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THz in vivo measurements: the effects of
pressure on skin reflectivity
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Abstract: Terahertz (THz) light is non-ionizing and highly sensitive to subtle changes in
water concentration which can be indicative of disease. The short THz penetration depth in
bio-samples restricts in vivo measurements to be in a reflection geometry and the sample is
often placed onto an imaging window. Upon contacting the imaging window, occlusion and
compression of the skin affect the THz response. If not appropriately controlled, this could
cause misleading results. In this work, we investigate and quantify how the applied pressure
affects the THz response of skin and employ a stratified model to help understand the
mechanisms at play. This work will enable future THz studies to have a more rigorous
experimental protocol, which in turn will facilitate research in various potential biomedical
applications under investigation.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

Terahertz (THz) radiation (0.1 THz to 10 THz) is currently attracting a lot of interest in
biomedical research [1-3]. Based on its unique properties, such as non-invasiveness and high
sensitivity to water, it has the potential to be used for in vivo medical imaging and diagnosis.
For example, THz imaging can evaluate early stage deterioration of diabetic patients’ feet [4]
making it a promising method for the prevention and treatment of ulceration. Bajwa et al. has
detected fluid shifts in edema models in rats using THz radiation [5]. Fan et al. showed that
THz imaging of human scars could detect changes in the skin that could not be seen by the
naked eye [6]. THz radiation also has potential applications in ophthalmology: recent work
has used THz radiation for in vivo corneal tissue hydration sensing [7,8]. Work by Sy et al.
used THz spectroscopy to observe that cirrhotic liver tissues have a higher water content than
their healthy counterparts, and even after dehydrating the tissues there were still differences
between the normal and cirrhotic liver tissues indicating that the contrast did not only come
from a water content difference but also a structural change [9]. Moreover, as demonstrated
by Ashworth et al. THz imaging can be used to distinguish between healthy tissues and
cancer tissues due to fundamental differences in the optical properties [10]. Later, Oh et al.
showed that tumors in excised rat brains can be differentiated from healthy brain tissue [11]
and Joseph et al. showed that cross-polarized THz imaging can identify skin cancer [12].
Other studies concentrate on improving the contrast between cancer and healthy tissues which
can be achieved by using gold nanoparticles as shown in references [13,14]. A
comprehensive review of recent THz studies with potential medical applications can be found
in reference [3]. Both in-vivo and ex-vivo THz imaging are of vital importance to help
understand tissue structure and pathological changes. However, all the factors and variables
affecting THz imaging need to be better understood before THz can be fully utilized in a
clinical setting.


https://doi.org/10.1364/OA_License_v1

Since THz light is highly attenuated in skin by the high THz absorption of water, in vivo
measurement of human skin can only be done in a reflection geometry. A quartz window is
usually used to aid optical alignment and image registration [15,16]. However, when the skin
contacts the window, occlusion and mechanical deformation will occur to the skin’s surface.
Sun et al. investigated the effects of occlusion [17]: their results showed that the THz
response of skin changed most rapidly during the first 5 s of contact with the quartz window
due to the induced occlusion and therefore water accumulation in the skin. However, to date
there have been no studies of how the contact pressure affects the in-vivo THz response of
skin. There is however the study of Clarys et al showing that the local hydration capacitance
of skin is dependent on pressure [18]. Similarly, an investigation using high frequency
ultrasound found that after 10 minutes of applying pressure to the heel, the water content
increased in the epidermis [19]. Researchers have measured in vitro optical properties of skin
under different pressures with a visible-IR spectrophotometer [20] and found that the tissue
thickness and optical properties changed significantly under different pressures. We therefore
expect that pressure, since it affects skin hydration, will also affect the THz response of skin.
Additionally, we intuitively expect the biological background components of skin to become
compressed and thus denser under the influence of increased pressure. During an in vivo THz
measurement, slight pressure is applied when the skin makes contact with the quartz window,
and this removes unwanted reflections that would occur if there were any air gap. This
inevitably compresses the skin (albeit very slightly if minimal pressure is applied) and
mechanical deformation occurs. Applying a vertical pressure to the skin will cause the skin to
be compressed in the vertical axis, and it will also cause some effects on the skin horizontally.
In this work we focus on quantifying the effects on the vertical skin thickness and the
hydration of the skin, as these are most relevant to THz in vivo skin imaging. Therefore,
while the high water sensitivity of THz radiation is a great advantage for skin imaging, other
variables such as contact pressure need to be well investigated before this configuration of
THz in vivo imaging can be put into medical usage.

