to the unique properties of THz waves. These include the high
sensitivity to water content and blood flow in tumours, due to the hydrogen bonds present in
water [7—10]; the characteristic THz spectral responses of a wide range of molecules, due to the
matched frequencies of THz waves with that of molecular vibrations and rotations [11-13]; and
the non-ionizing nature of THz radiation owing to the low photon energy (0.4 to 40 meV).

THz contrast in images or dielectric constants has been found in various types of tumours and
conditions, including human brain gliomas [14,15], lung cancer [16], breast cancer [17-19], liver
cirrhosis [20], colon cancer [21], oral cancer [22], and skin cancers [23—26]. The penetration
depth of THz radiation on the skin tissue is 0.1 to 0.3 mm on average [27], which makes it the
ideal target for early skin cancer detection. The first THz imaging experiment for skin cancer
detection was conducted to distinguish basal cell carcinoma (BCC) from normal tissue in the
frequency range of 0.1-2.7 THz [23]. It was found that the tumour tissue had higher refractive
index and absorption than that of normal tissue, due to higher water content in the BCC [24].
More recently, the differences in the complex THz dielectric characteristics of dysplastic and
non-dysplastic skin naevi were measured in vivo in the frequency range of 0.3—1 THz [26].

The majority of the THz studies as mentioned above on biological samples have been performed
using a THz time domain spectroscopy (TDS) system. One of the main advantages of THz-TDS
systems is their broadband nature which enables sensing over a range of frequencies. The main
drawback of THz-TDS systems is the difficulty of generating sufficient power at frequencies
beyond 2 THz (thereby limiting both their effective signal-to-noise ratio and their accessible
frequency range). Additionally, THz-TDS suffers from slow data acquisition and long scan time
caused by the optical delay line. One alternative, but as yet largely unexploited source of THz
radiation is the THz QCL [28-33]. The compact size and high emissions power of these sources
are particularly well-suited to biomedical imaging systems. Laser feedback interferometry (LFI)
is one of the simplest coherent techniques, for which the emission source can also play the role
of a highly sensitive detector. The combination of QCLs and LFI is particularly attractive for
sensing and imaging applications, notably in the THz band where there is a lack of high-speed
high-sensitivity external detectors. Indeed, LFI with THz QCLs — which possess high output
power, low phase-noise and stability under optical feedback — has been successfully employed for
sensing/imaging and benefits from the intrinsic advantages inherent to homodyning detectors, in
particular suppression of unwanted background radiation [34—-39]. The use of the QCL itself as
the detector means that the detection speed is theoretically limited only by the device itself.
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Although THz contrast has been found in various types of tumours, the origin of the contrast
mechanism is still not well understood. The difference in the average signal between the
normal and tumor regions for the fresh brain tissues was four times larger than those for the
paraffin-embedded brain tissues [40]. Preliminary studies estimated that water accounts for
only ~ 50% of the contrast in optical properties between cancerous and healthy cells [41,42].
Importantly, THz waves were found to be sensitive to conformational change of proteins and
DNA mutations [4,43—-47]. Increases in tumor mutational burden are a hallmark of skin cancers
including melanoma. Great attention has been focused on the investigation of intrinsic biomarkers
of melanoma at both the protein and DNA level, to aid diagnosis and prognosis and to determine
which patients are advised to follow the path of a more aggressive therapy [48—54]. Initial studies
have also shown that biomarkers of skin cancer such as tyrosinase (an enzyme for synthesis of
melanin) and tryptophan (an intrinsic non-melanoma biomarker) have fingerprints between 2-3
THz [12,13], which aligns with the emission frequency of THz quantum cascade lasers (QCLs).

In this work, we conducted THz imaging for unstained human skin pathologies based on LFI
in a narrow band (~ 900 MHz) THz QCL at 2.8 THz. Firstly, the skin sectioning protocols was
investigated to achieve both clear contrast between the pathology and surrounding normal skin,
and the minimum thickness of the section to reduce sample wastage. Second, using the minimum
thickness determined in step 1, we found that even the narrow band THz QCL can be used to
obtain the THz contrast for three different types of human skin samples: benign naevi, dysplastic
naevi, and melanoma. Finally, we investigated the possible mechanisms of the THz contrast in
addition to water content in different skin pathologies. The findings in this work not only identify
the feasible methodology of LFI based narrow band THz imaging on differentiating between skin
pathologies and normal tissue; it also extends our understanding about the contrast mechanisms
contributed to the THz images in addition to the water content.

2. Method

2.1. Experimental setup

The experimental setup of THz imaging using a THz QCL for human skin samples is shown
in Fig. 1. The laser beam from a THz QCL is collimated by collimating lens (Tsurupica-RR-
CX-1.5-30-SPS, f = 30 mm and d = 25 mm) and then guided by two mirrors onto a scanning
mirror before being focused by an objective lens (Tydex LPX-TPX-D25.4-F50, f = 50 mm and
d = 25.4 mm) and incident upon a human skin sample. In this typical LFI system, the laser
emission from the THz QCL reflects back into the laser cavity from each pixel of the skin sample
during scanning process, mixes with the intra-cavity electric field, and generates a measurable
self-mixing (SM) signal in terminal voltage of the laser at each skin pixel [36]. The variations in
the terminal voltage of the laser, which contains the information about the skin samples, were
extracted and amplified as described in [38]. At each pixel of the imaged skin we obtain a
time-domain SM signal, which were translated into frequency domain through Fourier transform
and provides the spectrum of the interferometric signal, including its amplitude and phase at the
frequency of the SM waveform. These amplitude (in dB) and phase (in degree) at each pixel of a
skin sample were used to create the THz amplitude and phase images of the sample, respectively.
The amplitude and the phase images were then be used to compare with the stained histology
image to observe the contrast between the skin pathology and the surrounding healthy skin.
The THz QCL used in the setup consisted of a 12 um-thick GaAs/AlGaAs 9-well phonon-
assisted active region with a design frequency of 2.9-3.2 THz as described in [55]. The structure
was grown by solid-source molecular beam epitaxy on a semi-insulating GaAs substrate, with
the active region grown between doped upper 50 nm-thick and lower 700 nm thick GaAs contact
layers. The wafer was processed into 150 um wide surface-plasmon ridge waveguide structures
using photolithography and wet chemical etching, with the substrate thinned to 200 um. Devices
were then mechanically cleaved to define a ridge of length 1.8 mm. The THz QCL was operated at
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Scanning mirror

Objective lens

Fig. 1. The experimental setup of THz imaging using a THz QCL for human skin samples.
The laser beam from the THz QCL is collimated by a collimating lens (focus length: 30 mm
and numerical aperture (NA) of 25 mm) and then guided by two mirrors onto a scanning
mirror, and then focused by an objective lens (Plano-convex lens LPX-TPX-D50.8-F100,
focus length 100 mm and NA 50.8 mm) and incident upon a human skin sample.

50 K by a Stirling cryocooler system and driven by a custom-built laser pulse driver, as described
in [38]. The driving current was set as ramped pulse train covering the range from 1.516 A to
1.062 A (454 mA current sweep), in order to produce the LFI signal through tuning the emission
frequency from the QCL (~ 900 MHz). The pulse duration is 600 ns and with 14.3% duty cycle.

