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Abstract. We demonstrate the first application of the recently proposed method of optical palpation to in vivo
imaging of human skin. Optical palpation is a tactile imaging technique that probes the spatial variation of a
sample’s mechanical properties by producing an en face map of stress measured at the sample surface.
This map is determined from the thickness of a translucent, compliant stress sensor placed between a loading
element and the sample and is measured using optical coherence tomography. We assess the performance of
optical palpation using a handheld imaging probe on skin-mimicking phantoms, and demonstrate its use on
human skin lesions. Our results demonstrate the capacity of optical palpation to delineate the boundaries of
lesions and to map the mechanical contrast between lesions and the surrounding normal skin. © 2015 Society
of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.1.016013]
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1 Introduction

The pathologies of skin often modify its mechanical properties.
For example, scleroderma,? skin cancer,>* and burn scars>° all
give rise to large variations in the pliability of skin. For this rea-
son, clinicians commonly manually palpate skin lesions to
obtain a subjective assessment of the pathology. In the case
of burn scars, pliability, as assessed by palpation and observa-
tion, is one of the four parameters considered in the Vancouver
Scar Scale, which is an assessment scale commonly used by cli-
nicians.” Limitations of manual palpation include its subjectiv-
ity, low resolution, and low sensitivity. To address these
limitations, a number of objective methods have been proposed
to measure the mechanical properties of skin.®?

Typically in such methods, the skin is subjected to a
mechanical perturbation and its surface deformation, or the
force required to produce a specific deformation, is measured.
Examples of mechanical perturbation for in vivo studies include:
suction,'° compression” (or indentation),lz'14 torsion, >~
extension, %! and acoustic wave propagation.”’ These loading
mechanisms have been incorporated into a number of devices to
characterize the mechanical properties of skin in vivo. Examples
of devices that apply static or quasi-static loads orthogonal to the
skin’s surface include: the cutometer, which is an optical system
that measures the skin surface displacement versus time under
suction;?! the tonometer, which measures the extent of depres-
sion of a plunger in a weight-loaded device placed on the
skin;''?? and spherical indenters, which measure adhesion
forces between the indenter and skin versus penetration depth
by using force sensors and a motion controller to displace
the indenter at a constant velocity.!” Alternatively, some
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methods utilize dynamic loading. One example is the reviscom-
eter, which couples sound waves to skin (in the frequency range
5 to 8 kHz) and records the transit time from transmitter to
receiver, with stiffer and more dense tissues having a higher
sound velocity.”> There are also methods that apply in-plane
deformations such as the twistometer, which measures the
skin’s extensibility under torsion using a torque sensor;** and
the quasi-static extensometer, which uses strain gauges to record
the required load and apply a known rate of extension to the skin
between two adhesive tabs.'” Additionally, suction and com-
pression loading methods have been combined with ultrasound
imaging to allow the thickness of the dermis and hypodermis to
be simultaneously monitored.?>28

Aside from the ultrasound-based approaches, these methods
generally characterize the average properties of skin over
regions with dimensions in the millimeter to centimeter range.
Characterization of the local spatial variation of the mechanical
properties of skin on the the finer submillimeter scale has the
potential to aid in the assessment of a number of skin patholo-
gies including skin cancers**~? and burn scars.®

Optical coherence elastography (OCE) has been proposed
as a means of providing high-resolution images of skin stiff-
ness.***® In OCE, skin deformation is measured using optical
coherence tomography (OCT). The higher resolution and
higher sensitivity to sample deformation of OCE compared
with the methods described above,'"13#17233-41 hold promise
for detecting more subtle changes in stiffness. Several OCE
approaches have been proposed for in vivo imaging of skin. In
compression OCE, the local axial strain, defined as the rate of
change of sample axial displacement versus depth, is measured
in response to a compressive load on the skin surface. This tech-
nique can provide three-dimensional (3-D) strain elastograms of

0091-3286/2015/$25.00 © 2015 SPIE

January 2015 « Vol. 20(1)


http://dx.doi.org/10.1117/1.JBO.20.1.016013
http://dx.doi.org/10.1117/1.JBO.20.1.016013
http://dx.doi.org/10.1117/1.JBO.20.1.016013
http://dx.doi.org/10.1117/1.JBO.20.1.016013
http://dx.doi.org/10.1117/1.JBO.20.1.016013
http://dx.doi.org/10.1117/1.JBO.20.1.016013
mailto:shaghayegh.eshaghian@research.uwa.edu.au
mailto:shaghayegh.eshaghian@research.uwa.edu.au
mailto:shaghayegh.eshaghian@research.uwa.edu.au
mailto:shaghayegh.eshaghian@research.uwa.edu.au
mailto:shaghayegh.eshaghian@research.uwa.edu.au

