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Abstract

Terahertz (THz) light is in the range of electromagnetic waves with frequencies be-
tween 0.1 and 10 THz where 1 THz = 10'2 Hz, this is in the region between infrared
and microwave radiation. There is increasing interest in the potential biomedical
applications of THz spectroscopy that take advantage of the sensitivity of THz light
to the water content of biological tissues and other associated changes including the
presence of cancerous tissue. The low photon energy of THz light means that it is
non-ionizing, making THz light particularly attractive for in vivo applications.

In this thesis multiple in vivo studies are presented that explore the ability
of THz measurements to identify changes in the hydration of the skin. Chapters 1
and 2 provide context to these studies by introducing the present state of the field
and relevant theory. Chapter 3 explores the effect of variables such as pressure on
the THz response of skin and introduces a protocol to reduce the effects of these
variables. In Chapter 4 these approaches are applied to test the effects of three
different moisturisers on the skin using THz measurements and measurements taken
with two commercial devices for skin hydration assessment. In Chapter 5 the effects
of different types of patches for transdermal drug delivery on the THz response of
skin are investigated, including the recovery of the skin following patch removal.
Chapter 6 explores the effect of skin tone and sex on the THz response of skin and
the way skin responds to the application of different types of moisturisers.

Finally, Chapter 7 summarises the work performed in this thesis and identi-
fies areas for further work in the future. In particular, the need to improve imaging
speeds and develop non-contact imaging capabilities are both highlighted as impor-

tant areas to focus on in future work.
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Chapter 1

Introduction

1.1 Introduction to THz Spectroscopy

1.1.1 THz Light

Terahertz (1012 Hz) light is situated between the microwave and infrared regions of
the electromagnetic spectrum as illustrated by Figure 1.1. The THz band is defined
as covering the frequency range of 0.1 — 10 THz, which equates to a wavelength
range of 3 mm — 30 ym. Research involving THz light remains a relatively new
field compared to other parts of the spectrum because until 1975 there was a lack of
techniques capable of generating and detecting THz frequencies, leaving what was
known as the ‘THz gap’.

The significant breakthrough that made THz light accessible was the devel-
opment of the ‘Auston Switch’, which was capable of producing a broadband THz
pulse [1]. Since then many approaches to detecting and producing THz light have
been developed allowing a wide range of potential applications to be explored. This
increase in interest in THz frequencies is reflected by the continual increase in the

number of publications referring to ‘Terahertz’ shown in Figure 1.2. In addition to
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Figure 1.1: The electromagnetic spectrum showing the position of THz light.
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Figure 1.2: The number of publications referring to ‘Terahertz’ published each year
up to 2019 as recorded by the web of science, search was refined by requiring the
document type to be ‘Article’.

exploring potential applications, research still continues to refine the mechanisms
used to produce THz light to enable the development of cheaper, more compact

devices, which in turn drives research into new applications.

1.1.2 THz Time Domain Spectroscopy

THz Time Domain Spectroscopy (THz-TDS) is a common technique used in studies
with THz light as it is possible to measure the entire THz pulse in the time domain
and the frequency information can be accessed by performing a Fourier Transform.
THz-TDS was developed in 1985 [2] and it was used to study water vapour by van
Exter et al., using this technique they were able to observe the presence of absorp-
tion lines at THz frequencies [3]. Since these publications THz-TDS systems have
been refined and are now available commercially, reducing the expertise required
to operate the systems making THz spectroscopy accessible for interdisciplinary
investigations.

The key components required to perform THz-TDS measurements are shown
in Figure 1.3, in this figure a reflection geometry is shown, however THz-TDS can
also be used for transmission measurements; a transmission geometry system differs
from the one shown and this will be explained in more detail in Section 2.6.2.
The key components of the systems used for the studies described in this thesis

are; a femtosecond pulsed laser, a delay stage and a photoconductive emitter and
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Figure 1.3: A schematic of the setup for THz Time Domain Spectroscopy in reflec-
tion geometry.

detector [4]. The femtosecond laser pulse is split in two using a beam splitter,
one half of which is directed to the emitter and the other half is directed to the
detector via a delay stage. The mechanisms by which the laser pulses are used
in photoconductive antennas to generate and detect THz light are described in
Section 1.1.3. The delay stage is made of a series of mirrors that can be mechanically
moved to introduce a time delay between the arrival of the THz pulse that has been
reflected from the sample and the arrival of the femtosecond laser pulse at the THz
detector; this makes it possible to sample the received THz pulse across the whole
of the time domain window. It should be noted that this figure shows a free space
system, however, the systems used for the studies described in this thesis were fiber

coupled.

1.1.3 Generating and Detecting THz Light

A common approach used to generate and detect THz light uses photoconductive an-
tennas, the mechanisms for both producing and receiving THz pulses are remarkably
similar. An ultrafast infrared pulse is used to excite carriers within a semiconduc-
tor substrate that exist for a short time before being recaptured on a picosecond
timescale [5].

The mechanism for the production of THz light using a photoconductive
antenna is shown in Figure 1.4, where a DC bias is applied across the antenna to
accelerate the excited carriers. This movement of charges produces an electric field,

FEry,, proportional to the rate of acceleration of this photocurrent, Ipc, as described
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Figure 1.4: Generating THz light using a photoconductive antenna and a femtosec-
ond laser pulse.
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Figure 1.5: Detecting THz light using a photoconductive antenna and a delayed
femtosecond laser pulse.

by Equation 1.1.
dIpc (t)
dt

The resulting pulse of electromagnetic radiation has a temporal width of the order

ETHZ X (11)

of 1 ps, which is therefore a THz pulse.

The mechanism for the detection of THz pulses is shown in Figure 1.5, the
key difference is that rather than applying a bias voltage across the antenna the
received THz pulse is used to induce a current in the excited carriers produced by
the femtosecond laser pulse. This induced current is amplified and then measured,
this can be exported for further digital processing [6]. Other approaches can be used
for the generation and detection of THz light, however all of the studies described
in this thesis use photoconductive antennas therefore these alternative techniques

will not be introduced.
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Figure 1.6: A summary of some of the potential applications for THz light.

1.1.4 Applications of THz Imaging

THz light is being utilised for a wide range of applications as it becomes cheaper and
easier to produce and use [7]; a summary of some of the key areas in which potential
applications for THz spectroscopy are being researched is shown in Figure 1.6. The
primary focus of this thesis is potential biomedical applications, these are wide
ranging and will be explained in more detail in Section 1.2 [§].

The ability of THz spectroscopy and imaging techniques to extract both
time domain and frequency information from a sample opens up a range of poten-
tial applications, from identifying samples using characteristic spectra to thickness
measurements using the separation between the time domain pulses. For example,
in pharmaceuticals THz spectroscopy has been shown to be capable of identifying
different drugs as well as differentiating between polymorphs, which can be prob-
lematic if not identified as they can cause unwanted side effects [9, 10]. Additionally,
potential uses have been identified in the quality control of tablet coating thickness
in pharmaceutical production [11, 12]. Similar thickness measurements have also
been demonstrated to have potential in the automotive industry for checking the
consistency of paint layers on cars [13]. THz measurements have also shown po-
tential uses throughout industry for non-destructive testing to check for faults or
fractures in a wide range of materials, with no known risks to the person using the
THz system to perform the tests unlike X-rays [14-16].