2.2. Sample preparation

There are typically three types of skin tissue that can be used for THz imaging, which are fresh
tissue, frozen tissue, and fixed tissue. Although water content in the fresh skin tissue is higher in
a cancer tumor which may be observed by THz imaging, water content differences are not only
limited to differences between healthy and diseased tissue; it is often seen that fat and muscle
tissue also have different THz optical properties [56]. While the problem for frozen samples
is the resonances of the frozen crystal will be mistaken as the THz resonances of protein [57].
From this point of view, the fixed tissue potentially allows overcoming these difficulties because
the preparation of paraffin blocks includes a tissue dehydration step. This provide a THz imaging
method to investigate the THz fingerprints of disease-associated molecular biomarkers apart
from the water content.

Institutional approval of experiments involving human tissues was provided by Metro South
and The University of Queensland Human Research Ethics Committees (HREC/11/QPAH/363,
2011001201, HREC/17/QPAH/817 and 2018000165). All study participants were recruited from
the Princess Alexandria Hospital (PAH) and gave written and informed consent in accordance
with the Declaration of Helsinki. Archival tissues used in this study were derived from Sullivan
Nicolaides Pathology (Brisbane, Australia) and diagnosed by 3 expert dermatopathologists (BOB,
AC, HPS) to provide a consensus diagnosis. The tissues were stored as either Formalin- or
PAXgene-fixed, paraffin-embedded (FFPE or PFPE) blocks. Table 1 summarizes the information
of 15 excised specimens of human skin for THz imaging, which includes the diagnoses, gender,
age, and the centroid data of the skin pathology and surrounding normal skin in the THz
phase-amplitude space, respectively (see details in the results section). First of all, two benign
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naevi blocks from Patient 1 and 2 were used to determine the best experimental protocol of
sectioning thickness suitable for THz imaging using QCLs under LFI technology, the details can
be found in the Supplement 1. Based on the THz imaging assessment for section thicknesses
ranging from 5 um to 200 um, it was concluded that the minimum thickness of the skin slice
that can still provide the contrast in the THz amplitude and phase images is 50 um, namely, one
half-wavelength of the THz wave used. After that, two compound naevus blocks from Patient 3
and 4, two dysplastic naevus blocks from Patient 5 and 6, and nine melanoma blocks from Patient
7 to 15 were sectioned into 50 um and imaged by our THz imaging system. We used polystyrene
microscope slides of 3x1 with an thickness of 1 mm to load the sectioned slice for THz imaging
due to their low absorption in the THz range compared to other standard polymers [17]. Between
each tissue section, a 5 um-thick sectioning was conducted and mounted on a standard glass
microscope slide, and subjected to staining with H&E for the purpose of pathology assessment
and correlation to the THz images. No staining or any contrast agents were used to the sections
used for THz imaging.

Table 1. Study cases with the centroid data of each skin pathology and surrounding normal skin in
the THz phase-amplitude space.

Patient Diagnosis Gender Age at Normal (THz) Skin

number diagnosis pathology
(THz)

1 Benign naevus (PFPE) Male 51 (306°, 0.9992) (308.3°,
1.121)

2 Benign naevus (PFPE) Male 42 (60.77°, 1.099) (156.5°,
1.525)

3 Compound naevus (FFPE) Male 35 (202.7°, 0.994) (132.8°,
1.201)

(269.5°, 1.004) (98.7°, 1.253)

4 Compound naevus (FFPE) Female 50 (255°, 1.026) (118.9°,
1.224)

5 Dysplastic naevus (FFPE) Male 28 (245°, 1.066) (280.4°,
1.293)

6 Dysplastic naevus (FFPE) Male 33 (218.8°, 0.9906) (272.9°,
1.187)

7 MM level 111 (PFPE) Male 65 (327.4°,1.032) (69.36°,
2.788)

8 MIS (PFPE) Male 76 (32.27°, 1.07) (274°, 1.959)

9 MM level 1T (PFPE) Male 80 (164.1°, 1.269) (272.1°,
2.226)

10 MIS- lentigo maligna type (PFPE) Male NA @

11 MIS- lentigo maligna type (PFPE) Male NA (244.4°, 1.098) (280.1°,
1.366)

12 MM (PFPE) Female  NA b

13 Lentigo MM level II (PFPE) Female 90 ¢

14 Lentigo MM (PFPE) Female NA d

15 Lentigo MM (PFPE) Female NA (311.5°,0.9773) (322.6°,
1.343).

“Histology review indicated no presence of melanoma on the sectioned slice

bHistology review indicated only few melanocytes on the sectioned slice

“Histology review indicated the requirement for re-excision

4Histology review indicated the size of the melanoma region < 100 pm, not resolvable by the THz imaging
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2.3. maging and analysis procedures of the human skin samples

We demonstrate THz imaging results for three different groups of sectioned human skin samples
(two patients from each group), including benign naevus, dysplatic naevus, and melanoma. We
used the same sample analysis procedure for all the skin samples. First of all, the H&E stain
image of the sample was assessed by dermatopathogist (HPS). The diagnosis and classification of
the sample (as listed in Table 1) was provided together with the marked regions of the pathology
and normal skin in the H&E stain image. We then used the stained images with the marked
regions as the mask to find the corresponding regions in the THz images. Next, we overlaid the
H&E stain image with the marked regions and the THz amplitude image (both images are visible
by setting the opacity of the stained image as 70%). We were then able to change the size of
the THz images with fixed aspect ratio and the orientation of the stained images together with
the markers to align them in the skin outline. Once aligned, the mask image (H&E stain image)
was deleted which left only the THz amplitude image with the marked regions of pathology and
normal skin. We repeated the same process to the THz phase image to find the corresponding
regions there. The microscope photo of each sectioned sample for THz imaging was also obtained
and shown as a reference in the results. Furthermore, the clustering of the pixels in the marked
pathology area and normal skin area was analyzed by density distribution method and plotted
in the amplitude—phase space, to test if the pathology region can be separated from the normal
skin from the same sample in the amplitude—phase space. The THz amplitude of the pathology
region was normalized by the mean value of the THz amplitude of the normal skin, then the point
cloud was obtained using the pixels in the skin pathology region and the surrounding healthy
region selected in the THz images based on the histology review results. After that we calculated
the centre of gravity of the point cloud by applying the Mean-Shift algorithm iteratively with a
Gaussian kernel [58] for all the samples, as summarized in Table 1.