Es’haghian et al.: Optical palpation in vivo: imaging human skin lesions using mechanical contrast

skin in vivo.”®> In surface acoustic wave OCE, the measured
phase velocity is used to directly obtain the Young’s modulus
of tissue and has been demonstrated to provide quantitative,
two-dimensional (2-D) elastograms of skin in vivo 343637

In this paper, we present the first application of optical pal-
pation, an OCT-based tactile imaging technique recently pro-
posed by our group,*? to in vivo imaging of skin lesions.
Optical palpation is a variant of OCE in which a translucent,
compliant layer acting as a stress sensor is placed between the
sample and a compressive loading element. 3-D-OCT images
are acquired before and after loading. The strain in the compliant
layer is estimated by measuring the layer thickness using OCT.
Using prior knowledge of the stress—strain behavior of the sen-
sor material, the surface stress at each lateral location is mapped
into a 2-D image. This image represents the stress at the sample
surface, analogous to the stress detected by manual palpation,
but at a higher spatial resolution.

To enable optical palpation to be performed in vivo, we have
developed a handheld imaging probe to apply a compressive
load to the skin while simultaneously performing OCT imaging
from the same side. To assess the probe’s performance, we first
performed optical palpation on skin-mimicking phantoms con-
sisting of layers mimicking the epidermis, dermis, and hypoder-
mis. Stiff inclusions were embedded in the dermis layer to
mimic a stiff lesion. Additionally, as many skin lesions feature
irregular and raised surfaces, we performed optical palpation on
phantoms with raised surface features to assess the impact of
surface topology on measured stress. We subsequently per-
formed optical palpation on various skin lesions from human
volunteers including: a nevus, a burn scar, a scar resulting from
a sutured laceration, and a hypertrophic postsurgical scar. In
each case, high mechanical contrast is observed. To validate
the contrast obtained, optical palpation images are compared
both with corresponding OCT en face images and photographs.
In several instances, optical palpation reveals features not visible
in the corresponding OCT image.

2 Materials and Methods
2.1 Imaging System

Scanning was performed using a portable swept-source OCT
system (OCS1300SS, Thorlabs, USA) with a central wave-
length of 1325 nm and a spectral bandwidth of 100 nm. The
measured axial and transverse resolutions (full-width at half-
maximum) of the system are 17 pym (in air) and 16 pm, respec-
tively. Light illuminated the sample through an objective lens
with a working distance of 25 mm, delivering a scanning beam
with a numerical aperture of 0.03 and a measured optical power
of 4.7 mW. The dimensions (xyz) of each OCT data volume are
8 X 8 X 3 mm. The system was operated at an A-scan rate of
14 kHz, and the 3-D data acquisition time was ~40 s. The
OCT images presented here are normalized on a log-scale
from O to 255 grayscale (with O corresponding to black and
255 corresponding to white).

2.2 In Vivo Imaging Probe

The handheld probe incorporates both OCT imaging and com-
pressive loading from the same side of the sample and is an exten-
sion of OCE probes previously developed by our group.’>* A
schematic of the probe is shown in Figs. 1(a) and 1(b), and a pho-
tograph of the probe during optical palpation imaging is shown in
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Fig. 1(c). The compliant sensor is positioned between the probe
and the skin. In the figure, [y(x, y) and I(x, y) represent the sensor
thickness before and after loading, respectively. These parameters
are measured at each lateral position (x, y) by calculating the dis-
tance between the axial location of the upper and lower edges of
the sensor. The edges are detected in each OCT B-scan, as the
interfaces of the sensor and the bottom surface of the imaging
window and skin, respectively, using a Canny edge-detector.*’
The minimum measurable sensor thickness is ~12 um, limited
by the axial resolution of the OCT system in silicone, and the
maximum measurable thickness is ~2.14 mm, limited by the im-
aging range of the OCT system. The minimum change in sensor
thickness that can be measured is determined by the axial pixel
size, ~4 ym in our case. The deformation of the sensor is quan-
tified by strain, ¢, as

I(x,y) = lo(x,y)
lo(x, )’) .

The stress at each lateral position is then estimated from the
stress—strain curve of the compliant sensor, shown in Fig. 1(d),
which was independently measured using a standard compres-
sion tester (Instron, Norwood, Massachusetts). The plate of the
compression tester had a diameter of 40 mm and was used to test
compliant sensors with thicknesses of 1 and 3 mm and with
diameters of 20 and 50 mm, respectively. Given that the mini-
mum detectable change in sensor thickness is ~4 um, for sen-
sors of thickness 1 mm, the minimum measurable strain is
0.004. Assuming a sensor preload of 30%, this corresponds
to a minimum detectable change in stress of ~0.3 kPa.

