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Abstract: Optical coherence tomography (OCT) and OCT angiography (OCTA) have been
increasingly applied in skin imaging applications in dermatology, where the imaging is often
performed with the OCT probe in contact with the skin surface. However, this contact
mode imaging can introduce uncontrollable mechanical stress applied to the skin, inevitably
complicating the interpretation of OCT/OCTA imaging results. There remains a need for a
strategy for assessing local pressure applied on the skin during imaging acquisition. This
study reports a handheld scanning probe integrated with built-in pressure sensors, allowing
the operator to control the mechanical stress applied to the skin in real-time. With real time
feedback information, the operator can easily determine whether the pressure applied to the skin
would affect the imaging quality so as to obtain repeatable and reliable OCTA images for a more
accurate investigation of skin conditions. Using this probe, imaging of palm skin was used in this
study to demonstrate how the OCTA imaging would have been affected by different mechanical
pressures ranging from 0 to 69 kPa. The results showed that OCTA imaging is relatively stable
when the pressure is less than 11 kPa, and within this range, the change of vascular area density
calculated from the OCTA imaging is below 0.13%. In addition, the probe was used to augment
the OCT monitoring of blood flow changes during a reactive hyperemia experiment, in which the
operator could properly control the amount of pressure applied to the skin surface and achieve
full release after compression stimulation.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical coherence tomography (OCT) is a well-established imaging modality capable of providing
high-resolution, three-dimensional (3D) and real-time imaging non-invasively [1]. Optical
coherence tomography angiography (OCTA), as a powerful functional extension to the OCT, can
provide functional blood vessel information without a need for contrast agents [2]. OCT and OCTA
have now been translated to clinical ophthalmology [3–7], endoscopy [8–12] dentistry [13,14],
neuroscience [15–17], and becomes more and more popular in dermatology [18–22]. Despite
its attractiveness, there are several inherent issues in OCT/OCTA skin imaging acquisitions: a)
unavoidable tissue motion; b) skin natural curve that leads to a difficulty to keep targeted region
of interest within system available ranging distance; c) high scattering or specular reflection from
the skin surface that can shadow the tissue information at deeper layers.

Previous studies have shown that a topical application of optical clearing agents (OCA), such
as glycerin and ultrasound gel, can efficiently reduce scattering effect, thereby enhancing the light
penetration depth and improving the imaging contrast [23–25]. Additionally, an OCT adapter
cap with a glass window has been used to cover the scanning region during imaging acquisition
to reduce the motion relative to the OCT probe, mitigate the skin natural curvature and suppress
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high backscattering from the skin surface [26–28]. While this approach demonstrated reasonable
successes, the drawback is that the uncontrolled mechanical stress exerted on the skin inevitably
impacts the skin optical property and blood perfusion, thereby affecting the OCT/OCTA imaging
to an unknown degree [29]. Therefore, it is critically important to monitor and control the force
or mechanical stress applied on the skin surface during OCT imaging when a glass window is
used in the procedure. To achieve this, we aim to develop a built-in force sensor in an OCT
handheld probe. For easy operation of the handheld probe, the built-in force sensor should be
thin enough, sufficiently light, and provide real-time response.

Whilst there are many different force sensors available for use, we selected to use force-sensing
resistors (FSR) in this study to be built into the OCT probe since they are compact, lightweight,
cost-effective, and easily customizable [30]. FSRs have been widely incorporated into numerous
biomechanical applications [31,32]. FSRs are composed of conductive polymers that exhibit a
responsive relationship between resistance and mechanical force or pressure that is being applied
[33]. Using a microcontroller, the change in its resistance can be interpreted within 1ms, allowing
the applied pressure to be resolved in real-time.

In this study, we report a handheld scanning probe with built-in force sensors, allowing the
operator to assess and monitor the external forces (therefore the pressure) applied on the skin
during OCT imaging procedure. To demonstrate the potentials of pressure sensors in OCT
imaging acquisition, we investigated how the pressure variations on the skin would have an effect
on OCTA imaging as well as the blood flow real-time response to an application and subsequent
release of the external force exerted on the skin, i.e., the well-known skin hyperemia experiment.