3. Results

3.1.  THz imaging results for benign naevus samples

In this section we provide THz imaging results for two benign naevi samples from Patient 3
and 4. Firstly, we conduct THz imaging for a pair of compound naevus sample sectioned from
the same Patient 3. The microscope photo of these two sections are shown in Fig. 2(al) and
(a2), respectively. Sample 1 contains high cellularity naevus cells (as circled by green lines in
Fig. 2(b1)—(e1)) and Sample 2 contains low cellularity naevus cells (as circled by green lines in
Fig. 2(b2)—(e2)). The normal skin on the left side of the naevus used for comparison is circled
by dark blue box in these images. It is interesting to note that similar cellularity structure as
observed in the circled area in the stained image [Fig. 2 (d1)] can be clearly observed in the THz
amplitude image [Fig. 2(b1)] as well. However, this structure is invisible from its microscope
photo [Fig. 2(al)]. The contrast between high cellularity naevus cells and the normal skin region
is also obtained from the THz phase image [Fig. 2(c1)]. The THz amplitude from the circled
naevus region in Sample 2 is lower than that from Sample 1, likely due to the lower cell density
in Sample 2 [24]. However, good contrast between the low cellularity naevus region (green
circled region) and the normal skin region (blue circled region) can still be observed in the THz
amplitude and phase images [Fig. 2 (b2) and (c2)]. The density distribution map for Sample 1
and 2 shown in Fig. 2 (f1) and (f2) further demonstrate the separation of the naevus cells and
surrounding normal skin in the amplitude—phase space. In order to compare between these two
samples, the whole phase values for each of the sample are shifted so that the normal skin are
both located around 200°. It can be observed that the relative distribution of the naevus cell
(green cloud) and normal skin region (blue cloud) for Sample 1 and 2 are very similar, which
means that the reflection from both high and low cellularity naevus cell region is higher than that
from its own normal skin region and the phase of the centroids are also separated.
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Sample 1 from Patient 3 (High cellularity naevi)
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Fig. 2. Comparison of THz images with the microscope photo and histology image for
a compound naevus (Patient 3) that contain high cellularity naevus cells (top) and low
cellularity naevus cells (bottom): (al) and (a2): Microscope photo (the arrow indicates
the direction from the epidermis to dermis layer of the skin sample); (b1) and (b2): THz
amplitude image; (c1) and (c2): THz phase image; (d1) and (d2): H&E stain image; (e1) and
(e2): Overlap of the THz amplitude and H&E images; (f1) and (f2): Density distribution of
the normal skin and naevus in the THz amplitude and phase map, along with the centroids:
(202.7°, 0.994) and (132.8°, 1.201) for normal skin and high cellularity naevus region,
(269.5°, 1.004) and (98.7°, 1.253) for normal and low cellularity naevus region. The circled
region in green and dark blue in (b1) to (e1) and (b2) to (e2) indicate the naevus cell region
and normal skin region, respectively.
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Figure 3 shows a comparison of the THz images for another sample of compound naevus from
Patient 4 together with its microscope photo and the corresponding H&E stain image. It is hard
to see clear contrast in the microscope photo [Fig. 3(a)]. However, the THz contrast between
the naevus region (green circled region) and the normal skin (in the blue box) can be observed
from both amplitude and phase images [Fig. 3(b) and (c)]. This contrast agrees very well with
the corresponding marked regions in the H&E stain image [Fig. 3(d)], where the green circled
region contains the naevus cells and quite a few sebaceous glands while the blue box indicates
the normal skin region. The marked regions for the normal skin and naevus cells were used
to generate the density distribution in the THz amplitude and phase map as shown in Fig. 3(f),
where the triangle and cross indicate the centroids of the normal skin and the naevus cell region,
respectively. They are separated in both amplitude (1.026 and 1.224 for the normal skin and
naevus cells respectively) and in the phase (255° and 118.9° for the normal skin and naevus cells
respectively). It should be noted from comparison of the microscope photo [Fig. 3(a)] and H&E
image [Fig. 3(d)] that the top edge of the THz skin slice has been folded during the sectioning
and loading process. Moreover, there is a thinner layer of triangle-shape paraffin connected to
the top edge of the THz skin slice. These lead to the slice shape difference between the THz
and the stained slices, which has to be borne in mind when align them in Fig. 3(e). We used the
overall curvature of the skin on the right side when align these two images, so we can ignore the
mismatch on top of the slices.

Sample from Patient 4
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Fig. 3. Comparison of THz images with the microscope photo and histology image for a
compound naevus from Patient 4: (a) Microscope photo (the arrow indicates the direction
from the epidermis to dermis layer of the skin sample); (b) THz amplitude image; (c) THz
phase image; (d) H&E stain image; (e) Overlap of the THz amplitude image and the H&E
stain image; (f) Density distribution of the normal skin (pixels in the blue box) and naevus
cells (pixels circled by the green line) in the THz amplitude and phase map, along with the
centroids: (255°, 1.026) for normal skin and (118.9°, 1.224) for the naevus cells region. The
circled region in green and blue in (b) to (e) indicate the compound naevus cell region and
normal skin region, respectively.
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3.2. THz imaging results for dysplastic naevus samples

Epidemiological data suggest that high numbers of dysplastic naevus are associated with higher
risk of melanoma [59]. In this section, we conducted THz imaging for two dysplastic naevus
samples (Sample 5 and 6) and the results are shown in Fig. 4 and Fig. 5, respectively.

Sample from Patient 5

0.5 Normal skin

e

1.5

> |

B =
&

3

g
5
Amplitude

. 2 Dysplastic compound naevys
% 0 200 400
Overlap of THz amplitude Phase (degree)
and H&E images Density distribution map

Fig. 4. Comparison of THz images with the microscope photo and histology image for
a dysplastic naevus tissue from Patient 5: (a) Microscope photo (the arrow indicates the
direction from the epidermis to dermis layer of the skin sample); (b) THz amplitude image;
(c) THz phase image; (d) H&E stain image; (e) Overlap of the THz amplitude image and
H&E images; (e) Density distribution of the point cloud together with the centroid for the
normal skin (245°, 1.066) and dysplastic compound naevus (280.4°, 1.293) in the THz
amplitude—phase map, indicated by the blue and green clouds, and triangle and cross markers,
respectively. The green and blue boxes in (b) to (e) indicates the dysplastic compound naevus
cell region and normal skin region, respectively.

Figure 4 compares the THz images for a dysplastic naevus sample from Patient 5 with the
microscope photo and the H&E stain image. The microscope photo of the section used for THz
imaging is shown in Fig. 4(a). According to the final diagnosis based on the histological image
shown in Fig. 4(d), the lower part of the epidermis layer contains dysplastic compound naevus
cells, as marked in the green box, and the normal skin in the upper part of the sample used for
comparison is marked in the blue box. The THz amplitude and phase image of this sample are
shown in Fig. 4(c) and (d), respectively. It can be observed that the marked region in the THz
amplitude image contains mixture of high amplitude (purple) and low amplitude (light blue)
regions. However, the amplitude for the normal skin (blue) is in between. Similar observations
are obtained in the THz phase image. This leads to two separate green clusters of the pixels in the
green box in the THz amplitude—phase space, centered around 100° and 280°[Fig. 4(f)]. But the
centroid indicates the amplitude of the overall dysplastic naevus is 1.293, marked by the cross,
which indicates higher reflections from the dysplastic naevus than the normal epidermis skin
with the centroid of amplitude at 1.066, marked by the triangle in Fig. 4(f).

As another dysplastic naevus example, the sample from Patient 6 was sectioned and imaged by
the THz imaging system, and the results are shown in Fig. 5. Good contrast between the naevus
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Fig. 5. Comparison of THz images with the microscope photo and histology image for a
dysplastic naevi tissue from Patient 6: dysplastic naevus tissue from patient 6: (a) Microscope
photo (the arrow indicates the direction from the epidermis to dermis layer of the skin
sample); (b) THz amplitude image; (c) THz phase image; (d) H&E stain image; (e) Overlap
of the THz amplitude and H&E images; (f) Density distribution of the point cloud together
with the centroid for the normal skin (218.8°, 0.9906) and dysplastic naevus (272.9°, 1.187)
in the THz amplitude and phase map, indicated by the blue and green clouds, and triangle
and cross markers, respectively. The marked region in green and blue boxes in (b) to (e)
indicates naevus cell region and normal skin region, respectively.