To provide uniform compression on the corrugated surface of
the skin, the probe has a cylindrical head with an inner diameter
of 10 mm and an outer diameter of 15 mm. A glass imaging
window (2-mm thickness) was fixed to the base of the cylindri-
cal head, providing optical access to the sample, as well as act-
ing as a compression plate. The diameter of the window used in
all scanning sessions, except in one, was 12.5 mm. In the session
scanning the fourth skin lesion, this was replaced with a larger
window of diameter 25 mm. As both of the imaging windows
are larger than the area over which OCT imaging was performed
(8 X 8 mm), and because the thickness of the compressed tissue
was of the same order of magnitude as the diameter of the im-
aging plate, we assume that the tissue undergoes uniaxial com-
pression, that no boundary conditions are present in the region
scanned, and that no gradient in loading is introduced in the
axial direction.

The length of the cylindrical head (13.5 mm), marked as L.
in Fig. 1(a), was set to maximize the probe’s measurable dis-
placement range and also the achievable axial compression in
skin. Maximizing the range of displacement is of particular
importance for body locations containing a thick hypodermis,
the soft layer of subcutaneous fat below the skin. In this
case, a larger probe displacement is required to adequately com-
press the epidermis and dermis. The upper limit for the length of
the cylindrical head was constrained by the working distance of
the objective lens (25 mm) and was set to ensure that the skin
remained in focus in both pre and postcompression scans (the
distance between the objective lens and the bottom surface of the
imaging window could be adjusted in the range 21 to 30 mm).

Optical palpation experiments were performed with two
probe configurations: a handheld setup, where the operator
held the imaging probe in both the pre and postcompression
acquisitions; and a configuration in which the OCT probe

e(x,y) = )]
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Fig. 1 In vivo optical palpation imaging probe: (a) and (b) schematic diagrams of the optical palpation
setup for skin imaging: (a) before; and (b) after compressive loading. L¢ in (a) represents the length of the
cylindrical head of the probe. /y(x, y) in (a) and /(x, y) in (b) represent the local sensor thickness before
and after loading, respectively. (c) Photograph of the probe, demonstrating optical palpation on skin in
vivo. (d) Representative stress—strain curve of the sensor material, used to estimate the local stress from

the measured local strain.

was fixed to a translation stage to allow well-controlled com-
pression of the sample. In the latter configuration, the translation
stage was either fixed to a stand, as shown in Fig. 1(c), or
installed on an articulating arm, similar to one used by our
group previously for OCT skin imaging.**

2.3 Stress Sensor

The translucent stress sensors were fabricated with a thickness
of 1 mm and a diameter of 50 mm using Elastosil® P7676 and
AKSO0 Silicone Fluid (Wacker, Germany), as described in detail
previously.* The mechanical properties of these compliant sil-
icone materials can be controlled by altering the ratios of sili-
cone catalyst, cross-linker, and non-cross-linked silicone fluid.

Because optical palpation measures the sensor deformation
in order to determine stress, a key requirement is that the sensor
stiffness is such that it deforms when compressed against skin.
The sensors used here have a Young’s modulus in the range 7 to
21 kPa. This range matches well with the range previously
reported for skin stiffness.'>!+4647

2.4 Optical Palpation on Skin-Mimicking Phantoms

To assess the performance of our imaging setup, skin-mimicking
phantoms were fabricated using combinations of silicone elas-
tomers similar to those used in the fabrication of stress sensors
and, additionally, Elastosil® RT601 (Wacker). The optical prop-
erties of the phantoms were controlled by adding titanium diox-
ide (TiO,) particles to the silicone mixture prior to adding the
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silicone cross-linker.*> The Young’s modulus of each material
used in the phantoms was independently measured using a stan-
dard compression tester (Instron). We performed optical palpa-
tion on phantoms with the probe fixed to a translation stage
which was attached to a stand. The stress sensors used in
these experiments have a Young’s modulus of 19 kPa.

Two three-layer phantoms, illustrated in Fig. 2, were fabri-
cated with optical, mechanical, and structural properties mim-
icking those of human skin. The superficial layer (Layer A) has
Young’s modulus of 120 kPa and thickness of 200 pgm, mimick-
ing the epidermis. The thickness of this layer is in the range of
the epidermal thickness of human skin, which varies from
~30 — 150 ym for thin skin up to ~500 — 800 um for thick
skin.**4 The softer middle layer (Layer B) has Young’s modu-
lus of 12 kPa and thickness of 1.7 mm, mimicking the dermis.
This layer contains inclusions with Young’s modulus of 120 kPa
and approximate dimensions (xyz) of 1 X 1 X 0.7 mm to mimic
stiff lesions, such as intradermal lipomas.>® The inclusions were
embedded such that they extend in depth to ~0.5 mm above the
top of Layer C. The deepest, softest layer (Layer C) is
2-mm thick with Young’s modulus of 5 kPa, mimicking the
hypodermis.