To support studies into spectral identification using THz spectroscopy, meta-
materials for THz frequencies are being developed. These are devices that are ca-
pable of enhancing the interaction of THz light with the sample, increasing the

sensitivity to small spectral features and reducing the amount of sample required



for identification to occur. This is an expansive field of research and a full review is
provided by Xu et al. [17].

Many studies have shown the potential of THz spectroscopy and imaging
techniques to help investigations into a range of heritage items including historical
artwork. It has been shown by various groups that THz measurements can aid in the
identification of the types of paints used and in measuring the thickness of different
layers of the paint [18-21]. As THz devices become cheaper and more portable to
be used outside of controlled lab environments it is possible an increase in such
applications will be seen.

THz imaging has also been explored as a technique for security scanning of
both people and packages. It has been shown to be able to identify residues of
explosives as well as hidden compartments containing weapons and weapons con-
cealed on a person [22, 23]. Obviously the non-ionizing nature of THz light is a
great advantage when considering such applications.

Increasingly the possibility of using THz light as a means of communication
is being explored as the demand for higher rates of data transfer continues to grow
and the frequency range used commercially draws ever closer to the THz region.
This demand pushes researchers to consider how THz light can be used to transfer
information and what devices such as waveguides and modulators will be required
to form the infrastructure needed to facilitate such communication [24, 25].

Finally, THz imaging has been identified as a useful research tool for learn-
ing about semiconductors as non-contact measurements of the sample can be per-
formed yielding information about the electrical properties of the sample with sub-

picosecond time resolution [26-28].

1.2 Biomedical Applications of THz Spectroscopy and

Imaging

The low photon energy of THz light means that is non-ionizing and deemed safe
for use for measuring regions on living subjects. However, the relatively new nature
of the field of THz imaging and spectroscopy means that research is ongoing into
the effects of THz light in biological tissues. Hough et al. concluded that low
power THz light results in no significant modification to gene expression [29]. A
full review of the cellular effects of the exposure of biological tissues to THz light
has been compiled by Cherkasova et al. [30]. In the studies presented in this thesis
photoconductive antennas were used to produce the THz light: this means that the
power of the THz beam is well below the thresholds that have been identified as



having the potential to cause changes in biological tissues.

It should be noted that there have also been extensive studies exploring the
potential biomedical applications of techniques that use different frequency ranges,
such as microwaves. These techniques have different challenges and advantages
compared to those using THz frequencies. However, a discussion of such techniques

is beyond the scope of this thesis and can be found elsewhere [31, 32].

1.2.1 Ez Vivo THz Spectroscopy and Imaging

One approach to exploring the interactions between biological tissue and THz light
is to perform ex vivo studies, these are tests on healthy or diseased tissues that have
been extracted from the body. These studies make it possible to test theories on
what types of tissue THz light can distinguish between and explore the origin of this
contrast, Table 1.1 gives a summary of the wide range of ez vivo studies that have
been performed.

There are many advantages to performing measurements ez vivo; as the
tissue has been extracted it can be thinly sliced making it possible to choose between
reflection or transmission geometries, the results can be easily repeated many times
without the repeatability concerns that arise from working with a living subject
that breathes, moves and changes with time; ex vivo studies can make it possible to
ethically test the effects of inducing changes in the skin that it would not be ethical
to do on a living human subject such as burning the skin; finally ex vivo studies can
be a useful first step as proof of concept before moving onto the more time intensive
task of gathering subjects for an in vivo study.

However, despite the advantages there are also some drawbacks of ex vivo
measurements; due to the time constraints between extracting the sample from the
subject and performing the measurements it is often necessary to find some way to
preserve the sample such as by freezing or formalin fixing. It is possible that some
preservation techniques could interfere with the structure of the sample. Additional
considerations include the fact that the skin in no longer alive therefore it is possible
that the response may not be an exact replica of the response of living tissue; to
apply the approach clinically an ex wvivo test is invasive for the patient and does
not take full advantage of the non-ionizing nature of THz light, which makes it so
appealing for biomedical measurements. Considering the advantages and problems
with ex vivo imaging it can be seen that it can be very useful in testing new ideas and
theories and gaining understanding of the skin, but this should be done with the goal

of working towards in vivo tests if they are to be applied to clinical investigations.



Application Preservation Geometry Species Reference

Transdermal Drug De-  Fresh Reflection Porcine [33]

livery

Moisturiser ~ Absorp- Fresh Reflection Porcine [34]

tion

Burns Fresh Reflection Porcine [35]

BCCT Fresh Reflection Human [36]

Colon Cancer FFPE* Reflection/ Transmis- Human [37]
sion

Breast Cancer FFPE* Reflection Human (38]

Breast Cancer FFPE* Reflection/ Transmis- Human (39, 40]
sion

Oral Cancers Frozen/ Fresh Reflection Human [41, 42]

Oral Cancer FFPE* Layered Reflection Human [43]

Liver Cirrhosis Fresh/FFPE* Reflection Rat [44]

Table 1.1: A summary of er vivo studies performed using THz measurements to observe contrast in tissue types or understand
changes in the skin. *FFPE= Formalin Fixed Paraffin Embedded, TBCC=Basal Cell Carcinoma



Ez vivo studies can be broken into two categories; those performed on fresh
samples and those that use some form of preservation. When fresh samples are
used for a THz study this often restricts the study to a reflection geometry as
samples are rarely thin enough for the THz signal to penetrate them sufficiently for
a transmission measurement due to the high water content of the tissue.

Performing studies on fresh samples can be desirable when the absorption of
a substance by the skin is being measured, as preservation is likely to interfere with
the response of the skin. Wang et al. performed an ex vivo study on fresh porcine
(pig) skin samples to test the ability of THz imaging to quantify the penetration of
drugs in a solution through the skin and assess the effects of different penetration
enhancement techniques such as micro and nano needle patches [33]. Another ex-
ample of an ex vivo study on fresh skin was performed by Ramos-Soto et al. who
investigated the effects of common moisturiser ingredients on an excised sample of
porcine skin [34]. This study took advantage of the ex vivo nature of the work by
placing the moisturiser sample onto the skin and then measuring the underside of
the sample to observe how much of the moisturiser penetrated through the skin
sample.

Additionally, Taylor et al. used fresh porcine tissue to observe with THz
imaging the effect of burning the skin and found that they were able to identify the
burn even underneath ten layers of gauze [35]. Some work has been done in testing
fresh cancerous tissue for THz contrast for example Woodward et al. demonstrated
the ability to identify Basal Cell Carcinoma (BCC) from THz images [36], however
much of the work on cancerous tissues to date has been performed on tissues that
have been preserved.

The preservation of excised tumours is common practice in hospitals to pre-
pare the sample for the histological analysis required to identify if all the cancer has
been removed. It is likely that the samples will be Formalin Fixed Paraffin Embed-
ded (FFPE), this removes water from the sample and protects it from deterioration.
The advantage of dehydrating the sample for THz measurements is that it can en-
hance the penetration of the THz pulse into the sample and improve the contrast
between structurally different regions of the samples. Wahaia et al. successfully
demonstrated the ability of THz measurements taken in reflection and transmission
geometries to diagnose colon cancer [37]. Fitzgerald et al. demonstrated that THz
imaging can be used to identify areas of cancerous tissue in excised breast samples
from cancer patients, and the area of these regions was found to have moderate
correlation with the results obtained when the samples underwent routine histolog-

ical tests [38]. Bowman et al. also found contrast between different types of breast



tissue [39] and went on to use thin samples of breast cancer removed in surgery to
compare the efficacy of reflection and transmission geometries [40].