(junctional) cell region marked in the green box and the normal skin indicated in blue box is
observed in both THz amplitude and phase images [Fig. 5(b) and (c)], which agrees well with
the stained image [Fig. 5(d)]. Similarly, by combing the THz amplitude and phase images, the
density distributions of the pixels in the normal skin (blue cloud) and dysplastic naevus (green
cloud) in the THz amplitude—phase space are shown in Fig. 5(f). It can be observed that the
junctional naevus region also have higher reflection to the THz radiation around 2.8 THz than the
normal skin, with the centroids indicating the amplitude for normal skin and naevus (junctional)
are 0.9906 and 1.187, respectively. The two regions are also separated in the phase in Fig. 5(f),
with the centroids showing the phase value of 218.8° and 272.9° for the normal skin and naevus
cells.

3.3. THz imaging results for melanoma samples

Apart from benign naevus and dysplastic naevus samples, we also conducted THz imaging for
two melanoma samples and the results are demonstrated in this section. Figure 6 demonstrates
the comparison of THz images for the first melanoma sample from Patient 7. The microscope
photo of the THz slice together with its THz images are shown in (a), (b) and (c), respectively.
Pathologically, the tissue exhibits invasive melanoma spread from epidermis into dermis layer of
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the skin in the circled green area [Fig. 6(d)], so it was diagnosis as malignant melanoma (MM)
level III as shown in Table 1. The normal skin region as marked in the blue box by HPS in
Fig. 6(d). Both pathology location and normal skin regions are mapped to the THz amplitude and
phase images through overlapping process shown in Fig. 6(e). Interestingly, significant contrasts
between the MM (circled in green) and the normal skin (circled in blue) can be observed from
both THz amplitude and phase image, as shown in Fig. 6 (c) and (d). The calculated density
distribution of the point cloud for the normal skin and MM in the THz amplitude—phase map is
shown in Fig. 6(f), where the normal skin indicated by the blue cloud is totally separated with
the MM region shown by green cloud. The centroids for these two clusters are indicated by the
triangle marker at (327.4°, 1.032) and the cross marker at (69.36°, 2.788). The mean value of the
THz reflection from the MM region is 2.7 times higher than that from its normal skin.

Sample from Patient 7
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Fig. 6. Comparison of THz images for a melanoma sample from Patient 7 with the
microscope photo and H&E stain image: (a) Microscope photo (the arrow indicates the
direction from the epidermis to dermis layer of the skin sample); (b) THz amplitude image;
(c) THz phase image; (d) H&E stain image; (¢) Overlap of THz amplitude and H&E images;
(f) Density distribution of the point cloud together with the centroid for the representative
normal skin at lower epidermis and melanoma cells in the THz amplitude and phase map,
indicated by the blue and green clouds, triangle and cross markers at (327.4°, 1.032) and
(69.36°, 2.788), respectively. The circled region in green and blue in (b) to (e) indicate the
malignant melanoma cells and normal skin, respectively.

The discrimination of THz imaging on melanoma tissue was further tested on a second sample
from Patient 8. The results can be found in Fig. 7. This patient was diagnosed as melanoma in situ
(MIS) with the melanoma cells and normal skin marked in green and blue in the stained image in
Fig. 7 (d), which is not visible in the microscope photo shown in Fig. 7(a). The melanoma cells
provide higher reflection in the THz amplitude image, as shown in the corresponding mapped
regions in Fig. 7(c) after the overlapping process in (e) with (d) as the mask. This contrast
was also observed in the THz phase image shown in Fig. 7(d). Similar analysis of the density
distribution map for the MIS and normal skin is presented in Fig. 7(f). The normal skin and
the MIS cells are indicated by blue and green cloud, respectively, with the centroids for each
region indicated by triangle and cross markers at (32.27°, 1.07) and (274°, 1.959), respectively.
Similar to the clustering result for melanoma sample 1, both amplitude and phase can be totally
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separated in the THz amplitude—phase map, but the centroid amplitude ratio between the MM
and its normal skin obtained from Fig. 6 (2.7) is higher than that between the MIS and the normal
skin (1.8). This means the more advanced the melanoma stage is, the higher THz reflection from
the melanoma region. This can be observed from the centroid data from most of the samples as
summarized in Table 1. The normalized THz amplitudes from naevi is mostly smaller than 1.3
(Patient 1, 3, 4, 5, and 6), while that from melanoma samples is usually larger than 1.3 (Patient 7,
8,9, 11, and 15).

Sample from Patient 8
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Fig. 7. Comparison of THz images for a melanoma sample from Patient 8 with the
microscope photo and H&E stain image: (a) Microscope photo (the arrow indicates the
direction from the epidermis to dermis layer of the skin sample); (b) THz amplitude image;
(c) THz phase image; (d) H&E stain image; (e) Overlap of THz amplitude and H&E images;
(f) Density distribution of the point cloud together with the centroid for the representative
normal skin at lower epidermis and melanoma cells in the THz amplitude and phase map,
indicated by the blue and green clouds, triangle and cross markers at (32.27°, 1.07) and
(274°, 1.959), respectively. The circled region in green and blue indicate the melanoma (in
situ) cells and normal skin, respectively.

4. Discussion

Most of the THz imaging for biological samples used THz TDS systems with low power emission
on the order of yW and very low signal-to-noise ratio above 2 THz. THz TDS systems have
the distinct advantage of broadband operation, which permits its use in spectroscopy, while
THz QCL has the important advantages of high-power emission at narrow band frequencies
above 2 THz. Here we report THz imaging experiments for human skin samples by using
a narrow band (~900 MHz) THz source around 2.8 THz. The minimum thicknesses of the
dehydrated tissue section to provide the THz contrast from both broadband and narrow band
THz radiation sources are on the order of tens of um. For example, THz contrast was reported in
20 um and 30 pm-thick slices of fixed human lobular carcinoma and infiltrating ductal carcinoma
with surrounding healthy tissue with pulsed THz imaging and spectroscopy system [17]. We
demonstrated that by using the coherent LFI technology, even with a narrow band THz QCL, good
THz images (amplitude and phase) that are highly correlated with corresponding conventional
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histology images can be obtained for three different types of pathology skin samples, including
benign naevus, dysplastic naevus, and melanoma. Compared with conventional THz imaging
technology based on broadband sources, QCL based THz imaging provide higher emission power
(~mW) and higher spatial resolution around the diffraction limitation (~110 um). We found
that the skin pathologies can be separated from the surrounding normal healthy skin on the THz
amplitude—phase space, meaning that both THz amplitude and phase of the interferometric signal
are required for the separation. The amplitude of the signal is determined by the reflectivity
from the sample while the phase of this signal contains the phase shift on the reflection from
the sample. The reflectivity and phase shift from a target are in turn determined by the complex
refractive index of the target [60].

In principle, the contrast in the THz amplitude and phase images originated from different
reflectivity and phase shift of the interferometric signal from the sample pixels at the particular
emission laser frequency in our technology. It was observed here that for healthy skin the
epidermis layer usually has higher THz reflection than the dermis layer. This could be due to
different skin constitutes in these two layers. As the outermost layer of the skin, the epidermis
layer is mainly composed of melanin cells, keratinocytes, and basal cells in human, while the
dermis constitutes of collagen, fat, fibres, blood vessels, sweat glands, and hair follicles.