In Phantom 1, the embedded inclusion has a higher concen-
tration of TiO, scatterers (1.5 mg/mL) than in the substrate
(0.5 mg/mL), providing optical contrast between the inclusion
and the substrate. In Phantom 2, the inclusion has the same con-
centration of scatterers as in the substrate (0.5 mg/mL), result-
ing in negligible optical contrast between the inclusion and
Layer B in the OCT image. The concentration of scatterers is
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Fig. 2 Schematic diagram of the structure of the skin-mimicking
Phantoms 1 and 2. The three layers in the phantoms mimic the
mechanical properties of the epidermis, dermis, and hypodermis,
respectively. The stiff inclusion in Phantom 1 has higher scattering
than the surrounding layer, while in Phantom 2, it has scattering
matched to that of the surrounding layer. The approximate dimen-
sions (xyz) of the inclusions are 1 x 1 x 0.7 mm, and the thickness
of the stress sensor and the layers of the phantom are marked at right.

1.5 mg/mL in Layer A, making this layer distinguishable from
Layer B. Optical palpation was performed on these phantoms by
applying a 2-mm compression between scans.

To assess the performance of optical palpation on uneven
surfaces, we fabricated two silicone phantoms with raised sur-
face features. In Phantom 3, we fabricated a raised feature with
higher stiffness (300 kPa) than the substrate (18 kPa). In
Phantom 4, we fabricated a raised feature with the same stiffness
(18 kPa) as the substrate. The raised features are cylindrical,
with a diameter of 1 mm and length of >5 mm and are parallel
to and partially embedded 200 ym beneath the surface of the
phantom, creating a rounded ridge on the surface, as seen in
Figs. 5(a) and 5(b). In both phantoms, the thickness of the sub-
strate, marked as L in Figs. 5(a) and 5(b), is ~2.6 mm and the
concentration of TiO, scatterers is 0.8 mg/mL throughout.
Optical palpation was performed by bringing the probe into
full contact with the phantom surface. A minimal preload
was applied to the sensor over the raised features, just

(a)

Stress sensor

sufficient to ensure that the probe was in full contact with
the sensor in the precompression scans. The preload was set
by observing, using OCT imaging, the contact between the
window of the probe and the sensor immediately prior to loading
and image acquisition. The postcompression scans were
acquired after applying an additional displacement of
1.1 mm, which corresponds to 30% bulk strain on the system,
including the 1-mm sensor and the phantom.

2.5 Optical Palpation on Skin Lesions

Optical palpation was carried out in vivo on volunteers
(Caucasian, two males and one female, mean age 32) with skin
lesions on the dorsal forearm, the wrist, the dorsal hand, and the
ventral arm. The lesions were a nevus and three scars resulting
from a burn, a sutured laceration, and a surgical excision,
respectively. In each case and prior to imaging, photographs
of the imaging location were taken and the skin lesion and
the adjacent normal skin were marked for 3-D-OCT imaging.
Hair on the imaging location was trimmed using an electric
shaver prior to scanning to reduce shadowing artifacts in
OCT imaging. To minimize friction, the skin and both sides
of the stress sensor were lubricated with silicone fluid before
positioning the sensor on the skin surface. After positioning the
sensor, the imaging probe was brought into full contact with the
sensor. Prior to 3-D-OCT acquisition in the unloaded case, it was
verified by visual inspection of OCT B-scans that potential
sources of artifact, such as compression at an angle or trapped
oil, were not present. To minimize compression and motion arti-
facts, the limb being scanned was supported using sand bags.
After acquiring the unloaded 3-D-OCT dataset, the imaging
probe was lowered to increase the compression in both the sen-
sor and the skin. In the loaded case, the same procedure was
adopted: several OCT B-scans were visually inspected to verify
the absence of artifacts. In the processing routine, if a noticeable
lateral shift between the OCT scans before and after compres-
sion was observed, a landmark in the image, such as a hair fol-
licle, was used to laterally coregister the scans prior to
estimating the axial strain in the sensor. In the results presented,

kPa

20

10

Fig. 3 Phantom 1: (a) and (b) OCT B-scans acquired from the central region of the phantom before and
after compression, respectively. The arrow in (b) indicates the top section of Layer C. (c) En face OCT
image after compression, 580 zm beyond the interface of the sensor and Layer A. (d) Corresponding

stress map.
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kPa
40

0.5 mm

Fig. 4 Phantom 2, in which the optical properties of the embedded stiff inclusion match the surrounding
silicone matrix. (a) and (b) OCT B-scans acquired from the central region of the phantom before and after
compression, respectively. The arrow in (b) indicates the top section of Layer C. (c) En face OCT image
after compression, 840 um beyond the interface between the sensor and the phantom surface, cutting
through the center of the stiff inclusion. (d) Corresponding stress map.

the depth of the en face OCT image plane beneath the sample
surface is reported as a physical length, assuming an average
group refractive index of 1.4 for silicone and 1.43 for skin.’'