2. Method

2.1. Considerations and design of pressure sensor with the OCT probe

The demand to measure the pressure exerted on the skin surface during OCTA imaging acquisition
arises from the need for imaging repeatability and reliability, aiming for quantitative assessment
of microvascular responses under either disease or stimulation conditions. Uncontrolled pressure
due to the contact of the glass window of the OCT probe with the skin surface can complicate
the interpretation of subsurface microvascular information. To measure the force or pressure
exerted on the skin surface, the most straightforward approach is to sandwich a force sensor
between the skin and the round-glass window [34,35], i.e., the sensor in direct contact with skin
. This requires the sensor material to be optically transparent and not interfere with the OCT
probe beam. However, we did not find such a commercial off-the-shelf sensor that meets this
requirement. To avoid the interference of the sensor with the optical beam, we decided to place
three small FSRs equidistantly at the periphery of the round-glass window to form a ring shape,
leaving the middle region of the glass window transparent for the light transmission. This design
would not only solve the concern about OCT light passing, but also could reflect whether the
force applied to the skin is uniform based on the distribution of pressures sensed by the three
FSRs.

Another consideration is the use of OCAs (e.g., glycerin and ultrasound gel) for the purpose of
refractive index matching with the skin [23]. If the sensors are in direct contact with skin, then
the index matching gel would make the sensors prone to contamination. Therefore, we opted for
a design where the force sensor is placed between the glass window and the probe, rather than
having the sensor in direct contact with the skin. This design is reasonable because the force
introduced by the contact of the glass window with the skin surface is approximately equal to
the force between the glass window and the probe during imaging. A schematic of such design
by taking the considerations above is shown in Fig. 1. To improve the flexibility, the design is
made detachable and snap-on format so that it is applicable to a variety of OCT probes. Here, for
the detachable attachment used in this study, it was customized to fit the LSM03 objective lens
(Thorlabs Inc, USA) employed in the handheld probe of OCT system.
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Fig. 1. The design schematics of the detachable attachment integrated with force sensors.
(A) The overall design of the snap-on attachment that fits to the OCT probes. (B) The
cross-sectional view of the design. (C) The perpendicular view at the level of the layout
of three sensors, above the glass window, within the attachment. (D) Sensor resistance
measurement and resistance-pressure conversion circuit, where R1=R2=R3= 3.3kW.

The OCT system along with the handheld probe specially designed for skin imaging have
been described in detail in our previous publications [26,36]. Here, we introduce the detachable
attachment in some detail in this section. The customized attachment was used to adjust the
distance between the objective lens and the skin surface. We integrated the force sensors into this
attachment. As shown in Figs. 1(A) & 1(B), the snap-on attachment consists of : 1) a round-glass
window (BK7 glass, 20mm diameter, 1mm in thickness, Micro-Store) that is situated at the
distal end of the attachment, and its outer face would be in direct contact with the skin surface
during imaging; 2) a base holder that is right above the glass window and acts a support for the
attachment; 3) three force sensors (FSR 402 with a diameter of 12.7mm, Interlink Electronics
Inc. [39]) that are located at the outer face of the base holder and placed equidistantly with a
ring shape with a diameter of 42 mm at the periphery region, leaving a clear window in the
center (diameter 20 mm) for imaging (Fig. 1(C)); 4) three force concentrators made of a kind
elastic rubber ensure that the force loads are concentrated within the sensing area of the FSR
and minimize the shear effects from non-normal loads, allowing the contact force to be evenly
distributed across the force sensors to optimize sensor linearity and repeatability; and 5) a cap
adapter that provides a tight-fit to the scan lens. The base holder and cap adapter were 3D
printed to fit the size. Figures 1(B) and 1(C) show detailed layout of the attachment. Each
FSR is connected in series with a reference resistor in the circuit (Fig. 1(D)) that converts the
forces into electrical signals via an Arduino board (Arduino Uno, Arduino Store) that is fed
into the proprietary OCT controlling software (in LabView platform) for real-time monitoring,
documentation and display to aid the operator during imaging. The whole snap-on attachment is
lightweight and compact (35 grams) and can be adapted for use in various OCT devices.
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2.2. Sensor calibration

The resistance of the FSR force sensor decreases with the increase of contact force exerted on the
active area. Figure 2(A) shows an overview of its typical response behavior for the force range
between 0 to 10000 grams [39]. Considering the actual force applied to the skin that is relatively
light, we chose the force range of interest between 100 and 1500 g (highlighted light-yellow in
Fig. 2(A)) for calibration. Over this range, the relationship between the force (in grams) and
resistance follows a power law characteristic [39,40] with:

F = k ·
1
Rx , (1)

where R is the measured resistance of force sensor when a force is applied on the active region, F
represents the force (in grams), and k and x are calibration parameters that are dependent on the
actual sensor characteristics. According to the circuit in Fig. 1(D), the resistance of the sensor, R,
can be obtained following the equation:

R = Ri

(︃
VCC

VAi
− 1

)︃
. (2)

where Ri (i= 1,2,3) represents the reference resistance, VCC is stimulation voltage, and VAi
(i= 1,2,3) is the measured voltage across the reference resistance.

Fig. 2. Sensor calibration. (A) The force-resistance characteristics for the FSR sensor [39].
The shaded yellow square highlights the calibrated force range in this study. (B) Fitting
curves from the calibration (dashed lines) to Eq. (1) to obtain the calibration parameters
of k and x; and the measured forces from the sensor versus the applied known forces after
the sensors are calibrated (solid lines). The triangles in the bottom graphs indicate the
measurement errors after calibration.

The part-to-part variability of this type of pressure sensor is up to ±25%, highlighted by the
dark dashed lines in Fig. 2(A). To mitigate the variability, each sensor was individually calibrated
by fitting the relationship between the sensed resistance and the applied forces using Eq. (1) to
find the parameter k and x. To perform the calibration, we added reference forces, F, to the sensor
sequentially and recorded the resistance, R, of the sensor accordingly. For each sensor, three
independent measurements were repeated at each reference force, and the average was taken to
minimize the noise-induced variations. The parameters k and x were then obtained by fitting the
reference forces and corresponding measured resistances under the force to the Eq. (1). After
this calibration procedure, the sensors are ready to use in the OCT probe to provide real time
readings and documentation of the pressure applied onto the skin surface.
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2.3. OCT/OCTA imaging and participants

After the snap-on attachment was fabricated in the lab and calibrated, we tested its utility in
the OCT/OCTA imaging using an in-house-built swept-source OCT (SS-OCT) system. The
system employed a 200 kHz swept laser source (SL1310V1-10048, Thorlabs Inc.) with a central
wavelength of 1310 nm and a bandwidth of 100 nm, giving an axial resolution of ∼7 µm in air
[26]. An LSM03 objective lens (Thorlabs Inc, USA) was used to deliver the light onto sample,
giving a lateral resolution of ∼25 µm according to Rayleigh criterion. With the probe beam
delivered to the sample at ∼5mW, the system had a measured signal to noise ratio at ∼100dB.
An OCTA imaging protocol was used to obtain OCTA images from the scanned tissue volume,
where we acquired four repeated B-frames at each B-frame location to produce one blood flow
B-scan using an algorithm termed as optical microangiography (OMAG) [37,38]. Each skin
imaging volume covered a region of ∼ 8× 8× 1.5 mm (∼ 800× 800× 200 pixels) in the x (fast
axis), y (slow axis) and z (penetration into the skin) directions, respectively.

To investigate the likely impacts on OCTA imaging with different levels of mechanical stresses,
we acquired 3D OCT/OCTA imaging of skin in human subjects. Before OCT/OCTA imaging,
cleaning and disinfection on the imaging area were performed and then a drop of index matching
liquid (glycerin) was applied to the skin surface to reduce the specular reflection effect on the
final results [24]. Then, we sequentially increased the pressure applied to the skin, starting from
no pressure to four strength levels (i.e., ∼ 11, 17, 32, 69 kPa). When each strength level was
stabilized, an OCT/OCTA image was captured. In order to test the repeatability of OCT/OCTA,
we performed four sessions. Each session included five imaging points at different pressures (i.e.,
∼ 0, 11, 17, 32, 69 kPa) and a 15-minutes rest for a complete recovery of skin condition.

After obtaining OCT/OCTA data, we segmented each volume into three depth slabs measured
from 245–392, 392–672, and 672–980 µm below the skin surface to compare the vascular
response to external force stimulation at different depths. The tail-like artifacts from the strong
forward scattering of erythrocytes would make vasculature at deep layers difficult to interpret,
therefore, we utilized a previously published strategy to reduce such tailing artifacts [41–43].
For the visualization and quantification purposes, maximum intensity projection (MIP) en face
imaging of the OCTA volume was generated from each slab. The OCTA was analyzed by
using vessel area density (VAD) [44] extracted from the MIP en face imaging to indicate the
repeatability of OCTA using an algorithm clinically validated in numerous ophthalmology studies,
e.g. in [45]. The repeatability of OCTA imaging among different sessions was analyzed by using
the intraclass correlation coefficient (ICC) [46].