We measured the absorption spectrum of the basic skin constituents purchased from Sigma-
Aldrich at Australian Synchrotron, including collagen, melanin, keratin, linolic acid, cholesterol,
and ceramide. We mixed each of the skin constitute powder with pure paraffin (Australian wax
Company) with the weight ratio of 5% (the total weight of each pellet is approximately 40 mg).
The mixed powder was then made into pellets (7 mm in diameter) to mount onto transmission
mode synchrotron sample holder. The pure paraffin pellet was used as reference to normalize
the transmission spectrum of the skin constitutes to obtain the transmittance. The absorbance
(in dB) of each skin constituent was calculated using —log10 (transmittance), according to the
Beer-Lambert Law. The absorbance of basic skin constituents are shown in Fig. 8. It can be
observed that at the narrow band THz QCL emission frequency around 2.8 THz, collagen (the
main skin constituent in dermis layer) has stronger absorption than melanin and keratin (the
dominant constituents of the epidermis layer). The THz contrast observed in the dermis layer is
likely due to varying content of fatty tissue, nerve fibre, or fibrous connecting tissue with lymph
and blood capillaries. In addition, the THz amplitude from three different pathologies is always
higher than its own healthy skin, which indicates less absorption and higher reflection of the THz
radiation from the pathology locations. Apart from that, different level of cellularity can also
contribute to the THz contrast in the amplitude and phase images. In particular, we found that the
high cellularity structure can be observed in the THz images, which indicates the origin of THz
contrast from varying cell densities, the higher the cell density, the stronger the THz amplitude. It
was reported by Wallace et al. [24] that the cellularity and collagen or mucin content may reduce
the percentage of water for freshly excited softy tissue, which will reduce the THz absorption
and increase the reflection in the fresh tissue. And here for dehydrated tissue, we also observe
higher reflections from the higher density cells due to less absorption. However, the THz contrast
between pathology and healthy skin in dehydrated tissue is opposite to that in fresh tissue with
water content. In dehydrated tissue samples, the pathology locations have higher reflection than
surrounding normal skin while in a fresh sample, the pathology locations have lower reflection
than the surrounding normal skin due to strong water absorption in tumors. But water is not the
sole source that contributes to THz contrast in skin cancer tissues.

To better understand the relationship between cellularity and THz contrast, we compared the
THz amplitude between two regions with known naevus cell cellularities in Fig. 9. The naevus
cells are small and purple-stained, Position 1 contains more densely-packed cellular naevus cells
as opposed to Position 2. The contrast between Postion 1 and 2 can be observed in the THz
amplitude images as well, where the THz amplitude at Position 1 corresponding to the high
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Fig. 8. Absorption of basic skin constituents in the THz band (0.6-10 THz), including
collagen, melanin, keratin, linolic acid, cholestrol, and ceramide. The narrow band THz
QCL emission at 2.8 THz that was used in this work is also shown in the figure.

cellularity naevus cells shows higher reflection than that at Position 2 with the low cellularity
naevus cells. For melanoma samples, different amounts of melanoma cells also contribute to
the THz contrast in the images. The comparison of zoomed in pathology between normal skin
and the skin area containing melanoma cells are presented in Fig. 10. In particular, Position 2
contains smooth muscle cells, sebaceous cells, and hair follicles as labeled, which corresponding
higher THz amplitude than that of Position 1, as shown in the THz amplitude image. Position 3
includes purple-stained melanoma cells and Position 4 contains a mixture of melanoma cells,
melanophges, and lymphocytes as shown in 3 and 4 in Fig. 10, respectively. Correspondingly,
the THz amplitude at the melanoma cell region (Position 3 and 4) shows higher reflection, when
compared with that in the normal skin region (Position 1).

High cellularity naevus cells

Low cellularity naevus cells

2 Ej

)

Mos ¢ ¥ s

H&E stain image THz amplitude image  H&E stain image THz amplitude image

Fig. 9. Comparison of zoomed in H&E stain image and the THz amplitude image: 1 High
cellularity naevus cells from Sample 1 of Patient 3; 2 Low cellularity naevus cells from
Sample 2 of Patient 3.
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Fig. 10. Comparison of zoomed in H&E stain image and the THz amplitude image for the
sample from Patient 7: 1 Normal skin at Position 1; 2 Normal muscle cells and sebaceous
cells at Position 2; 3 Invasive melanoma cells at Position 3; 4 Mixture of melanoma cells,
melanophages and lymphocytes at Position 1.

It should be noted that for the ex-vivo study, apart from the sample itself, many other factors
can also contribute to the THz contrast, which includes air bubbles at the boundary of the sample
and the surrounding paraffin or cracking of the paraffin, and the folding of the skin at the edge of
the slice. Nevertheless, these factors can be excluded from the microscope photo of the sample
slice used for THz imaging. Therefore, it is very important to compare the microscope photo
with the THz images as well as the histology stained image during the image analysis.

5. Conclusion

In conclusion, we demonstrated that a narrow band THz QCL based laser feedback interferometry
technology at 2.8 THz can be used to observe THz contrast between different pathologies
and surrounding healthy skin of unstained dehydrated human skin samples. We identified the
minimum thickness of the dehydrated human skin section that can provide THz contrast is
one half-wavelength of the narrow band THz emission frequency from the laser source. We
obtained high-resolution THz amplitude and phase images from three different types of human
skin samples (benign naevus, dysplastic naevus, and melanoma) at the diffraction limited spatial
resolution. Proof-of-concept experiments conducted on these three different types of the human
skin samples demonstrated identifiable contrast in THz imaging which correlated well with the
histopathological stain identification. The locations of pathology and surrounding healthy skin
can be separated in the THz amplitude—phase map. The observed contrast in the THz images of
skin samples is a combination of contrast mechanisms which include different constituents of the
epidermis and dermis layer, varying cell densities and structures, different content of melanoma
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cells, and other artificial factors induced by the sample preparation process. Since THz reflections
from the epidermis layer is higher than that from the dermis layer, and it is not always possible to
choose the disease and normal skin in the same layer (such as for raised naevus, the epidermis
layer is dominated by the disease skin, we can only choose the normal skin in the dermis layer as
a reference, which increases the normalized THz amplitude), comparison among different skin
pathologies should build on normalization the pathology values by the normal skin cross different
layers and from larger number of samples. A large number of samples of the THz images also
allows for training and testing by using statistical analysis based on machine learning algorithms
for the purpose of skin cancer diagnosis. On the other hand, fully understanding the contributions
of the molecular biomarkers of skin cancer to the contrast of THz images is a potential challenge
and the key element for applying THz imaging in clinical detection. Furthermore, non-invasive
detection requires in vivo THz imaging, where the THz contrast will be associated with a change
in water content in the skin tissue. Understanding the contributions of specific biomarkers of
skin cancer to the in vivo THz images is also very important for the practical application of THz
imaging to skin cancer detection.

Funding. Australian Nuclear Science and Technology Organisation (As211/THz/16686); NHMRC Peter Doherty
Fellowship and UQ Amplify Fellowship; NHMRC Medical Research Future Fund Next Generation Clinical Researchers
Program Practitioner Fellowship (APP1137127); Advance Queensland Industry Research Fellowships program and UQ
Amplify Fellowship; Engineering and Physical Sciences Research Council (EP/J002356/1, EP/P021859/1); the Merchant
Charitable Foundation; Trevor and Judish, St Baker Family Foundation; Australian Research Council (DP200101948,
DP210103342); Queensland Government Advance Queensland Innovation Partnerships Grant.

Disclosures. The authors declare that there are no conflicts of interest related to this article.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

Supplemental document. See Supplement 1 for supporting content.

References

1. M. Arnold, D. Singh, M. Laversanne, J. Vignat, S. Vaccarella, F. Meheus, A. E. Cust, E. de Vries, D. C. Whiteman,
and F. Bray, “Global burden of cutaneous melanoma in 2020 and projections to 2040,” JAMA Dermatol. 158(5),
495-503 (2022).