3 Results

3.1 Tissue Phantoms

3.1.1  Phantoms 1 and 2: three layers with “dermal”
inclusions

Figure 3 shows the results of optical palpation on a portion of
Phantom 1 that contains a stiff inclusion in the “dermis” layer.
Figures 3(a) and 3(b) show representative OCT B-scan images
before and after loading, respectively. In these B-scans, the
specular reflection close to the top of the image is caused by
the bottom surface of the imaging window. The stress sensor
lies below this surface, appearing as a region of very low scat-
tering between the imaging window and the phantom. The
superficial layer of Phantom 1, Layer A, appears as a high scat-
tering layer above the less scattering middle layer in which
the inclusions are embedded. In the unloaded image, the pen-
etration depth of OCT does not reach the location of the inclu-
sion [Fig. 3(a)], but this inclusion comes fully into the B-scan
field-of-view after compression [Fig. 3(b)]. Also in Fig. 3(b),
Layer C comes slightly into the field-of-view, appearing as a
dark band below the moderately scattering Layer B [indicated
by the arrow in Fig. 3(b)].

As seen in Fig. 3(b), the stress sensor is compressed more
over the stiff inclusion (mean strain ~43%) than over the rest
of the substrate (mean strain ~34%). The 2-D en face map
of stress is shown in Fig. 3(d), illustrating the mechanical con-
trast between the inclusion and substrate. The mean stress above
the inclusion is ~22 kPa, compared with ~14 kPa in the rest of
the phantom. This result demonstrates the ability of optical pal-
pation to detect mechanical contrast in a phantom mimicking a
stiff lesion in the dermis. Figure 3(c) shows an en face OCT
image, taken from a physical depth of 580 ym beyond the inter-
face of the sensor and Layer A. Comparing the OCT image with
the stress map [Fig. 3(d)] confirms that the variation in
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mechanical contrast matches the apparent lateral location of
the stiff inclusion. The spatial resolution of optical palpation
will be discussed below in Sec. 4.

To demonstrate the independence of mechanical and optical
contrast, Fig. 4 shows the results of optical palpation on
Phantom 2, which has the same structural and mechanical prop-
erties as Phantom 1 but contains an inclusion with optical prop-
erties matched to those of Layer B. Thus, the inclusion is not
visible in the OCT image. Figures 4(a) and 4(b) show represen-
tative OCT B-scan images before and after compression,
respectively.

The response of the stress sensor in Fig. 4(b) is similar to that
in Fig. 3(b); a higher axial deformation (~45% mean strain) is
observed above the stiff inclusion compared with the soft sur-
rounding material (~38% mean strain). Figure 4(c) shows an en
face OCT image of Phantom 2 after compression at a physical
distance 840 um beyond the interface of the sensor and the
phantom surface. This en face plane cuts through the center
of the stiff inclusion; however, the inclusion is not visible as it
has the same optical properties as the surrounding layer. The
stress map, shown in Fig. 4(d), provides high contrast between
the inclusion (~30 kPa mean stress) and the soft surrounding
material (~17 kPa mean stress). This experiment demonstrates
that optical palpation can detect features independently of the
optical contrast of the sample. This result also suggests that opti-
cal palpation could provide contrast complementary to that pro-
vided by OCT if the variations in optical and mechanical
contrast were to be different for a given feature.

3.1.2 Phantoms 3 and 4: phantoms with raised surface
features

Figure 5(c) shows the result of optical palpation on a portion of
Phantom 3 containing a stiff, raised feature. This stress map pro-
vides high contrast between the region above the raised feature
(~22 kPa mean stress) and the rest of the phantom (~13 kPa
mean stress). To validate that the higher stress above the raised
feature resulted from its higher stiffness and not as an artifact
of its raised topology, Fig. 5(d) shows the result of optical
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kPa

30

Fig. 5 Optical palpation on phantoms with a raised surface feature. (a) and (b) Schematic diagrams of
the imaged portion of Phantoms 3 and 4, respectively, in which a silicone cylinder with diameter of 1 mm
was partially embedded 200 um below the surface of the phantom. L, the thickness, is ~2.6 mm. (c) and
(d) Corresponding stress maps of Phantoms 3 and 4, respectively.

palpation on a portion of Phantom 4, containing the raised
feature with the same stiffness as the rest of the phantom. In
Fig. 5(d), the mean stress of the raised feature (~9 kPa) is
close to that of the remainder of the phantom (~9.8 kPa).

The results of optical palpation on Phantoms 3 and 4 indicate
that, first, mechanical contrast between a stiff raised feature at
the surface and the rest of a sample is readily observable and
that, second, the raised topology of surface features does not
lead to overestimation of the stress over a raised feature.