An alternative approach to preserving samples is to freeze the tissue, this
removes the liquid water from the sample so the THz signal is still able to penetrate
further into the sample. Sim et al. performed a series of reflection measurements on
a variety of excised oral cancers from a human subject at 20°C and —20°C [41, 42].
It was found that freezing the sample enhances the contrast between the cancerous
and healthy tissue and makes it possible to identify cancerous regions below the
sample surface by studying the time domain pulse for additional reflections. They
also confirm that freezing the sample does not appear to disturb the structure of the
sample observed in the THz image. Fan et al. proposed gelatin embedding as a way
to keep the properties of the sample stable for at least 35 hours without changing
the water distribution within the sample, this is a good option in cases where the
origin of contrast between healthy and diseased tissue is thought to be the water
concentration [45].

Sun et al. proposed a novel geometry for imaging thin samples in reflection
and found that it is possible to enhance the contrast between healthy and cancerous
regions of a paraffin embedded colon cancer sample [43]. By assembling a sandwich
structure of a quartz prism and a quartz window around the thin tissue sample and
imaging in reflection, it is possible to increase the contrast to five times that observed
in a transmission measurement with results that agree well with the histological
findings.

While some questions still remain about the origin of the contrast between
healthy and diseased tissues in THz images, performing ex vivo studies can be a
useful way to explore this as more controlled changes can be induced in an excised
sample than in a living subject. For example, Sy et al. tested cirrhotic liver samples
from rats when freshly excised and following formalin fixing [44]. They found that
the fixing process slightly reduces the contrast between healthy and cirrhotic tissue
but does not remove it. This indicates that while water content is a source of contrast
it is not necessarily the only source and that structural changes in the tissue also

affect the THz response.

1.2.2 In Viwo THz Spectroscopy and Imaging

Due to the non-ionizing nature of THz light it is desirable to find applications
that can fully take advantage of this and perform clinical investigations in wvivo.
Depending on the region needing to be imaged it may be possible to perform studies

non-invasively with no surgery required to remove the sample and take it away for
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Application Species Reference

Burns Rat [46-48]
Burns Pig [49]
Burn Treatment Human [50]
Silicone Gel Human [51]
Flap Viability Rat [52]
Diabetic Foot Human [53]
Nevi Classification Human [54]
BCC Human [55]
Glucose Measurement Mouse [56]
Corneal Hydration Rabbit [57, 58]
Brain Glioma Mouse [59]

Table 1.2: A summary of in vivo THz measurements performed to investigate various
potential applications.

analysis. This reduces associated risks from surgery and decreases the time between
the investigation and getting the results to the patient. However, THz light is
strongly absorbed by water, this means that the penetration into living tissue is
very limited, so there are few regions that can be imaged non-invasively using THz
light. Primarily the applications considered for in vivo measurements involve regions
that can be accessed without passing through other tissues for example the skin and
the eye. For these applications a reflection geometry is required as the samples
are too thick for the radiation to penetrate for a transmission setup to be utilised.
A summary of recent studies testing the efficacy of in vivo THz measurements for
various applications is shown in Table 1.2.

The advantage of performing in vivo skin studies is that it is possible to
study the response of living skin to certain treatments or observe the recovery of
the skin from certain stimuli. However, in vivo measurements can be harder to
perform as there are many more variables that need to be controlled throughout
the measurements. For example with a living subject it is much harder to keep
constant contact with the region to be imaged as the subject may move around.
Also, human subjects interact with a variety of stimuli before entering the lab for

the study, including weather conditions, food, drink, washing and skin treatments.
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In order to perform repeatable in vivo measurements it is necessary to consider the
effect all these variables could have on the measurement and develop a protocol to
control these as much as possible. If THz imaging is to be adopted as a clinical
imaging modality it is essential that a suitable approach can be adopted to isolate
the desired feature of the skin from all the other variables. These considerations
have been developed further through the research described in this thesis and will
be discussed in detail in Chapter 3.

When the tissue to be studied is on the surface of the skin it is easier to
perform non-invasive THz measurements as there are fewer limitations caused by
the small penetration depth. For example, Tewari et al. compared the THz response
of burned rat skin to optical images of the same regions [46]. The key factor when
considering studies like this is to ensure that the two images can be aligned for
comparison; in this study they used reflective markers that can be seen with both
THz and optical images to aid alignment. This study integrates the THz and optical
measurements to produce a combined image to yield more information about the
severity of the burn. Additionally, Bajwa et al. performed an in vivo study on
rat burns, comparing the THz results with Magnetic Resonance Imaging (MRI) to
confirm that THz imaging can identify the presence of burns and strong correlation
was found between the results of the two techniques [47].

Arbab et al. also explore the application of THz measurements for the clas-
sification of burns [48]. This study used THz-TDS to measure the spectral response
of a single region of a burn. They used nine rats in their study, five of which were
inflicted with a second degree burn and four with a third degree burn, regions left
uninjured were also marked on each rat to act as a control region. Both regions
were measured on each rat immediately following the burn and 72 hours following
the burn. The results were compared to histology results obtained following the ex-
cision of the burned area at the end of the study. Using these results with a defined
spectral parameter for skin classification, they were able to demonstrate the ability
of THz spectroscopy to identify healthy and burned skin.

This group then expanded upon the study by performing measurements on
porcine skin, as this is thought to be a better model for human skin [49]. Three pigs
were measured and on each pig three regions were burned for increasing durations to
increase the severity and depth of the burn. The results of the THz measurements
were compared to the current gold standard for burn depth assessment: vimentin
immunohistochemistry. They found that there was good correlation between the
burn depth and the spectral parameter, suggesting that THz measurements could

be an effective way to quickly assess the severity and depth of a burn. It is hoped
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that this work could be used to develop THz spectroscopy into a technique that
can predict healing outcomes and identify which treatment option would be most
effective.

Fan et al. demonstrated that it is possible to use THz imaging to observe
the healing process of scars on human subjects [50]. By comparing the THz images
of the scarred tissue and surrounding healthy tissue to visible images of the same
regions it was possible to confirm the contrast in the THz images and the links to the
structural changes in the skin. It was also possible to continue to observe changes in
the refractive index and absorption coefficient at THz frequencies up to six months
post injury, even when the visible changes within the region were minimal.

Wang et al. used in vivo measurements on human forearms to observe the
effects of silicone gel sheeting on the skin, a common treatment for severe burns [51].
This study could not be performed ex vivo as the primary effect arises from the
accumulation of water within the upper layers of the skin caused by the occlusive
effect of the sheet. Even after the sheet has been removed an increase in the water
content can be observed in the skin for up to 80 minutes following treatment.

THz imaging has also been explored as a possible approach for assessing
whether skin grafts will be successful, Bajwa et al. performed an in vivo study mea-
suring the change in water content of partially and fully excised skin samples [52].
The results from the THz images were compared with those from visible images
and histological analysis. The THz imaging results showed a significant difference
between the study groups 24 hours after the procedure, while the visible image did
not yield a significant difference until 72 hours after the procedure. This means that
THz imaging could yield earlier results about the viability of skin flaps for surgery
and verifies the ability of THz imaging to diagnose the water content of skin.