Next, we investigated the utility of the proposed integrated probe on the well-known hyperemia
experiment in skin. In a previous study on skin hyperemia [29], researchers induced force on
the skin by manually adjusting the OCT probe but did not monitor or control the level of forces
applied to the skin, resulting in inconsistent pressure being applied and incomplete pressure
release, thereby increasing experiment bias and inevitable variations in the final results. This
issue can be solved by using our proposed snap-on attachment that can provide the real-time
information about the exact external force applied to the skin. While 3D OCTA scans can directly
show the distribution of skin blood flow under different pressures, there remains an issue. That
is, each 3D volume takes about 8 seconds, which would make it difficult to capture the peak
hyperemia perfusion and recovery process after the release of mechanical stress. To mitigate
this problem, we decided to use a repeated B-scan strategy, i.e. BM scan mode, instead of a 3D
scan to demonstrate the reactive hyperemia features with the pressure stimulation. To achieve
that, with the OCT system running at 285 frames per second, 30,000 repeated B-frames were
continuously collected at the same location over a period of ∼105 seconds. Over this period,
the pressure was applied to start at the 8th second and gradually up to 70kPa over ∼10 seconds,
then stayed relatively stable for ∼20 seconds, and finally released at the 38th second. Similar
to 3D OCTA data processing, four consecutive OCT B-frames were collapsed into one OCTA
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B-frames using the OMAG algorithm. In effect, each temporal dataset consisted of 7,500 OCTA
B-frames with each B-frame consisting of 500 A-lines (covering ∼8mm), allowing an OCTA
imaging rate up to 71.25 frames per second. This imaging speed provides sufficient temporal
resolution to observe blood volume response to the applied pressure changes.

Three volunteers were participated in this study for OCT imaging. The use of OCT laboratory
equipment on human subjects was approved by the Institutional Review Board (IRB) of University
of Washington. This study followed the tenets of the Declaration of Helsinki and was conducted
in compliance with the Health Insurance Portability and Accountability Act. And written consent
for imaging was obtained from each participant.

3. Results

3.1. Sensor performance

The force sensors were calibrated individually according to the description in Section 2.2 prior
to assembling the attachment. Figure 2(B) shows the calibration results, where the dash lines
show the fitting results for the FSRs resistance responses under the reference forces from 100 g
to 1500 g using Eq. (1), with the three colors representing the three sensors used. The symbols
on the dashed lines (circles, squares and asterisks) are the actual measured values (average from
three trials) for the individual sensors. Such fitting gave the calibration parameters k and x for
each sensor, which were then plugged in Eq. (1) to provide real time measurement of the force
applied onto each sensor. After this calibration procedure, we tested the sensor readouts with a
set of applied known forces. The results are given by the straight lines in Fig. 2(B), showing a
linear relationship between the sensed results and the applied forces, where again the symbols of
circles, squares and asterisks are the actual sensor readout values for each sensor. The regression
for all the sensors indicated (r= 0.99 and p ∼ 0.0), demonstrating an excellent linear relationship
between the measured and the applied forces. The measurement error was also assessed less than
5% for each sensor, as shown in the bottom graph of Fig. 2(B).

After the calibration and assembly, the final pressure applied to the skin is obtained through
dividing the sum of the forces detected from the three FSRs by the contact area of the glass
window with the skin (i.e., 3.14 cm2), and displayed on the computer screen in real time to guide
the operators during imaging procedure. The process was faster (<1ms) than the acquisition
time of a B frame image, which would meet the requirement of pressure analysis in most contact
mode imaging applications. In addition, the pressures are also documented synchronously with
the OCT/OCTA imaging for later analyses if necessary.