In the stress maps presented in Figs. 5(c) and 5(d), two par-
allel regions of lower stress are visible at the left and right sides
of the raised features. These regions appear due to the incom-
pressibility of the sensor material, which links the axial com-
pression with lateral expansion in order to preserve volume.
The lateral expansion of the sensor in the regions adjacent to
the raised features leads to lower axial strain and, therefore,
lower stress than in regions far from the raised features.

3.2 Optical Palpation on Skin Lesions

In this section, we demonstrate the contrast provided by in vivo
optical palpation on skin lesions from volunteer subjects. In
each case, a photograph, en face OCT image and stress map
are presented. The representative en face OCT image was
chosen from the 3-D volume so as to maximize the contrast
between the lesion and the surrounding skin.

3.2.1 Subject 1: nevus

To demonstrate optical palpation in vivo on a clearly delineated
feature, we scanned a nevus (diameter ~2 mm) on the dorsal
forearm. The nevus, shown in the photograph in Fig. 6(a), is
dark, slightly raised, and under manual palpation felt stiffer
than the surrounding tissue. Figure 6(b) shows an en face
OCT image in the unloaded case, 200 ym beyond the interface
of the sensor and the skin surface, in which the nevus appears as

kPa
15

Fig. 6 Subject 1: nevus on the dorsal forearm. (a) Photograph of the region imaged. The red rectangle
corresponds to the field-of-view in (b) and (c). (b) En face OCT image before compression, 200 ym
beyond the interface of the sensor and the skin surface. (c) Corresponding stress map of the skin lesion.
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Fig. 7 Subject 2: a burn scar on the wrist. (a) Photograph of the region imaged. The dashed green line
delineates the scar. The red rectangle corresponds to the field-of-view in (b) and (c). (b) En face OCT
image before compression, 200 um beyond the interface of the sensor and the skin surface.

(c) Corresponding stress map.

a slightly darker region (lower signal), most likely caused by
melanin. The dark, oval-shaped regions around the nevus of
diameter <0.3 mm are hair follicles in cross-section.

Optical palpation was performed on this nevus in a handheld
configuration in which the operator held the probe over the
imaging location. For stability, the arm of the operator was sup-
ported on a cushion and located close to the imaging location.
Using a stress sensor with Young’s modulus of 21 kPa, the stress
map in Fig. 6(c) is obtained, in which high mechanical contrast
is provided between the lesion (~12 kPa mean stress) and the
surrounding skin (~4 kPa mean stress). Comparing Figs. 6(b)
and 6(c), we note that the border of the nevus is more clearly
delineated in the stress map than in the en face OCT image.

3.2.2 Subject 2: burn scar

In Fig. 7, we demonstrate optical palpation on a burn scar result-
ing from a scald with hot oil on the wrist above the radius bone.
This lesion, shown in Fig. 7(a), is mature (>10-year-old),
slightly raised, and stiffer to the touch than the surrounding tis-
sue. The lesion was imaged with the probe fixed to a translation
stage, which was affixed to a stand. Figure 7(b) shows an en face
OCT image in the unloaded configuration, 200 ym beyond the
interface of the sensor and the skin surface. The OCT intensity is
slightly higher in the scarred region. A displacement of 2.6 mm
was applied between the unloaded and loaded scans. The
acquired stress map in Fig. 7(c) shows: higher stress over the
burn scar than over the surrounding skin; clearer delineation of
the scar than the corresponding en face OCT image [Fig. 7(b)];
and heterogeneity of mechanical properties distributed through-
out the lesion.
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3.2.3 Subject 3: suture scar

To demonstrate optical palpation on a flat lesion, we imaged a
portion of a mature scar (>10-year-old) resulting from a sutured
laceration, shown in Fig. 8(a), on the dorsal hand of a volunteer.
Notably, variations in mechanical properties between the scar
and surrounding tissue were sufficiently subtle that, by palpating
the lesion manually with a fingertip, it was not possible to dis-
tinguish the scar from the surrounding skin. To acquire this scan,
we used an articulating arm to facilitate uniaxial compression of
the imaging region and applied a 1.5-mm probe displacement
between the unloaded and loaded scans. Figure 8(c) shows
the stress map, which readily differentiates the scar region from
the surrounding skin. The stress map corresponds well to the
photograph in Fig. 8(a), delineating the region of scarring. Such
contrast is not present in the en face OCT image, shown in
Fig. 8(b), which corresponds to a depth of 330 yum beyond
the interface of the sensor and the skin surface.

3.2.4 Subject 4: hypertrophic scar due to surgical excision

Figure 9 shows the results from a mature (~3-year-old) hyper-
trophic scar on the ventral arm of a volunteer, formed as a result
of surgical excision. The scarred region was stiff and raised due
to an overproduction of collagen characteristic of hypertrophic
scarring. Microvasculature imaging, performed using a speckle
decorrelation technique,** revealed a prolific network of blood
vessels present, which is also characteristic of hypertrophic
scarring.