One of the largest scale tests of the potential of THz imaging to solve a
clinical need is the study by Hernandez-Cardoso et al. demonstrating the success of
THz imaging in diagnosing diabetic foot syndrome [53]. As diabetic foot syndrome is
linked to extreme dehydration the high sensitivity of THz imaging to water content
can be applied to not only diagnose patients with the disease but also classify the
severity of the case. An additional advantage of studying diabetic foot syndrome
is that the present clinical approach to diagnosis is to check for patient sensitivity
in the region, which can be very subjective. This study involved 33 healthy control
subjects and 38 subjects with diabetes, and was able to find significant differences
in the THz responses of the two groups.

Zaytsev et al. performed in vivo measurements of healthy skin, dysplas-

tic nevi (precancerous moles) and non-dysplastic nevi (regular moles) on four pa-
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tients [54]. It was found that there was significant contrast in the extracted dielectric
constant between the different tissue types from 0.3—1 THz. In the study by Wal-
lace et al. it was demonstrated that it is possible to observe contrast in THz images
between healthy tissue and BCCs [55]. In this study 18 BCCs were imaged ex vivo
and five were imaged in vivo. Similar levels of contrast were observed in vivo and
ex vivo suggesting that THz imaging could be a quick and safe technique to diag-
nose skin cancers. Additionally, the tumour margins identified from the THz images
agreed with the histology results.

Another application for which it is hoped that THz measurements could
provide a non-invasive in wvivo solution is blood glucose evaluation. At present
people with diabetes are often required to prick their finger to extract blood to
test their blood glucose levels, which can be painful and inconvenient. Chen et
al. demonstrated the potential sensitivity of THz in vivo measurements to blood
glucose in mice [56]. A key difference for this study is that the measurements were
performed using a transmission geometry using the thin capillaries in the mouse’s
ear, an approach which is not yet replicable in humans.

Taylor et al. demonstrated the successful application of THz imaging for
assessing corneal water content on rabbits. Using a contact reflection geometry it
was possible to observe changes in the water content caused by the death of the
rabbit, this shows that it could be possible to use THz imaging to diagnose corneal
diseases [57]. In a further study by the same group, a non-contact imaging system
was used to image human corneas in vivo [58]. This demonstrates the progression
of the field from the proof of concept to further development into a clinical tool that
can be used non-invasively on humans.

One final example of an in vivo THz study involved the diagnosis of brain
gliomas in mice [59]. However, this procedure was invasive and involved drilling into
the skull and the subject was euthanised straight after the measurement, so it is a
proof of concept rather than a clinical option. Despite this the study was successful

in demonstrating correlation between the MRI results and those from THz imaging.

1.3 Thesis Overview

This thesis presents a series of studies into the potential of THz imaging and spec-
troscopic techniques for observing changes in the skin. In Chapter 2 the theory
used in the remainder of the thesis is outlined, including the approaches used to
process the measured data and the various modelling techniques that have been

used in this and other studies to extract the water content of the skin using THz
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measurements. These approaches were then put into practice in Chapter 3 where
the effects of pressure and occlusion on the THz response of skin were investigated
and a protocol was developed and tested in order to make it possible to control
and account for the effects of these variables on the measured changes in the skin.
Chapter 4 contains a study performed involving 20 human volunteers comparing
the results of THz measurements of the skin with two other techniques for skin hy-
dration assessment, which are commonly used in the skin care industry, the three
measurement techniques were used following the application of three different types
of skin moisturisers, which are expected to increase the hydration of the skin. In
Chapter 5 a study is presented on the application of THz measurements of the skin
to assess the effect of patches for transdermal drug delivery on the skin in order to
investigate how this could affect the rate of drug delivery through the skin barrier,
as this is largely dependent on the hydration levels of the skin. The final study that
was performed involved 34 subjects and explored how variables such as skin tone
and sex can affect the THz response of the skin and how the skin responds to the
application of different types of moisturisers, this is presented in Chapter 6. Finally,
Chapter 7 is a summary of the work in this thesis and identifies potential areas in

which this research could be built upon and areas for further work.
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Chapter 2

Theory and Systems

2.1 Introduction

Whilst the experimental considerations for in vivo THz measurements are a primary
focus of the subsequent work, it is vital that the theory and processing techniques
used to extract parameters such as the refractive index are explained. Section 2.2
begins with a general overview of how waves propagate through materials and re-
spond to interfaces. Section 2.3 explains how optical parameters are extracted for
transmission measurements for both bulk and thin film samples. In Section 2.4, the
processing techniques employed for the data obtained using a reflection geometry
are explained. Processing data obtained using a reflection geometry is particularly
vital for the in vivo studies described in this thesis, this section only considers bulk
samples as these were the only type of reflection measurements performed for this
work. The various approaches used to model the skin in order to link the observed
changes in the THz reflectivity to physical changes in the skin are introduced in
Section 2.5. Finally, Section 2.6 outlines the experimental setups used to perform
measurements using reflection and transmission geometries for the studies described

in subsequent chapters.

2.2 Wave Propagation in Media

2.2.1 Wave Equations

The behaviour of electric and magnetic fields is described by Maxwell’s equations in
Equations 2.1-2.4, this form of the equations is for a homogeneous, isotropic medium

in the absence of charges or currents, where E and B are the electric and magnetic
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fields respectively and € and p are the permittivity and permeability of the medium.

V.- E=0 (2.1)
oB

E=_-_"—" 2.2

V x T (2.2)

V.B=0 (2.3)
oFE

B = ne— 2.4

V x pe, (2.4)

From these equations it is possible to derive the wave equation to describe the
propagation of electric fields in a medium by taking the curl of Equation 2.2 and

applying the vector identity stated in Equation 2.5.
Vx(VxA)=V(V-A)-V3A (2.5)

The wave equation for an electric field propagating in the medium is given by Equa-
tion 2.6.

E
2

From this it is possible to deduce the speed of propagation in the medium: v = —

NG
In the case where the wave is travelling through a vacuum v = ¢, the value for the

speed of light can be obtained in terms of two vacuum constants; the permittivity

of free space g = 8.85 x 10712 Fm~! and the permeability of free space pug =

41 x 1077 NA~2: ¢ = —L— = vn. Here the refractive index n is introduced as a
Veoro

property of the given medium representing the ratio between the speed of light in

a vacuum c¢ and the propagation speed in the medium v. A solution to the wave

equation is given by Equation 2.7, for a wave travelling in the = direction where t

is time, Fy is the amplitude of the wave, w is the angular frequency given in terms

of the frequency f by w = 27 f and k is the wavenumber given by k = 22,

C

E(x,t) = Ege'@! k) (2.7)

Here the refractive index is a complex variable defined by: 7 = n — ik, where n is
the real part of the refractive index and & is the extinction coefficient. From here
on the term ‘refractive index’ will be used to refer to the real part of the refractive
index n, and 7 will be referred to explicitly as the complex refractive index. The
minus sign used in the definition of 72 arises from the form of the wave given in
Equation 2.7 and ensures that a positive x corresponds to the loss of the signal

in the medium. Both the complex refractive index and complex permittivity, €,
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Figure 2.1: The behaviour of an incident wave travelling in a medium with refractive
index n; upon encountering an interface with a medium with refractive index no,
showing the reflected and transmitted waves and the corresponding angles of their
trajectories.

are parameters that will be useful in characterising properties of media, they are
related to one another by Equation 2.8, where €] and €/ are the real and imaginary

components of the complex permittivity.

€ = €. —idl =n? = (n? — K?) — i2nk (2.8)

Returning to the wave defined in Equation 2.7, some of these definitions can be

applied to rewrite this equation in order to obtain Equation 2.9.