Here, we study how contact pressure affects the skin’s THz properties during in vivo THz
measurements. We incorporated a pressure sensor into our THz imaging system and
continuously measured a single point on the volar forearm under different applied pressures.
We applied a stratified media theory model to better evaluate the skin changes under different
pressures: our fitting results indicate a reduction in the stratum corneum (SC) thickness and
an increase in the water concentration with increasing pressure. Our work demonstrates the
importance of controlling and/or monitoring pressure during THz in vivo measurements and
will form the basis of future in vivo THz imaging protocols.

2. Method
2.1 Experimental setup and protocol

The study was approved by the Joint CUHK-NTEC Clinical Research Ethics Committee and
written informed consent was obtained from all volunteers to partake in the study. A
customised Menlo (K15) terahertz time-domain system which measures time-domain pulses
reflected by a sample was used for the in vivo measurements as illustrated in Fig. 1. Details of
the system parameters can be found in reference [6]. A THz pulse is launched from a
photoconductive emitter [21] and the beam of radiation is focused on the upper surface of an
imaging window where the subjects’ area of interest is placed, and the reflected signal is
collected on to a photoconductive detector. A piece of aluminium foil was put on the imaging
window with a 20 x 20mm aperture cut to help keep the subject keep the correct position
during each measurement. A flat pressure sensor (FSR 402), was sandwiched between the
area of interest and the aluminium foil adjacent to the THz spot to indicate the local pressure
during the measurement.
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Fig. 1. Experimental setup and stratified media model illustration. (a) The THz beam is
focused onto the top interface of the quartz window, and the reflected signal is collected and
then detected by a photoconductive antenna. (b) Schematic illustration of the layers within
human skin: each layer has a different permittivity. The hydration profile of skin is
approximately linear in the SC and epidermis, and constant in the dermis.

Before the experiment, each subject had a 20x20 mm area marked in pen on their volar
forearm (2 to 5cm from the edge of the dorsal and the volar forearm and 5 to 10 cm away
from the elbow) to make sure each measurement was performed on the same area. Before the
experiment, subjects were trained to continuously apply five different pressures (from
1.5N/cm? to 3.5N/cm?). Each measurement recorded one minute of data at a single point at a
rate of 4 Hz. To check repeatability, each pressure was measured (for one minute) three times
for each subject. The subjects were able to reach the target pressure repeatedly and hold the
target pressure for one minute with standard deviation less than 0.1 N/cm?. Between each
measurement of a subject’s skin, there was a one hour interval so as to let the area of interest
recover back to its normal state and thus eliminate occlusion effects.

This protocol tries to guard against the fact that the structure and properties of skin are
very sensitive to position and will vary with hydration. During the one minute measurement
the pressure will fluctuate a little but we are able to record this using the pressure sensor.

2.2 Data processing

In this section we outline our method to determine the THz refractive index of skin in
vivo. In THz time-domain spectroscopy, time-domain measurements containing both the
amplitude and phase information from the sample and a reference are acquired. These are
then Fourier transformed to the frequency domain and used to recover the complex refractive
index. This is done by calculating the reflection coefficients of the sample and reference
using the Fresnel equations and Snell’s Law. In this work, we obtain a reflection coefficient
ratio between the sample and a reference (air). The key equations relevant to our work are
given here and more details can be found in references [16,17].

_ FFT (Esample (t) - Ebaseline (t)) (1)
e FFT (Eair (t) - Ebaseline (t))
fe N, €086, —f coso, N, cosd, +n, Coso,

M, =&

cal i ~ e ~
la 1N,C086, +1 cosd, N, cosd, —M, cos, (2)

f,sing, =, sing, = sin o,
Where Esample(t), Eair(t), Ebaseline(t) are the time domain reflected signals from the sample,
air and baseline (discussed below) respectively. fis, fia, fig, s, Ga, G4 are the complex refractive

index and incident angle of the sample, air and quartz respectively. Mmeas is the measured
ratio, Mca is the calculated reflection coefficient ratio from the relevant optical model; rgs is



the reflection coefficient at the quartz to sample interface and rqa is the reflection coefficient
at the quartz to air interface. By fitting the measured data to the calculated data and
combining with Snell’s law, the refractive index of sample can be extracted.