As this nodular scar, shown in Fig. 9(a), had a diameter com-
parable with the probe head, it was challenging to place the

o N A~ O

Fig. 8 Subject 3: a scar caused by a sutured laceration on the dorsal hand. (a) Photograph of the region
imaged. The dashed green line delineates the scar. The red rectangle corresponds to the field-of-view in
(b) and (c). (b) En face OCT image before compression, 330 zm beyond the interface of the sensor and

the skin surface. (c) Corresponding stress map.
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Fig. 9 Subject 4: a hypertrophic scar caused by surgical excision on the ventral arm. (a) Photograph of
the imaging location. The dashed green line delineates the scar. The red rectangle corresponds to the
field-of-view in (b) and (c). (b) En face OCT image after compression, 270 um beyond the interface of the
sensor and the skin surface. (c) Corresponding stress map.

probe such that both the scar and adjacent skin were com-
pressed. To overcome this, the 12.5-mm diameter imaging win-
dow was replaced by a larger window of diameter 25 mm. To
perform imaging, we used a softer stress sensor (Young’s modu-
lus 14 kPa) to account for the thicker layer of subcutaneous fat at
this imaging location. Using the articulating arm, the compres-
sion angle of the probe was adjusted to be parallel to the plane of
the skin-scar surface, and the probe was displaced by ~12 mm.
Figure 9(b) shows an en face OCT image in the compressed
case, 270 ym beyond the interface of the sensor and the skin
surface. As the scar was elevated, there was a lateral shift
between the OCT scans acquired before and after compression:
1.4 and 1.54 mm shifts away from the fast and slow scanning
directions, respectively, shown in Fig. 9(b) as x and y arrows.
The pre and postcompression OCT scans were manually co-reg-
istered in the lateral direction prior to calculating the strain.

The stress map is shown in Fig. 9(c) and demonstrates high
mechanical contrast between the scar region in the top left of
the image and the adjacent skin. The region of high stress in
Fig. 9(c) corresponds well with the scar region in the photograph
in Fig. 9(a) and the en face OCT image in Fig. 9(b), in which the
scar appears as a region with a slightly higher OCT signal in the
top left.

4 Discussion

The results presented here demonstrate the ability of optical pal-
pation to provide mechanical contrast between lesions and the
surrounding skin, which exceeds that available from OCT im-
aging alone. An advantage of optical palpation over many OCE
techniques for imaging mechanical contrast in vivo is that phase-
sensitive detection is not required, placing less stringent require-
ments on the OCT system. Additionally, as optical palpation is
derived from the OCT signal in the stress sensor, it can be used
to map the mechanical properties of even very opaque tissue.

The use of a compliant layer enables this technique to pro-
vide useful measurements when the skin surface is uneven, as its
conformity to the surface topography allows sufficiently uni-
form stress to be applied across the sample surface. This feature
is highlighted by the results on the phantoms with raised features
and in three of the in vivo results, where the imaged lesions had
raised and irregular surfaces.

In this study, we aimed to probe mechanical contrast pro-
duced within the epidermis and dermis. As the tissue beneath
the dermis, such as the hypodermis and bone, also influences
the contrast in optical palpation, several steps were taken to min-
imize its influence. First, we found that the presence of a thick
layer of hypodermis required significantly higher displacements
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of the imaging probe before the mechanical contrast in the
superficial layers of skin could be observed. If the hypodermis
was insufficiently loaded, then we observed bulk motion of the
sensor during loading, as the hypodermis compressed in pref-
erence to the stiffer superficial layers, precluding our ability
to measure stress. To achieve mechanical contrast from the der-
mis also required this layer to compress in the loaded state. To
meet these two demands, we fabricated sensors with stiffness
intermediate between that expected of the dermis and hypoder-
mis, allowing both layers to be compressed. Underlying bone
also influences the contrast in optical palpation. In particular,
an uneven distribution of bone within the region under compres-
sion introduces a gradient in stress that is largely independent of
the mechanical properties of the superficial skin layers. To mit-
igate this effect, we chose the smallest probe size that provided
both sufficiently uniform loading and an adequate imaging field-
of-view. Gradients in stress also result from the probe and the
underlying bone not being parallel. Consequently, an important
aspect of the imaging protocol involved careful alignment of the
probe to the skin surface, as described in Sec. 2.5.