E(x,t) = Ege™ 2 !@55) (2.9)

Here the absorption coefficient « is introduced, defined by o = 2“’7“, which de-
termines how the magnitude of E will decrease with distance as the wave travels
through a medium. It can be observed from this result that n will change the phase

of the wave as it propagates through the medium.

2.2.2 Reflection and Transmission at Interfaces

Having considered how the motion of waves through media can be described, the
behaviour of waves at interfaces between two media with different optical properties
must now be considered. The change in angle when a wave is refracted at an
interface is described by Snell’s law in Equation 2.10, where n; and no are the
refractive indices of the two layers and #; and 6; are angles of the incident and

transmitted waves as demonstrated in Figure 2.1.

nq sin 0; = no sin 6; (2.10)
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Figure 2.2: The behaviour of p-polarised light upon reflection and transmission at
an interface.

The figure shows that in addition to being transmitted at an interface some
of the light is also reflected at an angle 6, = 6;. The proportion of light reflected
depends on the properties of the two layers, the incident angle and the polarisation
state (s or p) of the incident radiation. When the electric fields of the incident
and reflected light oscillate in the incident plane this is known as p-polarised light.
The behaviour of E and B fields for p- and s-polarised states upon reflection and
transmission can be seen in Figures 2.2 and 2.3 respectively.

It is possible to derive the reflection and transmission coefficients of an in-
terface, which define the ratio of the electric fields reflected or transmitted at the
interface relative to the incident wave. These coefficients are different for s- and
p-polarised light and can be derived using the boundary condition that requires E
and B components parallel to the interface to be continuous at the interface.

In order to derive the properties of the interface for p-polarised light, the
expressions in Equations 2.11 and 2.12 are extracted using the boundary condition

and components of the fields shown in Figure 2.2.

Eipcosb; — Eypcos b, = Ey, cos b, (2.11)
Bip+ Brp = By (2.12)

Using = =B it is possible to rewrite Equation 2.12 in terms of E, as shown in
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Figure 2.3: The behaviour of s-polarised light upon reflection and transmission at
an interface.

Equation 2.13.
ﬁz‘Eip + fLiErp = TNLtEtp (2.13)

By combining Equations 2.11 and 2.13 it is possible to obtain the reflection coeffi-
cient, rp, and transmission coefficient, ¢,, for p-polarised light, as stated by Equa-
tions 2.14 and 2.15.

E.p 7y cos B; — n; cos by

= 2.14
FE; v N cos 0; + n; cos O, ( )
Eyp P 2n; cosiﬁi (2.15)
E; 1y cos 0; + 1; cos Oy

Moving to Figure 2.3 and the boundary conditions at the interface, it is
possible to derive the expressions for the Fresnel coefficients for s-polarised light,
the expressions obtained from the application of the boundary condition are given
by Equations 2.16 and 2.17.

—B;scos8; + Bygcos 8, = —Byg cos 0 (2.16)
Eis + Eys = Eyy (2.17)

As before the B field terms in Equation 2.16 can be replaced with E terms, in order
to obtain Equation 2.18.

—n;Eiscos0; + N Erg cos O, = —niy g cos Oy (2.18)

20



Combining Equations 2.17 and 2.18 it is possible obtain the Fresnel reflection coef-
ficient, 74, and transmission coefficient, ¢4, for the interface for s-polarised light, as

stated by Equations 2.19 and 2.20 respectively.

FE, - :7:11‘ cosb; — r:zt cos 0, (2.19)
E; T; cos 6; + 7y cos Oy
Eis _ — 2n; cos~0i (2.20)
E; n; cos 0; + 7y cos Oy

Note that while the derived reflection and transmission coefficients have a depen-
dence on 6y, it is possible to rewrite them in terms of 6; alone using Snell’s law

introduced in Equation 2.10, an example of this is shown by Equation 2.21.

N; cos 0; — ﬁ% - fzf sin 6;

nicosb; + /77 — n?sind;

2.3 Processing THz Transmission Measurements

re = (2.21)

The geometries and experimental setups used to perform transmission measurements
in the studies in this thesis are described in more detail in Section 2.6.2. In this
thesis the primary use of transmission measurements is to characterise liquid samples
before they are applied to the skin. To measure liquids in transmission a liquid cell
is used, where the liquid to be measured is sandwiched between two pieces of quartz.
A spacer is placed between the quartz pieces to control the thickness of the sample.
For samples such as water that are highly absorbing at THz frequencies a very
small spacer must be used (around 0.lmm) to allow enough of the THz signal to
penetrate the liquid cell so as to be able to obtain a sufficient signal to noise ratio to
characterise the sample. These calculations assume that the THz pulse enters the

sample at normal incidence.

2.3.1 Bulk Samples

If the liquid sample being measured is sufficiently thick (greater than the wavelength
of THz light) any etalon effects from reflections within the cell are separated enough
that they can be easily removed from the measured pulse, so when deriving equations
to describe the propagation of the THz light through the system only transmission
terms need to be considered. This experimental configuration cannot be used for
highly absorbing materials such as water as the sample would be too thick in this

setup for any THz light to be transmitted, in this case thin films should be measured,
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these results can be processed using the techniques described in Section 2.3.2.

To study a sample sandwiched between two layers, the transmission of the
THz light at each interface and the propagation of the pulse through each of the
layers must be considered. By doing this a theoretical sample to reference ratio,
E/E,, can be obtained in terms of the Fresnel transmission coefficients, ¢;;, as
shown in Equation 2.22. Where P; = e %0 describes the propagation of the
pulse through the ith layer, d; is the thickness of the ith component of the liquid
cell system, kg is the propagation constant where kg = 27 f/c. In this equation the
reference is a measurement of the sandwich structure without the sample, meaning

that there is an air gap in the middle with the same thickness as the sample.

Es  to1Pit1aPotog Pt

Es _ (2.22)
E,.  torPitioPotoz Pstso
t12ta3 Py
— [nL7eoT 2 2.23
t10tozFo (2:23)

By replacing the transmission and propagation terms in Equation 2.23 with
their full definitions in terms of the complex refractive index, it is possible to equate
this theoretical ratio to the optical properties of the sample to give a problem that

can be solved analytically.

2.3.2 Thin Film Samples

When measuring a thin material using a transmission geometry, reflections within
the sample cell must be accounted for as the signal can be reflected between the two
windows and arrive in a short enough time after the initial pulse that they cannot be
separated from the first pulse. In order to process results measured using thin film
samples the equation for the theoretical sample to reference ratio must be adapted
to include the pulses that have been internally reflected within the sample before
being transmitted through the structure.

Equations 2.24—2.28 show the derivation of the expressions for the sample
and reference pulses in terms of the Fresnel coefficients and P;. Equation 2.24 is
the expression representing each of the terms for pulses reflecting, transmitting and
propagating through the liquid cell system. The first term represents the propaga-
tion of the pulse straight through the cell as occurs in the bulk, the second term
involves a reflection between the two quartz windows before arriving at the detector
and subsequent terms correspond to an increasing number of reflections between the

windows. Etalon effects within the quartz windows can be ignored in this case as
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it is assumed that they are thick enough that any pulses that have been reflected
would arrive significantly later. This series of terms can be written in the form of a
power series as shown in Equation 2.26, making it possible to rewrite the equation
using the summation identity: > >° 2" = ﬁ, giving the result shown in Equa-
tion 2.27 [60]. Note that the sign change in Equation 2.27 comes from the reordering
of the indices in the r9; term.