In our measurement, the first reflection from the air-quartz interface (the baseline in Eq
(1)) needs to be removed to eradicate unwanted artefacts [16]. This is achieved by putting
another identical quartz window on top of the imaging window to eliminate the second
reflection allowing us to record only the baseline and subsequently subtract it. However, the
quartz imaging window is not perfectly uniform in thickness and induces errors in the
analysis [15]. We use our previously published robust algorithm to eliminate the spatial
thickness variation error, laser amplitude noise and pulse shift errors [16]. When applying
pressure to the imaging window we may expect the imaging window to shift vertically and
possibly become thinner. The pressures we are applying to the quartz window are less than a
million times smaller than the Young’s modulus of quartz (77 GPa) [22]: a 3 mm piece of
quartz would only change by about ~5nm in length. This length scale is negligible in our
measurement. Therefore, we still can use the bottom pulse to align the top (sample) pulse and
correct for any vertical shift using the algorithm in ref [16].

2.3 THz skin models

Equation (2) in the previous section gives only the average refractive index of a material,
since the model assumes the sample is a homogenous material. However, by using more
complex optical models we can obtain more information about the sample. For example,
stratified media theories can be used to consider skin as a multilayered structure [23,24] and
be used to extract information about the different sample layers. Since research has shown
that skin has a water concentration gradient [23,25], a more accurate model would take into
account how the water concentration changes at different depths. To this end, the permittivity
of each individual skin layer is calculated using an effective media model, the Bruggeman
model in Eq. (3), consisting of two key components namely water and biological background.
The Double Debye model is often used to describe the permittivity of water in the THz
regime [26,27]. Here, we use the Debye values for water from reference [27]. The biological
background permittivity is left as a parameter to be extracted by the fitting procedure.
Research into the structure of skin has shown that the water concentration profile in the
stratum corneum can be simplified to increase linearly, followed by a lower gradient in the
epidermis and a constant in the dermis [23,25], as shown in Figure 1(b). To accurately
account for this, our model consists of 50 individual layers of thickness 2 pm. The relevant
equations are shown below:
Ei— Eeff

J
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Equation (3) is used to calculate the permittivity of skin in each layer and it is frequency-
dependence. ¢; is the permittivity of each component (water and biological background in this
case), #i is the volume fraction of each component and combined with the water distribution
profile, ee is the permittivity of skin in each layer and can be calculated. In Equations (4 and
5), the reflectivity calculation from the measured data and stratified media model is shown.
Mnmeas is calculated from the measured data in Eq. (1) and rqa is the reflection coefficient from
the quartz-air interface. Zyin is the impedance of skin calculated from the stratified media

Real =

)




model [23] and permittivity of skin in each layer. eqarz i the permittivity of the quartz
window.

In order to understand the mechanical deformation of skin under different pressures, we
used the model in the above paragraph to calculate the reflectivity (Rca in Eq. (5)) then fit to
our measured reflectivity results Rmeas [23,24] to evaluate how the various skin parameters
change under different pressures. The fitting parameters of our proposed model, shown in
blue in Fig. 1(b), are the water concentration in the upper layer of the SC, the epidermis and
the dermis; the thicknesses of the SC and the epidermis; and the complex refractive index of
the biological background component. By minimizing the differences between the measured
and the calculated reflectivity over the frequency range of 0.3 to 0.8THz (the effective
bandwidth of our THz-TDS system), these unknown parameters were extracted for each
individual pressure.