2. J. G. Elmore, R. L.Barnhill, D. E. Elder, G. M. Longton, M. S. Pepe, L. M. Reisch, P. A. Carney, L. J. Titus, H.

D. Nelson, T. Onega, A. N. A. Tosteson, M. A. Weinstock, S. R. Knezevich, and M. W. Piepkorn, ‘“Pathologists’

diagnosis of invasive melanoma and melanocytic proliferations: observer accuracy and reproducibility study,” BMJ

357, j2813 (2017).

M. Tonouchi, “Cutting-edge terahertz technology,” Nat. Photonics 1(2), 97-105 (2007).

4. X. Yang, X.Zhao, K. Yang, Y. Liu, Y. Liu, W. Fu, and Y. Luo, “Biomedical applications of terahertz spectroscopy
and imaging,” Trends Biotechnol. 34(10), 810-824 (2016).

5. Y. Peng, C. Shi, X. Wu, Y. Zhu, and S. Zhuang, “Terahertz imaging and spectroscopy in cancer diagnostics: a
technical review,” BME Frontiers 2020, 2547609 (2020).

6. V.P. Wallace, “Biomedical applications of terahertz - applications, opportunities and challenges,” in JSAP-OSA Joint
Symposia 2018, (Optica Publishing Group, 2018), pp. 18p—221B-1.

7. K. Shiraga, Y. Ogawa, and N. Kondo, “Hydrogen bond network of water around protein investigated with terahertz
and infrared spectroscopy,” Biophys. J. 111(12), 2629-2641 (2016).

8. N. Bajwa, J. Au, R. Jarrahy, S. Sung, M. C. Fishbein, D. Riopelle, D. B. Ennis, T. Aghaloo, M. A. S. John, W. S.
Grundfest, and Z. D. Taylor, “Non-invasive terahertz imaging of tissue water content for flap viability assessment,”
Biomed. Opt. Express 8(1), 460-474 (2017).

9. H.Zhao, Y. Tan, L. Zhang, R. Zhang, M. Shalaby, C. Zhang, Y. Zhao, and X.-C. Zhang, “Ultrafast hydrogen bond
dynamics of liquid water revealed by terahertz-induced transient birefringence,” Light: Sci. Appl. 9(1), 136 (2020).

10. X. Chen, Q. Sun, J. Wang, H. Lindley-Hatcher, and E. Pickwell-MacPherson, “Exploiting complementary terahertz
ellipsometry configurations to probe the hydration and cellular structure of skin in vivo,” Adv. Photonics Res. 2(1),
2000024 (2021).

11. W. Yi, J. Yu, Y. Xu, F. Wang, Q. Yu, H. Sun, L. Xu, Y. Liu, and L. Jiang, “Broadband terahertz spectroscopy of
amino acids,” Instrumentation Science & Technology 45(4), 423-439 (2017).

12. C. S. Joseph, A. N. Yaroslavsky, M. Al-Arashi, T. M. Goyette, J. C. Dickinson, A. J. Gatesman, B. W. Soper, C. M.
Forgione, T. M. Horgan, E. J. Ehasz, R. H. Giles, and W. E. Nixon, “Terahertz spectroscopy of intrinsic biomarkers
for non-melanoma skin cancer,” Proc. SPIE 7215, 721501 (2009).

bl


https://doi.org/10.6084/m9.figshare.22068140
https://doi.org/10.1001/jamadermatol.2022.0160
https://doi.org/10.1136/bmj.j2813
https://doi.org/10.1038/nphoton.2007.3
https://doi.org/10.1016/j.tibtech.2016.04.008
https://doi.org/10.34133/2020/2547609
https://doi.org/10.1016/j.bpj.2016.11.011
https://doi.org/10.1364/BOE.8.000460
https://doi.org/10.1038/s41377-020-00370-z
https://doi.org/10.1002/adpr.202000024
https://doi.org/10.1080/10739149.2016.1270961
https://doi.org/10.1117/12.809402

Vol. 14, No. 4/1 Apr 2023/ Biomedical Optics Express 1409 |

Biomedical Optics EXPRESS -~

13. B. Yu, F. Zeng, Y. Yang, Q. Xing, A. Chechin, X. Xin, I. Zeylikovich, and R. R. Alfano, “Torsional vibrational modes
of tryptophan studied by terahertz time-domain spectroscopy,” Biophys. J. 86(3), 1649-1654 (2004).

14. A. A. Gavdush, N. V. Chernomyrdin, K. M. Malakhov, S.-I. T. Beshplav, I. N. Dolganova, A. V. Kosyrkova, P. V.
Nikitin, G. R. Musina, G. M. Katyba, I. V. Reshetov, O. P. Cherkasova, G. A. Komandin, V. E. Karasik, A. A. Potapov,
V. V. Tuchin, and K. I. Zaytsev, “Terahertz spectroscopy of gelatin-embedded human brain gliomas of different
grades: a road toward intraoperative THz diagnosis,” J. Biomed. Opt. 24(2), 1-5 (2019).

15. A. A. Gavdush, N. V. Chernomyrdin, G. A. Komandin, I. N. Dolganova, P. V. Nikitin, G. R. Musina, G. M. Katyba, A.
S. Kucheryavenko, I. V. Reshetov, A. A. Potapov, V. V. Tuchin, and K. I. Zaytsev, “Terahertz dielectric spectroscopy of
human brain gliomas and intact tissues ex vivo: double-debye and double-overdamped-oscillator models of dielectric
response,” Biomed. Opt. Express 12(1), 69-83 (2021).

16. W.-G. Yeo, O. Gurel, C. L. Hitchcock, S. Park, K. Sertel, and N. K. Nahar, “Evaluation of cancer tissue morphology
via THz spectroscopic imaging: human lung and small intestine malignancies,” Infrared Physics & Technology 97,
411-416 (2019).

17. T. Bowman, M. O. El-Shenawee, and L. K. Campbell, “Terahertz transmission vs reflection imaging and model-based
characterization for excised breast carcinomas,” Biomed. Opt. Express 7(9), 3756-3783 (2016).

18. T. Bowman, T. Chavez, K. Khan, J. Wu, A. Chakraborty, N. Rajaram, K. Bailey, and M. O. El-Shenawee, “Pulsed
terahertz imaging of breast cancer in freshly excised murine tumors,” J. Biomed. Opt. 23(2), 1-13 (2018).

19. M. El-Shenawee, N. Vohra, T. Bowman, and K. Bailey, “Cancer detection in excised breast tumors using terahertz
imaging and spectroscopy,” Biomed. Spectrosc. Imaging 8(1-2), 1-9 (2019).

20. S. Sy, S. Huang, Y.-X. J. Wang, J. Yu, A. T. Ahuja, Y. T. Zhang, and E. Pickwell-MacPherson, “Terahertz spectroscopy
of liver cirrhosis: investigating the origin of contrast,” Phys. Med. Biol. 55(24), 7587-7596 (2010).

21. F. Wahaia, I. Kasalynas, R. Venckevicius, D. Seliuta, G. Valusis, A. Urbanowicz, G. Molis, F. Carneiro, C. D. C.
Silva, and P. L. Granja, “Terahertz absorption and reflection imaging of carcinoma-affected colon tissues embedded
in paraffin,” J. Mol. Struct. 1107, 214-219 (2016).