The equivalent expression for the reference is shown in Equation 2.28, the
only difference being that the index of 2 has been replaced with 0 as the reference
is air, which will be the same as the medium before and after the liquid cell. This

can be edited accordingly if an alternative measurement is used as a reference.

Es = (tortiatastso P PaPs + tortiarasrartostsoPL Py Py + ...) (2.24)
= to1t1atastso PLPaP3(1 + Pirograr + Pyrssrs) + ...) (2.25)
o0
= tortiatastso P12 Ps Z(P22T237’21)n (2.26)
n=0
1
— tortiatostso Py PaPy—— .
ortiztostso 1 s 5 T+ rioras P2 (2.27)
1

E, = toitiotostzo 1 Po 3 (2.28)

1+ T'037“10P02
By dividing Equation 2.27 by Equation 2.28 the theoretical sample to reference ratio
can be calculated, as shown in equation Equation 2.29. This is useful for extracting
the optical properties of the sample as this ratio can be found from the measured
response of the system, which can then be compared to the theoretical value.

Ey  tiotogPy (1 + riorosBy)

s _ 2.29
E, t10t03P0 (1 + r12r23P22) ( )

The code used to perform this calculation in this thesis uses the numerical approach
described by Chen et al. [61].

2.4 Processing THz Reflection Measurements

To study biological samples in wvivo a reflection geometry is often used as the at-
tenuation of light at THz frequencies is too high for the signal to penetrate bulk
samples. As with the transmission geometry, a bulk sample is considered to be one
with a width much larger than the wavelength of the THz light used to perform the
measurements, meaning that internal reflections within the sample can be neglected

and do not interfere with the measured sample response. Therefore, at 1 THz a
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thin film is classified as a material with a thickness less than 0.3 mm. In all of the
studies presented in this thesis the volar forearm is considered to be a bulk ma-
terial as the separate structures of the Stratum Corneum (SC) and epidermis are
neglected, therefore thin film reflection measurements will not be discussed here.
However, some models account for these distinct structural layers within the skin
and for the internal reflections within these layers; such models will be discussed
further in Section 2.5.3. The experimental setup uses a reflection geometry system
in which a quartz imaging window is used to ensure consistent alignment of the THz
beam relative to the arm and flatten the region to be imaged, as curvature can make
it harder to align the system. Additionally, the reflection from the lower surface of
the quartz window should be identical for all sample and reference measurements
if there is no variation in the incident THz pulse. So this first reflection can be
used to calibrate the measurements to account for any fluctuations in the incident
THz pulse between measurements. Whilst the use of the quartz imaging window is
helpful, the effects of the window on the measured signal must be removed for the

properties of the sample to be isolated.

2.4.1 Baseline Subtraction Techniques

Figure 2.4 shows the schematics for the measurements of the sample, reference and
baseline: FEgum, Frer and Fiage, which must be acquired in order to complete the
data processing techniques required to extract the properties of the sample. When
the sample is measured whilst in contact with the quartz window as shown in Fig-
ure 2.4 a) there are two reflected pulses measured, one from the lower surface of the
quartz window and one from the upper surface of the quartz window, which is in con-
tact with the sample. Additionally, an air reference measurement is acquired when
there is no sample in contact with the window, this is illustrated by Figure 2.4 b).
As the first reflection from the lower surface of the quartz is present in both Fg,m,
and Fyef it is necessary to take a third measurement of the first reflection alone so
that it can be removed from the sample and reference measurements. To do this a
second piece of quartz is placed on top of the quartz imaging window as shown in
Figure 2.4 c) to prevent the second reflection, this measurement of Ej,s makes it
possible to fully characterise the first reflection including the ongoing ringing effect
caused by the presence of water vapor in the air, which can persist into the second
reflection [62]. The optics must remain in the same configuration relative to the
imaging window for the reference and baseline measurements corresponding to each
sample measurement.

The sample, reference and baseline pulses are indicated on a schematic of the
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Figure 2.4: The measurements taken to study a bulk sample in reflection geometry
using a quartz window, including examples of the measured THz pulses.

system used to perform reflection measurements in Figure 2.5. These measurements
of the sample, reference and baseline pulses in the time domain can then be used to

calculate the measured sample to reference ratio M,cqs, as shown in Equation 2.30.

FFT(ESam(t) - Ebase(t))

M, = ,
e FFT(Bret(t) — Fpase(t))

(2.30)

This ratio is useful for interpreting the results and extracting the optical properties of
the sample. For example a processed time domain signal is defined in Equation 2.31,
which uses the measured sample to reference ratio M,,cqs with a double Gaussian

filter to remove low and high frequency noise from the measurement.
Processed Signal = i FFFT[FFT(filter) X Mpeas) (2.31)

This processed signal is commonly used and referred to throughout this thesis, in
particular the amplitude of the signal is used to quantify changes in the THz response
of the skin. The links between the amplitude of this signal and the water content of

the skin will be explored further using various modelling approaches in Section 2.5.4.

2.4.2 Calculating the Optical Properties of Samples

From the measured responses of the sample and reference acquired it is possible to

extract the optical properties of the sample. In this section the sample is assumed
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Figure 2.5: A schematic for THz reflection measurements a) acquiring the sample
measurement and b) acquiring the air reference. The baseline reflection from the
lower surface of the quartz is shown by the dashed blue lines in both figures. a)
includes the locations of the THz probes.

to be comprised of a single homogeneous layer, this is an oversimplification of the
structure of the skin but it gives a problem that can be quickly solved analytically.
More complex theoretical models of the skin will be introduced in Section 2.5.

The theoretical sample to reference ratio, Mypeo, can be written in terms of
the Fresnel coefficients for the quartz-sample and quartz-air interfaces rqs and 74,
respectively, which are a function of the complex refractive index of the sample.
Using Snell’s law to reduce the number of unknown variables, My, can be equated

to the measured ratio M,,.qs using Equations 2.32 and 2.33.

My, = Tqs  TgCo8by —nscosls  Tgcosly+ngcosty
eo — = = - - — =
Tqa  Tgcosty +ngcosls Ny cosly —ngcost,

Mpmeas  (2.32)

Ng sin @, = ngsin 6, = ngsin O, (2.33)

Where ng4, n, and n, are the refractive indices of the quartz, air and sample respec-
tively and 6,, 0, and 0 are the angles of the THz light within the quartz window,
air and sample respectively, as shown in Figure 2.5.

Using Equations 2.32 and 2.33 an expression can be found for the properties
of the sample in terms of known variables including M,cqs, which can be input into
this equation following the measurement. For clarity X is used to denote 7, cos s,

it is therefore possible to find 715 in terms of known properties of the system and the
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measured sample to reference ratio, as shown in Equations 2.34—2.36 [63].

X = ngcosbs (2.34)
72 082 0, (1 — Mypeqs) + Tigfig €08 04 cos 0(1 4+ Moeas
_ a ) d al ) (2.35)

Mg €08 0g(1 4+ Mineas) + Mg €08 0 (1 — Mpeqs)
s = 1/ X2 + 12 sin §, (2.36)

From 7, it is possible to extract various optical properties of the samples using the

definitions stated in Section 2.2.1, as shown in Equations 2.37-2.39.

ns = Re(ns) (2.37)
ks = —Im(ny) (2.38)
a5 = 4”5 s (2.39)

These equations are for s-polarised light, a similar process can be performed for p-
polarisation however the mathematics are slightly more complicated meaning that a
numerical approach is often preferable. Owing to the speed and ease of calculating
the optical properties from measurements using s-polarised THz light, all of the
studies described in this thesis were performed using s-polarisation. Additionally,
using s-polarised THz light makes it possible to compare the trends in the refractive
index of the skin with those observed in previous THz studies of the skin, which

commonly used s-polarisation.