3. Results and discussion
3.1 THz response of different pressure

Fig. 2(a) shows the THz processed signals of a single point measured under different
pressures during the one minute continuous scan. The signals are temporally shifted for
clarity. Data thirty seconds after initial contact with the quartz window are plotted here to
demonstrate the trend since the occlusion effect is more severe in the first few seconds. Two
pressure sensors (as seen in Fig. 2b) were used to help achieve the target pressure consistently
during the measurements: the sensor nearer to the elbow gave a real-time readout. The peak
to peak value of the processed signal decreased with increasing applied pressure whereas the
pulse shape remained the same. To ensure that this phenomenon is due to the pressure and not
due to spatial variations of the skin, a 10 x 16 mm area of the volar forearm was also imaged
with 2 x 2 mm resolution. Figure 2 (c) is a photograph of the skin during measurement and
the results are shown in Fig. 2(d).
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Fig. 2. (a) THz pulse response of skin under different pressures. Photographs of the
experimental set up: (b) top view, just before placing the arm on the quartz window and (c)
bottom view during measurement (skin is contacting the quartz window) (d) THz images of

skin under different pressures.



The pressure value displayed is the target pressure: the actual pressure measured was very
close to the target pressure (within 0.1N/cm?of the target value). There is clear reduction of
the peak to peak of the processed signal with increasing pressure, verifying this is not due to
the spatial inhomogeneity of the skin. Further, in Fig. 2(d) there is an observable decrease of
the peak to peak values from left to right of each image. This is due to occlusion by the
imaging window, as each image is acquired by raster scanning the THz spot in lines going
from up to down and measuring the next line to the right. The duration of the acquisition
process for each image was 36 seconds, therefore the left-side of the images are occluded for
less time than the right sides, and with increasing occlusion time the peak to peak
decreases [17].

3.2 Optical property changes under different pressure
3.2.1 Occlusion time

Fig. 3(a) shows how the reflectivity changes with pressure at 0.6 THz for one subject during a
one minute continuous measurement of a single point. The frequency of 0.6 THz is chosen
because it is the middle of our spectrum and has the best signal to noise ratio. The data
acquisition rate is 4 pulses per second, but for clearer graph plotting, the small circles plotted
are the measured reflectivity at 0.6 THz every 2.5 s (i.e. every 10" data point), and the lines
are the fitted results of all measured data. The first few seconds of data are removed as this is
during unstable pressure when the skin first touches the window. In Fig. 3(a) we see that the
reflectivity slightly decreased during the one minute measurement even under the same
pressure. Under higher pressures, the reflectivity has a lower starting value than that of lower
pressure. The refractive index has similar observation, however, the values are different and
the trend is inversed. The change of the values during the one minute measurement is due to
the occlusion effect. After the skin makes contact with the imaging window, water starts to
accumulate in the SC causing the increase of the refractive index and the decrease of the
reflectivity. These results show that occlusion is also a factor that needs to be carefully
considered and controlled during in vivo measurements.

3.2.2 Reflectivity changes under different pressures

Fig. 3(b) shows the reflectivity at 0.6 THz during a one minute continuous point scan
measurement under different pressures for five subjects: the reflectivity decreased with
increasing pressure. To increase the signal to noise of our results, we averaged the ten
consecutive THz pulses after the skin has been in contact with the imaging window for 30
seconds. The ten THz pulses were acquired in 2.5 seconds and since the skin had already
been in contact for 30 seconds, the occlusion affect over these pulses is minimal [17]. Further,
each pressure measurement was repeated 3 times to ensure there were no errors caused by the
individual’s behavior, ie. washing the area under investigation or sweating. The error bar is
the standard deviation. From our results, the reflectivity decreased by ~0.02 (over 30%) for
the higher pressure and the refractive index increased by ~0.2 (over 10%) with increasing
pressure. These results quantify the sensitivity of the skin response to pressure. The most
likely reasons for this behavior are that with pressure increasing, the skin is compressed and
thus the water concentration and biological density also increase. This idea is also further
supported by the proposed fitting model in section 3.3.