22.Y. C. Sim, J. Y. Park, K.-M. Ahn, C. Park, and J.-H. Son, “Terahertz imaging of excised oral cancer at frozen
temperature,” Biomed. Opt. Express 4(8), 1413-1421 (2013).

23. V. Wallace, A. Fitzgerald, S. Shankar, N. Flanagan, R. Pye, J. Cluff, and D. Arnone, “Terahertz pulsed imaging of
basal cell carcinoma ex vivo and in vivo,” Br. J. Dermatol. 151(2), 424-432 (2004).

24. V. P. Wallace, A. J. Fitzgerald, E. Pickwell, R. J. Pye, P. F. Taday, N. Flanagan, and T. Ha, “Terahertz pulsed
spectroscopy of human basal cell carcinoma,” Appl. Spectrosc. 60(10), 1127-1133 (2006).

25. C. Yu, S. Fan, Y. Sun, and E. Pickwell-Macpherson, “The potential of terahertz imaging for cancer diagnosis: A
review of investigations to date,” Quant. Imaging Med. Surg. 2, 3345 (2012).

26. K. I. Zaytsev, K. G. Kudrin, V. E. Karasik, and I. V. Reshetov, “In vivo terahertz spectroscopy of pigmentary skin
nevi,” Appl. Phys. Lett. 106(5), 053702 (2015).

27. A. 1. Nikitkina, P. Y. Bikmulina, E. R. Gafarova, N. V. Kosheleva, Y. M. Efremov, E. A. Bezrukov, D. V. Butnaru, 1.
N. Dolganova, N. V. Chernomyrdin, O. P. Cherkasova, A. A. Gavdush, and P. S. Timashev, “Terahertz radiation and
the skin: a review,” J. Biomed. Opt. 26(4), 043005 (2021).

28. G. Scalari, C. Walther, M. Fischer, R. Terazzi, H. Beere, D. Ritchie, and J. Faist, “THz and sub-THz quantum cascade
lasers,” Laser Photonics Rev. 3(1-2), 45-66 (2009).

29. X. Qi, I. Kundu, P. Dean, G. Agnew, T. Taimre, A. Valavanis, A. T. Grier, E. H. Linfield, A. G. Davies, D. Indjin, and
A. D. Raki¢, “Mode selection and tuning mechanisms in coupled-cavity terahertz quantum cascade lasers,” IEEE J.
Sel. Top. Quantum Electron. 23(4), 1-12 (2017).

30. L. H. Li, I. Kundu, P. Dean, E. H. Linfield, and A. G. Davies, “High-power GaAs/AlGaAs quantum cascade lasers
with emission in the frequency range 4.7-5.6 THz,” in International Quantum Cascade Lasers School and Workshop,
(Cambridge, UK, 2016).

31. L. Li, L. Chen, J. Freeman, M. Salih, P. Dean, A. Davies, and E. Linfield, “Multi-watt high-power THz frequency
quantum cascade lasers,” Electron. Lett. 53(12), 799-800 (2017).

32. X. Qi, G. Agnew, T. Taimre, S. Han, Y. L. Lim, K. Bertling, A. Demi¢, P. Dean, D. Indjin, and A. D. Rakic¢, “Laser
feedback interferometry in multi-mode terahertz quantum cascade lasers,” Opt. Express 28(10), 14246-14262 (2020).

33. X. Qi, K. Bertling, T. Taimre, G. Agnew, Y. L. Lim, T. Gillespie, A. Robinson, M. Briinig, A. Demi¢, P. Dean,
L. H. Li, E. H. Linfield, A. G. Davies, D. Indjin, and A. D. Raki¢, “Observation of optical feedback dynamics in
single-mode terahertz quantum cascade lasers: Transient instabilities,” Phys. Rev. A 103(3), 033504 (2021).

34.Y.L. Lim, T. Taimre, K. Bertling, P. Dean, D. Indjin, A. Valavanis, S. P. Khanna, M. Lachab, H. Schaider, T. W. Prow,
H. P. Soyer, S. J. Wilson, E. H. Linfield, A. G. Davies, and A. D. Raki¢, “High-contrast coherent terahertz imaging of
porcine tissue via swept-frequency feedback interferometry,” Biomed. Opt. Express 5(11), 3981-3989 (2014).

35. P. Dean, A. Valavanis, J. Keeley, K. Bertling, Y. L. Lim, R. Alhathlool, A. D. Burnett, L. H. Li, S. P. Khanna, D.
Indjin, T. Taimre, A. D. Rakié, E. H. Linfield, and A. G. Davies, “Terahertz imaging using quantum cascade lasers —
areview of systems and applications,” J. Phys. D: Appl. Phys. 47(37), 374008 (2014).

36. T. Taimre, M. Nikoli¢, K. Bertling, Y. L. Lim, T. Bosch, and A. D. Raki¢, “Laser feedback interferometry: a tutorial
on the self-mixing effect for coherent sensing,” Adv. Opt. Photonics 7(3), 570-631 (2015).

37. X. Qi, G. Agnew, I. Kundu, T. Taimre, Y. L. Lim, K. Bertling, P. Dean, A. Grier, A. Valavanis, E. H. Linfield A. G.
Davies, D. Indjin, and A. D. Raki¢, “Multi-spectral terahertz sensing: proposal for a coupled-cavity quantum cascade
laser based optical feedback interferometer,” Opt. Express 25(9), 10153-10165 (2017).



https://doi.org/10.1016/S0006-3495(04)74233-2
https://doi.org/10.1117/1.JBO.24.2.027001
https://doi.org/10.1364/BOE.411025
https://doi.org/10.1016/j.infrared.2019.02.001
https://doi.org/10.1364/BOE.7.003756
https://doi.org/10.1117/1.JBO.23.2.026004
https://doi.org/10.3233/bsi-190187
https://doi.org/10.1088/0031-9155/55/24/013
https://doi.org/10.1016/j.molstruc.2015.11.048
https://doi.org/10.1364/BOE.4.001413
https://doi.org/10.1111/j.1365-2133.2004.06129.x
https://doi.org/10.1366/000370206778664635
https://doi.org/10.3978/j.issn.2223-4292.2012.01.04
https://doi.org/10.1063/1.4907350
https://doi.org/10.1117/1.JBO.26.4.043005
https://doi.org/10.1002/lpor.200810030
https://doi.org/10.1109/JSTQE.2017.2668600
https://doi.org/10.1109/JSTQE.2017.2668600
https://doi.org/10.1049/el.2017.0662
https://doi.org/10.1364/OE.390433
https://doi.org/10.1103/PhysRevA.103.033504
https://doi.org/10.1364/BOE.5.003981
https://doi.org/10.1088/0022-3727/47/37/374008
https://doi.org/10.1364/AOP.7.000570
https://doi.org/10.1364/OE.25.010153

Research Article Vol. 14, No. 4/1 Apr 2023/ Biomedical Optics Express 1410 |

Biomedical Optics EXPRESS A

38. Y. L. Lim, K. Bertling, T. Taimre, T. Gillespie, C. Glenn, A. Robinson, D. Indjin, Y. Han, L. Li, E. H. Linfield, A. G.
Davies, P. Dean, and A. D. Rakié, “Coherent imaging using laser feedback interferometry with pulsed-mode terahertz
quantum cascade lasers,” Opt. Express 27(7), 10221-10233 (2019).

39. A. D. Raki¢, T. Taimre, K. Bertling, Y. L. Lim, P. Dean, A. Valavanis, and D. Indjin, “Sensing and imaging using
laser feedback interferometry with quantum cascade lasers,” Appl. Phys. Rev. 6(2), 021320 (2019).