2.5 Approaches to Skin Modelling

In addition to using the measured THz response of skin to calculate the optical
properties such as the refractive index and the absorption coefficient, modelling
techniques can also be used to learn more about changes in the skin, particularly
its hydration. As the complexity of the model used increases so do the time taken
to perform such calculations and the number of unknown parameters, leading to a
greater number of potential solutions. Many of the models presented in this section
have only been used for untreated skin and have not yet been adapted to include
the effects of moisturisers or other skin treatments on the THz response of the skin.
Therefore, the application of such approaches throughout this thesis are limited,
however they are important to understand how the measured changes in the THz
response are linked to changes in the hydration and structural properties of the

skin. There is still much more work to be done in this area in order to enhance the

27



information that can be gained about the skin using THz measurements. In this
section only a brief introduction is given to some of the key models that are most

relevant for this thesis, a more complete summary can be found in reference [64].

2.5.1 Double Debye Model

One of the first models used to describe the interaction of THz light with biological
tissues was the Double Debye model. This has previously been used to describe the
permittivity of liquid water, due to the high water content of biological tissues the
Double Debye model can also be used to describe the THz response of human skin.
The complex permittivity of biological tissues €, according to the Double Debye

model is given by Equation 2.40.

€s — €2 €2 — €xo

(2.40)

€r(w) = eoo + 1+iwrn 14 wn

Where €, is the limiting permittivity at high frequencies, € is the static permit-
tivity, €2 is the intermediate permittivity limit. 71 and 7 are relaxation constants
corresponding to the slow and fast relaxation processes occurring when the hydrogen
bonds between water molecules break and reorientate and move to a new tetrahedral
site. This set of five parameters are known as the Double Debye parameters and
can be used to describe the complex permittivity of biological samples.

Pickwell et al. successfully used the Double Debye model with finite dif-
ference time domain techniques to simulate the THz response of the skin [65, 66].
Truong et al. showed that extracting the Double Debye parameters from THz mea-
surements of the skin makes it possible to distinguish between healthy and cancerous
skin [67, 68]. The Double Debye model has been investigated as an approach that
can be used to help classify healthy and diseased tissue and give a quantitative
comparison between different types of tissues. A summary of the Double Debye
parameters that have been extracted for different tissues is presented by Zaytsev et
al. [69].

Despite the successes of the Double Debye model there are some concerns
about its suitability for describing dry skin regions as it only describes the water
component of the skin. More complex models use the Double Debye model alongside
other components that account for the contribution of dry skin to the dielectric

properties of biological tissues.
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2.5.2 Effective Medium Theory

Effective medium theories make it possible to combine the dielectric properties of
the individual components of a sample in order to obtain the dielectric properties
of the mixture as a function of the fractional contents of each of the components in
the mixture. This makes effective medium theories useful tools for describing the
dielctric properties of biological tissues in terms of a water component and a biolog-
ical background component, which represents dry skin. The dielectric properties of
water can be described using the Double Debye model introduced in Section 2.5.1
and the biological background can be modelled using measurements of dehydrated
skin such as those obtained by He et al. [70]. The choice of biological background
model used in a study can lead to variation in the results obtained by different
groups.

The Landau Lifshitz Looyenga (LLL) model considers the shape of the bio-
logical background components to be arbitrary and is commonly used to extract the
hydration of a tissue from the measured THz response of the sample such as in the
study on diabetic feet performed by Hernandez-Cardoso et al. [53]. The LLL model
describes the effective permittivity of a biological sample €.f; in terms of the per-
mittivity of water €, and dehydrated skin €5 and the fractional content of water and

dehydrated skin in the sample 7,, and 7, respectively, as shown in Equation 2.41.

\3/ Eeff = Nw \3/ €y + 775\3/5 (241)

The Bruggeman model shown in Equation 2.42, is a commonly used alternative to
the LLL model and works on the assumption that the dehydrated skin components

are spherical inside the water component.

€w — €eff n €s — €eff
w€w+2€eff SES +2€eff

" =0 (2.42)

Both the LLL and Bruggeman models can be expanded to include additional com-
ponents in the mixture if required by adding more terms; however, this does increase
the number of unknown parameters leading to a higher number of degrees of freedom
when fitting the theoretical THz response to the measured response.

These models alongside others can be used to express the theoretical permit-
tivity of a biological sample as a function of the fractional water content. Therefore,
a fitting function can be used to find the optimum water content value that gives a
theoretical permittivity that matches the measured value most closely. The choice
of which optical parameter is used for this fitting varies between groups with values

such as the refractive index and reflectivity of the sample being popular choices in
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recent studies.

A complete description of the effective medium theories that can be applied
to the modelling of the dielectric response of biological tissues at THz frequencies
and an evaluation of the suitability of each model for such investigations can be
found in the review article by Hernandez-Cardoso et al. [71]. Effective medium
theories are not used to analyse the data obtained in the studies described in this
thesis because these studies involved the application of moisturiser samples. These
treatments lead to structural changes in the skin such as the swelling of the SC and
the presence of the moisturiser within the skin, which must be accounted for using

an additional component in the effective medium theory.

2.5.3 Layered Models of the Skin

Up until this point only models for biological tissues that make the assumption that
the sample is a single homongeneous layer have been considered. However, the skin is
comprised of several layers, from the perspective of modelling the interaction of THz
light with the skin three key layers are considered [72, 73]: the SC, the epidermis and
the dermis, within these layers there are variations in the fractional water content.
The SC is the outermost layer of the epidermis, the hydration and thickness of this
layer vary across the body; on the volar forearm, the region measured in this thesis,
the average SC thickness is ~20 pm [74]. The properties of the SC are different
from those of the rest of the epidermis, meaning that THz light is reflected at the
interface between the SC and the rest of the epidermis. Therefore, the SC and
the epidermis are considered to be distinct layers of the skin when performing THz
measurements. The thicknesses of the epidermis and dermis layers are ~60 pum
and ~1 mm respectively [75, 76]. Given that the absorption coefficient of water at
0.6 THz is ~160 cm ™!, the penetration depth of the THz light is ~60 pm; therefore,
many THz measurements of the skin consider only the reflection from the surface
of the skin; however, some models extend this to consider reflections at the SC-
epidermis interface.

The simplest way to develop a model that more closely resembles the physical
structure of the skin is to use a two layer model to represent the SC and epidermis
layers. The dermis layer can often be ignored for dielectric models at THz frequencies
as this is deep enough into the skin that the THz light is unlikely to penetrate to this
layer. A two layer model is simple enough to be described using Fresnel coefficients
as was done for the single layer model in Section 2.4.2. This model is summarised
in Figure 2.6 where each reflection from the layered structure is expressed in terms

of the Fresnel coefficients at each interface and a propagation term Ps = exp(—if3),
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Figure 2.6: The model for a two layer structure of the skin in contact with a quartz
imaging window, including the expressions for each reflection in terms of the Fresnel
coefficients for each interface.

where 3 is defined in Equation 2.43 and ds is the thickness of the SC. By adding
these reflection terms together the reflection coefficient for the three layer quartz-SC-
epidermis structure, 744, is obtained in Equation 2.44. Note that multiple reflections
within the quartz and epidermis layers can be neglected due to the thickness of these
layers.