3.2. OCTA imaging changes with mechanical stress variations

Figure 3 shows a series of in vivo OCTA en face images (Figs.3 A-E) acquired from the palm
skin site in a 31-year-old participant with a range of controlled pressures from 0kPa to 69kPa
exerted on the skin surface, respectively. Because of 3D OCT/OCTA in nature, we also separated
the microvascular information at the selected depths: 245-392µm (Figs.3 F-J), 392-672µm
(Figs.3K-O) and 672-980µm (Figs.3 P-T), respectively, measured from the skin surface. In
addition, to indicate the slab positions that were referenced for extracting the depth resolved
vascular information, the selected OCTA B-frame images are given in Figs. 3 U-Y for information.
Visually, capillary morphology without pressure (Figs. 3(A) and 3(U)) and with mild pressure
at 11kPa (Figs. 3(B) and 3(V)) is similar and homogenous, suggesting that there is no apparent
effect on the vasculature (at least for OCTA imaging) when the applied pressure is up to a level
of 11 kPa in this subject. The change in VAD calculated from the MIP images was below 0.13%,
indicating that stable and consistent OCTA images can be obtained with the pressure values less
than 11 kPa. However, with the increase of pressure, the vascular density starts to diminish from
a pressure level of 17 kPa (Figs. 3(C) and 3(W)), progressively to 32 kPa (Figs. 3(D) and 3(X))
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and eventually the blood flow is almost ceased (within a tissue depth of ∼1mm) at the level of 69
kPa (Figs. 3(E) and 3(Y)).

Fig. 3. The changes in OCTA imaging upon the applied pressures on the skin surface. (A-E)
the en face OCTA maps of the whole skin depth from 245-980 µm under the pressure of 0,
11, 17, 32, 69, respectively, as shown. (F-J) the same as in (A-E) but the selected slab depth
of 245–392 µm. (K-O) the same as in (A-E) but the selected slab depth of 392–672 µm.
(P-T) the same as in (A-E) but the selected slab depth of 672-980µm. (U-Y) representative
OCTA B-scans at the position marked as dashed white line in (P-T), where the green square
indicates the depth of 245–392 µm below the surface; the yellow square indicates the depth of
392-672 µm below the surface; and the red square indicates the depth of 672-980 µm below
the surface. All en face vascular maps were produced by maximum intensity projection.
Color bar represents vessel depth. Scale bar represents 1 mm

From the depth resolved OCTA images, the response trend of the blood vessels in each layer to
the applied pressure is similar to that of the whole layer (i.e., 245–980 µm from the surface). The
top layer of the dermis (Figs. 3(F)-(J)) appeared to undergo more obvious changes after external
force stimulation than the other two layers (Figs. 3(K)-(O), and Figs. 3(P)-(T)). This may be
due to small capillaries being more sensitive to external pressure changes. Figure 4 shows the
quantitative comparisons of VAD under different pressures, corresponding to the appearance of
OCTA images shown in Fig. 3. In addition, the repeatability study showed that all ICCs of the
VAD derived from the OCTA imaging were greater than 0.90 (Table 1), indicating an excellent
repeatability of OCTA imaging [46].
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Fig. 4. The alteration in vessel area density (VAD) upon the applied pressures. The curves
shown are from the whole skin depth (245 - 980 µm), and the slab depths of 245-392 µm,
392-672 µm and 672-980 µm, respectively. Error bar represents standard deviation from
four sessions. *, P value< 0.05; **, P value< 0.01; ***, P value< 0.001.

Table 1. Intraclass correlation coefficient (ICC) among the four tested sessions.

Depth (µm) 245-980 245-392 392-672 672-980

Intraclass Correlation Coefficient (ICC) 0.946 0.971 0.933 0.908

As expected, our study demonstrated a strong correlation between the applied stress and OCTA
imaging appearance (Fig. 3) and quantification (Fig. 4). In general, the compression of skin
results in the reduction of skin blood flow, interstitial fluids, skin thickness and closer packing of
tissue components [23,47], which leads to an alteration in the tissue optical property [48]. Here,
for OCTA imaging, blood flow reduction is more dominant than other effects on imaging quality.
Even though we applied a uniformly distributed pressure to the skin surface, the appearance of
the blood vessels exhibited heterogeneous at pressures of 32 kPa and 69 kPa. It might be because
of uneven topology of the tissue surface and heterogeneous content of tissue. Previous studies
extracted the optical property of the skin, such as optical attenuation coefficient (OAC) [49–52],
tissue mechanical [53–56] and birefringent information [20,21], to assess wound healing [57]
and skin tension lines [58] by using OCT, however the results were interpretative without the
consideration of the potential impact of the compression on the skin. We expect that with the help
of pressure sensors during imaging, these measurements would be more reliable and repeatable,
giving rise to more accurate interpretation of the final results.