3.2.3 Frequency-domain result

Fig. 3(c) and (d) show the reflectivity and refractive index and absorption coefficient from
0.3-0.95 THz respectively for pressures 1.5 N/cm? to 3.5N/cm?, 30 seconds after initial skin
contact with quartz window during continuous point scan. The averaged results of three
measurements of one subject are plotted. When increasing the applied pressure, the
reflectivity decreased and the refractive index increased for all frequencies. No trend was



observed in the absorption coefficient, but it is displayed in Fig. 3 (d) for completeness. Due
to the high absorption coefficient of skin (155 cm™ at 0.6 THz), signals reflected from depths
of 100 pum will be attenuated by a factor of approximately e2x155x100x10"7 jn the frequency
range we are measuring. This results in less than 5% of the transmitted signal being reflected
back. Therefore in this work we focus on understanding effects in the SC and not deeper in
the skin.
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Fig. 3. (a) Reflectivity of skin under different pressures at 0.6 THz during a 1 min continuous point scan
measurement. (b) Reflectivity of different subjects under different pressures at 0.6 THz 30 s after skin initially
contacts the quartz window. (c) Reflectivity and (d) refractive index (solid lines) and absorption coefficient (dashed
lines) of one subject under different pressures from 0.3 THz to 0.95 THz, 30 s after skin initial contact with the
quartz window during a one minute continuous point scan. Note that the pressure values displayed are the target
pressures.

3.3 Mechanism of pressure effect based on stratified media theory

From the above, we clearly see that the pressure applied to the skin during in vivo THz
measurements significantly affects the THz response. To determine the corresponding
mechanical deformation and property changes we have also applied the stratified media
model (see section 2.3 for mathematical details). For each individual, we fit the measured
reflectivity with our model and averaged the three fitting results for each pressure. Our results
gave repeatable fitting parameters for the three repeats for all pressures and subjects
measured. As previously discussed in section 2.3, the skin hydration profile is simplified to
be a function of depth which can be represented by the fitting parameters in Figure 1. To
understand how the skin changes under different pressures, in Fig. 4(a) we plotted the
hydration profile with skin depth, similar to the hydration profile in Figure 1, but for multiple
pressures. Fig. 4(a) shows the thickness of the SC and the hydration percentage in the surface
of the skin for one subject, with different applied pressures indicated by different colors. The
hydration percentage is lower in the outermost part of the SC with a linear increase in it, and
it follows a similar trend in the epidermis layer. However, the hydration percentage remains
almost constant when it reaches the dermis. From Fig. 4(a), one can see that with increasing
pressure the SC slightly decreased in thickness and the hydration percentage increased in the
outer layer. Fig 4 (b) shows the refractive index of the dry, biological background component
of skin (ie the components not containing water). In reference [23,28], the refractive index of
dry skin was measured and found to be frequency independent. To calculate this, we have
also assumed that the refractive index of dry porcine skin is frequency independent and
deduced the value by using effective medium theory and the stratified media model. We see a
clear increase in the real refractive index of the biological component with increasing
pressure. Note that the fitting procedures always outputted the imaginary part to be close to
zero for all pressures, which was also observed in ref [23,28]. These fitting results support our
speculation that both the biological density and water concentration in the SC increase due to
the increased compression of the skin.
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biological background and calculated SC depth. The error-bars are the standard deviation of
three measurements.

4. Conclusion

In this work we focused mostly on how contact pressure affects the THz response during in
vivo skin imaging. We incorporated two pressure sensors to allow simultaneous measurement
of the contact pressure and the THz signals and quantitatively determined the effect of
pressure on the skin properties. We observed that the average refractive index can change
over 10% when varying the pressure from 1.5 to 3.5N/cm?. This indicates that THz in vivo
measurements are very sensitive to the physical force a subject applies. We also analyzed the
occlusion effect during one minute under different pressures and found that the occlusion
effect leads to a decrease of the reflectivity and an increase in the refractive index with the
absolute value being affected by the pressure. To better understand the effect of pressure, we
fitted our data to a stratified media model: these modelling results corroborate the hypothesis
that as pressure increases, the skin surface is compressed and therefore the water
concentration and biological density increase. In summary, this is the first quantitative
demonstration that the THz response of skin is very sensitive to contact pressure. This has
two implications; firstly, the THz response of skin under different pressures can help
understand of skin structure and secondly, it is paramount that the contact pressure is
carefully controlled when investigating potential medical applications as inaccurate control of
pressure will likely lead to erroneous conclusions.
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