40. S. J. Oh, S.-H. Kim, Y. B. Ji, K. Jeong, Y. Park, J. Yang, D. W. Park, S. K. Noh, S.-G. Kang, Y.-M. Huh, J.-H.
Son, and J.-S. Suh, “Study of freshly excised brain tissues using terahertz imaging,” Biomed. Opt. Express 5(8),
2837-2842 (2014).

41. M. A. Brun, F. Formanek, A. Yasuda, M. Sekine, N. Ando, and Y. Eishii, “Terahertz imaging applied to cancer
diagnosis,” Phys. Med. Biol. 55(16), 4615-4623 (2010).

42. C. B. Reid, A. Fitzgerald, G. Reese, R. Goldin, P. Tekkis, P. S. O’Kelly, E. Pickwell-MacPherson, A. P. Gibson,
and V. P. Wallace, “Terahertz pulsed imaging of freshly excised human colonic tissues,” Phys. Med. Biol. 56(14),
4333-4353 (2011).

43. M. Nagel, P. Haring Bolivar, M. Brucherseifer, H. Kurz, A. Bosserhoff, and R. Biittner, “Integrated THz technology
for label-free genetic diagnostics,” Appl. Phys. Lett. 80(1), 154—156 (2002).

44. B. M. Fischer, M. Walther, and P. U. Jepsen, “Far-infrared vibrational modes of DNA components studied by terahertz
time-domain spectroscopy,” Phys. Med. Biol. 47(21), 3807-3814 (2002).

45. P. U. Jepsen and S. J. Clark, “Precise Ab-initio prediction of terahertz vibrational modes in crystalline systems,’
Chem. Phys. Lett. 442(4-6), 275-280 (2007).

46. H. Yan, W.-H. Fan, Z.-P. Zheng, and J. Liu, “Terahertz spectroscopy of DNA nucleobases: cytosine and thymine,”
Spectrosc. Spectr. Analysis 33, 2612-2616 (2013).

47. F. Wang, D. Zhao, H. Dong, L. Jiang, L. Huang, Y. Liu, and S. Li, “THz spectra and corresponding vibrational modes
of DNA base pair cocrystals and polynucleotides,” Spectrochim. Acta, Part A 200, 195-201 (2018).

48. A. Eisenstein, E. C. Gonzalez, R. Raghunathan, X. Xu, M. Wu, E. O. McLean, J. McGee, B. Ryu, and R. M. Alani,
“Emerging biomarkers in cutaneous melanoma,” Molecular Diagnosis & Therapy 22(2), 203-218 (2018).

49. F. Egberts, E. M. Kotthoff, S. Gerdes, J. H. Egberts, M. Weichenthal, and A. Hauschild, “Comparative study of
YKL-40, S-100B and LDH as monitoring tools for stage IV melanoma,” Eur. J. Cancer 48(5), 695-702 (2012).

50. A. R. Bresnick, D. J. Weber, and D. B. Zimmer, “S100 proteins in cancer,” Nat. Rev. Cancer 15(2), 96-109 (2015).

51. N. Tandler, B. Mosch, and J. Pietzsch, “Protein and non-protein biomarkers in melanoma: a critical update,” Amino
Acids 43(6), 2203-2230 (2012).

52. A. Martens, K. Wistuba-Hamprecht, and M. G. Foppen, et al., “Baseline peripheral blood biomarkers associated with
clinical outcome of advanced melanoma patients treated with ipilimumab,” Clin. Cancer Res. 22(12), 2908-2918
(2016).

53. M. Burotto, V. L. Chiou, J.-M. Lee, and E. C. Kohn, “The MAPK pathway across different malignancies: a new
perspective,” Cancer 120(22), 3446-3456 (2014).

54. P. A. Ascierto, J. M. Kirkwood, J.-J. Grob, E. Simeone, A. M. Grimaldi, M. Maio, G. Palmieri, A. Testori, F. M.
Marincola, and N. Mozzillo, “The role of braf v600 mutation in melanoma,” J. Transl. Med. 10(1), 85 (2012).

55. M. Wienold, L. Schrottke, M. Giehler, R. Hey, W. Anders, and H. Grahn, “Low-voltage terahertz quantum-cascade
lasers based on LO-phonon-assisted interminiband transitions,” Electron. Lett. 45(20), 1030-1031 (2009).

56. Q. Sun, Y. He, K. Liu, S. Fan, E. P. Parrott, and E. Pickwell-MacPherson, “Recent advances in terahertz technology
for biomedical applications,” Quant. Imaging Med. Surg. 7(3), 345-355 (2017).

57. R.J. Falconer, H. A. Zakaria, Y. Y. Fan, A. P. Bradley, and A. P. Middelberg, “Far-infrared spectroscopy of protein
higher-order structures,” Appl. Spectrosc. 64(11), 1259—-1264 (2010).

58. S. Han, K. Bertling, P. Dean, J. Keeley, A. D. Burnett, Y. L. Lim, S. P. Khanna, A. Valavanis, E. H. Linfield, A.
G. Davies, D. Indjin, T. Taimre, and A. D. Raki¢, “Laser feedback interferometry as a tool for analysis of granular
materials at terahertz frequencies: Towards imaging and identification of plastic explosives,” Sensors 16(3), 352
(2016).

59. P. M. Pollock, U. L. Harper, K. S. Hansen, L. M. Yudt, M. Stark, C. M. Robbins, T. Y. Moses, G. Hostetter, U.
Wagner, J. Kakareka, G. Salem, T. Pohida, P. Heenan, P. Duray, O. Kallioniemi, N. K. Hayward, J. M. Trent, and P. S.
Meltzer, “High frequency of BRAF mutations in nevi,” Nat. Genet. 33(1), 19-20 (2003).

60. A. D. Raki¢, T. Taimre, K. Bertling, Y. L. Lim, P. Dean, D. Indjin, Z. Ikoni¢, P. Harrison, A. Valavanis, S. P. Khanna,
M. Lachab, S. J. Wilson, E. H. Linfield, and A. G. Davies, “Swept-frequency feedback interferometry using terahertz
frequency QCLs: a method for imaging and materials analysis,” Opt. Express 21(19), 22194-22205 (2013).

>


https://doi.org/10.1364/OE.27.010221
https://doi.org/10.1063/1.5094674
https://doi.org/10.1364/BOE.5.002837
https://doi.org/10.1088/0031-9155/55/16/001
https://doi.org/10.1088/0031-9155/56/14/008
https://doi.org/10.1063/1.1428619
https://doi.org/10.1088/0031-9155/47/21/319
https://doi.org/10.1016/j.cplett.2007.05.112
https://doi.org/10.1016/j.saa.2018.04.024
https://doi.org/10.1007/s40291-018-0318-z
https://doi.org/10.1016/j.ejca.2011.08.007
https://doi.org/10.1038/nrc3893
https://doi.org/10.1007/s00726-012-1409-5
https://doi.org/10.1007/s00726-012-1409-5
https://doi.org/10.1158/1078-0432.CCR-15-2412
https://doi.org/10.1002/cncr.28864
https://doi.org/10.1186/1479-5876-10-85
https://doi.org/10.1049/el.2009.1371
https://doi.org/10.21037/qims.2017.06.02
https://doi.org/10.1366/000370210793335025
https://doi.org/10.3390/s16030352
https://doi.org/10.1038/ng1054
https://doi.org/10.1364/OE.21.022194