3.3. Application of pressure sensors in the hyperemia experiment

Figure 5 shows the changes in the blood flow in the palm skin tissue beds after the application of
external force (up to ∼ 70kPa) and subsequent release. Figure 5(A) is an en face OCTA image that
was used to guide the repeated scanning protocol, where the dashed line indicates the location to
acquire temporal OCT (Fig. 5(B)) and OCTA B-scans (Fig. 5(C)). From the temporal OCTA
B-scans, the blood flow was assessed from a slab region of interest that was segmented from
245 to 980 µm measured from the surface as marked by dashed box in Fig. 5(C). Figure 5(D)
is resulted from the MIP projection of this selected slab to indicate the temporal blood flow
response at the B-scan cross-section to the applied pressure and then release. To facilitate the
visualization, we summed the OCTA blood flow signals within the slab region of interest at each
B-scan (to indicate the blood volume), and then plot after the normalization against the time
(Fig. 5(E)), where the pressure measured by the sensors is also plotted alongside for comparison.
Both the results (Figs. 5(D) and 5(E)) demonstrate that the blood volume first decreased due to
the external pressure, then produced reactive hyperemic perfusion right after the subsequent
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release of external force at the 38th second, and finally returned to the baseline level. In addition,
we observed that besides the variations, the blood flow seemed to fluctuate periodically, likely
due to the pulsatile nature of the blood. To confirm, we performed a Fourier transformation on
Fig. 5(E). Figure 5(D) is the calculated frequency spectrum, showing a characteristic frequency
peak at ∼1.1 Hz (highlighted by the red asterisk) that was matched well with the heart rate of
the subject (measured separately by a heart rate monitor), confirming that such fluctuations in
blood volume is caused by pulsatile blood movement within the vascular tree. Figure 5(G) is the
magnified view of a selected time window of ∼ 3s in Fig. 5(E), where the periodic pattern with
minor local fluctuations is evident that resembles the pulsatile waveform, typically seen in clinic.
Meanwhile, the shape of the periodic pattern is also observed to slightly vary under different
pressures (Fig. 5(E)).

Fig. 5. The blood flow response to the application and subsequent release of external force
to simulate the reactive hyperemia experiments. (A) The en face OCTA map under no
pressure that was used to guide the repeated B-scans to generate temporal blood flow signals,
where the dashed line indicates the location of the time series of repeated B-scans. The
scale bar represents 1 mm. (B) the illustration of collected time series of OCT B-scans and
(C) corresponding temporal OCTA B-scans where the selected slab region of interested is
marked by white dashed box. (D) Maximum intensity OCTA projection from the region
of interest shown in (C) over 105-second repeated B-scans. (E) the blue trace indicates
the time series of blood flow signals that was obtained by summing the OCTA signals
within the region of interest at each B-scan shown in (C). The measured pressures (light red
color) during the entire experiment are plotted alongside with the blood flow signal for easy
comparison. (F) The frequency power of the time series of blood flow signals in (E). The
red asterisk indicates the pulsatile component that is measured at 1.1 Hz. (G) Magnified
image of the selected time window of ∼3s highlighted in the dashed rectangles shown in (E).
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The reason for the reactive hyperemia is that the localized pressure applied to the skin activates
a large number of cutaneous receptors, leading to vasodilation that gives rise to an increase of
skin blood flow. This response can protect skin from ischemia during pressure stimulation [59].