As part of our imaging protocol, during the probe displace-
ment and while performing imaging, volunteers were asked to
report any pain or discomfort. Additionally, the operator used
real-time feedback of the sensor compression observed in
OCT B-scans as an indicator to avoid overloading the tissue.
During image acquisition, we utilized the minimum probe dis-
placement necessary to produce strain contrast in the sensor. For
cases in which very high skin compression is needed to produce
contrast, the stress observed in the stress—strain curves of the
sensors at 70% strain (the highest strain level characterized)
is less than 205 kPa. This level of stress is below the reported
pain threshold for humans (0.4 MPa)*> and far below the
reported pain tolerance values (~0.5 — 1.1 MPa).?>>>3 In the
results presented here, the measured stress was always <20 kPa.

The lateral resolution of optical palpation has previously
been reported to be 180 um.** This measurement was obtained
using a phantom comprising a column of soft silicone, with
Young’s modulus 20 kPa, adjacent to a column of stiffer sili-
cone, with Young’s modulus of 4 MPa. While this measurement
is to some extent representative of the lateral resolution in opti-
cal palpation imaging of skin in vivo, it is important to note that
the resolution is dependent not only on that of the optical im-
aging system, but also on the structural and mechanical hetero-
geneities within the sample and, consequently, is likely to vary
for different skin regions. For the phantoms used in this study,
using the technique reported previously,*? we measured lateral
resolutions in the range 160 to 390 um. The measured values
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correspond to the 10% to 90% spatial “step” response of the
stress at the interface of the inclusion and the adjacent phantom
matrix. Insight into the variation in lateral resolution can be
gained by considering the different geometries and mechanical
contrasts in the phantoms reported here. In particular, phantoms
1 and 2 demonstrate how feature geometry can impact the lateral
resolution in optical palpation. In these phantoms, the axial
thickness of the inclusions is small compared with the overall
phantom thickness (Fig. 2), and consequently, the edges of the
inclusions are blurred in the stress maps [Figs. 3(d) and 4(d)].
The resolution of optical palpation is also linked with the com-
pressibility of the material used in the stress sensor. We have
used soft silicone sensors with Poisson’s ratio of ~0.5 (nearly
incompressible), which signifies that the axial compression in
the sensor is accompanied by lateral expansion, which also con-
tributes to blurring of the feature boundaries detected. Further
studies incorporating models of skin deformation are required
to rigorously assess the variation in resolution caused by the
presence of heterogeneity within skin.

The lateral resolution reported here (160 to 390 pm) for opti-
cal palpation on skin-mimicking phantoms is much higher than
that of methods which record the mechanical behavior of skin by
averaging it over the region being probed: including the cutom-
eter (2 mm),?! tonometer (I mm),?? twistometer (3 mm),>* and
indentation testers (2 to ~6 mm).'** There is scope to improve
the lateral resolution toward that of the underlying OCT reso-
lution by using inverse methods. Such methods have been pro-
posed in related tactile imaging techniques.’’

In the 2-D stress map in Fig. 6(c), we note additional struc-
tures caused by the skin microrelief. Skin microrelief refers to
the fine intersecting lines on the outermost layer of skin, which
are visible in Fig. 6(a). This contrast does not arise from higher
or lower stress in the sensor; rather, it arises from a limitation of
our edge-detection algorithm in accurately detecting the bottom
surface of the sensor. The skin microrelief restricts the stress
sensor from making full contact with the skin. As the OCT sig-
nal from the interface of air and skin is stronger than that from
the interface of the sensor and air, our algorithm detects the for-
mer interface rather than the latter. One means to remove this
small artifact could be to add a thin, high-scattering layer of sil-
icone to the sensor surface that is in contact with the sample and
to estimate the thickness of the sensor as that of the low-scatter-
ing region. Using spin coating techniques, it may be possible to
make very thin (<10 um) layers for this purpose.

The results on phantoms presented here demonstrate that
optical palpation can tolerate surface unevenness comparable
with that found in skin. Further studies are required to establish
the degree of unevenness that may be tolerated. Additionally,
optical palpation on skin in vivo could potentially be extended
to provide quantitative measurements of elasticity by calculating
the strain in the tissue, i.e., by combining optical palpation with
compression OCE. ¥

5 Conclusion

Assessing the mechanical properties of skin at submillimeter
spatial resolution has great potential to aid in the assessment
of a number of skin pathologies. In this paper, we presented
the first demonstration of optical palpation on human skin
in vivo, which probes the mechanical properties of skin by meas-
uring the local stress imparted to a compliant sensor placed on
the skin surface. Our in vivo imaging probe was first validated
on skin-mimicking phantoms, demonstrating the mechanical
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contrast of a lesion embedded in the artificial dermis layer
and confirming that the stress maps provide useful mechanical
contrast even in the presence of irregular surface topology. Our
in vivo results on a range of human skin lesions demonstrate the
ability of this technique to provide high spatial resolution and
mechanical contrast, enabling submillimeter delineation of the
borders of stiff lesions and providing additional contrast com-
pared with the corresponding 3-D-OCT image.
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