However, some conditions, such as diabetes [60], hypertension [61], aging [62] and atheroscle-
rosis [63], can impair this protective mechanism of the microvasculature. Therefore, reactive
hyperemia may be utilized as a biological indicator with respect to peripheral microvascular
function [64]. Wang-Evers et al. [3] reported that OCT imaging had the ability to provide
functional information of the microvasculature related to age and blood pressure that might help
assess overall vascular health. However, uncontrolled pressure applied to the skin during the
experiment may add the burden to the already traumatized skin microvasculature and lead to
inaccurate experimental results. Moreover, Xie et al. [65] and Gong et al [27]. reported that
OCTA can be used to detect microvascular pulsatility in the peripheral circulation in human skin,
in which waveforms are similar to Fig. 5(E). These two prior studies did not mention the influence
of external pressures on the pulsatile waveforms. However, we did observe that such waveform
shapes varied under different external pressures. It could be argued that when performing the
hyperemia and pulsatile experiment, pressure sensors may be required to help control the external
pressure during OCT imaging acquisition. While the observations of blood responses to the
applied pressure are sufficiently interesting and may be explored to further our understanding of
reactive hyperemia in normal and diseased conditions, the investigation of their physiological
meaning or clinical relevance is beyond the scope of the current study. Here, we focused on
introducing an augmented pressure sensor during imaging so that the applied level of pressure
onto the skin surface can be precisely controlled and monitored.

4. Discussion and conclusions

In the OCT/OCTA imaging of skin, the use of a glass window in contact with skin has become a
good practice. This strategy aims for obtaining repeatable and quality images to facilitate the
quantification effort through mitigating tissue motion relative to the OCT probe and minimizing
the specular reflections from the skin surface. While efficient, this method can inevitably introduce
uncontrollable mechanical stress on the skin surface, leading to an alteration of the skin optical
property which could affect the measurement/imaging of functional microvascular flows within
skin tissue beds. Such effect would in turn give rise to the complications in the interpretation
of the OCT/OCTA results. Despite of this issue, several research groups have utilized OCT
together with this strategy to analyze reactive hyperemia [29], pulsatile waveforms [27,65], and
blood glucose [47], where the skin contact introduced mechanical pressure was unfortunately not
controlled, nor documented. Therefore, there is clearly a need for the monitoring and control of
the applied pressure on the skin surface during OCT/OCTA imaging acquisition. To the best of
the authors’ knowledge, the work presented in this study demonstrates for the very first time the
ability of pressure sensors to aid in acquiring reliable OCT/OCTA images. A handheld OCT
probe combined with built-in force sensors was developed and its potential for skin imaging was
demonstrated. With the pressure values provided by the force sensors in real time, an operator
can easily determine whether the pressure applied to the skin is within an acceptable range that
would not affect OCTA imaging of microvascular information and help to obtain repeatable
OCTA images for later quantification purpose. Moreover, when performing reactive hyperemia
experiments, the real time monitoring of the applied pressure on the skin would provide a key
maneuver information that can guide the operator to properly conduct a successful experiment.

Although the current development of an augmented snap-on attachment to the OCT probe
is useful in providing the operators with controlled pressure on the skin surface, it should be
noted that there are several limitations in our study. Firstly, the FSR integrated in the OCT probe
has lower accuracy than other types of force sensors, such as load cells or strain gauges [66].
However, these other types of sensors are not as compact as FSRs. It is also worth noting that the
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precise assessment of the pressure applied on the skin is not the goal of the built-in force sensors.
Our current development is merely aimed to provide the operator with a controlled level of skin
pressure so as to obtain consistent and reliable OCT/OCTA imaging that can provide meaningful
quantification results of microvascular information within skin tissue beds. We believe that the
precisions of the chosen FSR sensors are sufficient to monitor noticeable changes in microvascular
information upon the application of the external forces on the skin surface. Secondly, we only
investigated the effect of pressure on OCTA imaging. To further demonstrate the potentials of
pressure sensors in future studies, some other optical properties based on OCT imaging, such as
optical attenuation, biomechanical and birefringent properties of the interrogated tissue, could
also be analyzed and compared at different pressures under the guidance of the pressure sensor,
so that more accurate results can be obtained by removing the possible complications of the
contact effect from the interpretation of results. Thirdly, the experiments in this study were
only performed on the palm skin, therefore, results are not representative of the skin reaction at
other body sites. Based on our previous experiences, facial skin is more sensitive to external
pressure compared to the palm skin, while the abdomen skin does seem to be less sensitive to
external pressures. However, the goal of study is aimed at showing the usefulness of real time
monitoring of the pressure exerted on the skin surface in order to obtain reproducible and reliable
OCT/OCTA skin images.

In summary, we have successfully developed built-in pressure sensors in an OCT handheld
probe and demonstrated the application of the pressure sensor in the skin OCTA research.
Continued investigations using the technology discussed herein will aid researchers/clinicians in
the betterment of OCT/OCTA data acquisition in future.
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