_ 2mdgng cos O

8= \ (2.43)

S Tgs T Tse X exp(_iQB) (2 44)
€T 1+ rysrse x exp(—i23) '

This expression for the reflection from the sample can be used in the same
way as the result from the single layer model to calculate a theoretical sample to
reference ratio, which can be used to fit to the measured response of the sample
to extract the unknown parameters. Wang et al. used this model with the LLL
effective medium theory to extract the percentage water content of the SC and
epidermis layers of the skin, following the treatment of the skin with silicone gel
sheeting [51].

In addition to the two layer model of the skin, more complex models have
also been used, such as the stratified medium model proposed by Bennett et al. [73],

which models the water gradients in the layers of the skin. This model expresses the
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Figure 2.7: Models for the hydration of the skin as a function of depth, with a)
linear and b) parabolic water distributions in the Stratum Corneum.

permittivity of the skin as a function of six unknown parameters: Hy, H; and Ho,
which are fractional water contents at the surfaces of the SC, epidermis and dermis,
and the depth of each of these layers, these are all marked in Figure 2.7. These
parameters are then extrapolated to construct a model for the hydration of the skin
as a function of the depth. There have been two types of model that have been used
for this purpose, the first of which was proposed by Bennett et al. and has a linear
water distribution in the SC [73], Sun et al. then extended this by changing this
distribution to have a parabolic form [72], this is thought to be more representative
of the true hydration distribution in this layer. Both of these models are displayed
in Figure 2.7.

Using these models, the hydration of the skin can be expressed fully using
six parameters and can be used with effective medium theories to write the optical
properties of the skin as a function of skin hydration. The stratified media model,
which is described fully in reference [73], extracts the theoretical surface reflectivity
of this multilayered structure and uses it with the measured THz response of the

sample to extract the unknown sample properties.

2.5.4 Understanding the Observed Changes in the THz Response
of Skin

From the Fresnel equations introduced in Section 2.2.2 it can be seen that the
proportion of THz light reflected at an interface is linked to the differences in the
properties of the two interfaces. When considering the interface of a quartz window
(nquartz = 2.1) in contact with skin (ngn(0.5 THz) ~ 1.7), when the water content

of the skin increases (nyater (0.5 THz) ~ 2.3) it is expected that the properties of the
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Figure 2.8: The results of simulating the THz response of skin as the water content
increases where a) shows the Stratum Corneum hydration input into the model and
b) shows the amplitude of the theoretical processed THz signal.

skin will be closer to those of quartz; therefore, the amplitude of the reflected signal
will decrease. This approach offers an intuitive explanation for how changes in the
reflected THz signal are linked to changes in the hydration of the skin; however, this
is an oversimplification as it fails to account for reflections from the SC-epidermis
interface.

Throughout this thesis a parameter that is often used to quantitatively rep-
resent the changes in the THz response of the skin following different treatments is
the peak-to-peak amplitude of the processed signal defined in Equation 2.31. This
approach has been used in multiple previous studies in this field and when the imag-
ing window is made of quartz a decrease in the amplitude of the signal is associated
with an increase in water content [77]. This can be verified experimentally by ob-
serving the decrease in the amplitude of the processed signal throughout occlusion,
a process that is known to increase the water content of the skin, which will be
explained in more detail in Chapter 3.

It is also possible to verify this by simulating the THz response of the skin
using some of the models introduced above. A model of the skin was created using
the two layer model introduced in Equation 2.44 in which the Fresnel reflection coef-
ficient for the quartz-SC-epidermis structure is obtained. To calculate this reflection
coefficient the complex refractive indices of the SC and epidermis are calculated us-
ing the LLL effective medium theory to convert from fractional water content of each
layer to the optical properties. Using the Fresnel coefficients a theoretical sample
to reference ratio can be calculated that can be input into Equation 2.31 to obtain

a theoretical processed THz signal for the two layer skin model.
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Figure 2.9: An example of a THz pulse in the a) time and b) frequency domains
produced using a THz-TDS system.

To test the effect of changing the SC hydration on the amplitude of the
processed THz signal, a varying SC hydration was input of the form shown in
Figure 2.8 a) to model the changes in the hydration observed when the skin is
occluded, while the hydration of the epidermis and thickness of the SC are kept
constant. The amplitude of the theoretical THz signal output by the model is shown
in Figure 2.8 b), this confirms the prediction that a decrease in the amplitude is

linked to an increase in the hydration of the SC.

2.6 Experimental Setup

Finally, this section describes the two THz-TDS systems used to perform the mea-
surements outlined in this thesis. An example of a THz pulse in the time domain
and its spectrum in the frequency domain is shown in Figure 2.9. The shape of
the pulse and the bandwidth of the spectrum will vary depending on the THz-TDS

system used to perform the measurement and the experimental configuration.

2.6.1 Reflection Measurements

Two commercial fiber coupled systems were used to perform the reflection measure-
ments of the skin described in this thesis, one supplied by Teraview Ltd (Cambridge,
UK) and one by Menlo Systems GmbH (Planegg, Germany). Both are THz-TDS
systems and follow the general design described in Section 1.1.2. In both systems
the THz pulse is focussed on the upper surface of the quartz imaging window.

The TeraPulse 4000 spectrometer produced by TeraView mounts the THz
emitter and detector on a large gantry frame at 30 degrees incident to the imaging

window as shown in Figure 2.10, these can be raster scanned to cover the area of the
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Figure 2.10: The TeraPulse 4000 spectrometer used to perform measurements, show-
ing the main unit and the gantry system used for reflection geometry measurements.

imaging window if required. However, acquiring images in this way can take a long
time and for measurements of the skin where the response of the skin is changing
throughout the measurement, this approach can lead to too much variation caused
by the difference in time between the start and end point of the measurement.
Therefore, in the studies described in this thesis only point scan measurements of
the skin were acquired, the reasons for this are explained further in Section 3.2.1.
The THz emitter and detector can be rotated to acquire measurements with s- and
p-polarised THz light, however all measurements in these studies were performed
with s-polarised THz light. This system is capable of producing pulses with a usable
bandwidth in the range from 0.06 to 4 THz. In this thesis results in the frequency
range from 0.2 to 0.8 THz are used, as higher frequencies are more sensitive to the
effects of scattering from the roughness of the surface of the skin. The rate of pulse
acquisition can be varied depending on the measurements being performed, in the
studies described in this thesis the commonly used settings are 15 or 30 Hz, and
automatic averaging settings can also be used.

The other system used to perform reflection measurements is a fiber-coupled
TeraSmart THz spectrometer from Menlo systems GmbH (Planegg, Germany). This
system is able to deliver broadband electromagnetic pulses with a usable bandwidth
ranging from 0.1 to 5 THz. The THz emitter and detector were mounted on optical
rails at an angle of 30 degrees to the quartz imaging window as shown in Figure 2.11.
The presence of the pressure sensors shown either side of the imaging window will
be explained in Chapter 3. The system is capable of acquiring THz pulses at a
rate of 4 Hz. This system is much more compact than the TeraView system, this
means that during measurements a smaller region of skin is in contact with the

metal surrounding the imaging window.
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Figure 2.11: The Menlo system used to perform reflection measurements of the
skin pictured a) from the side showing the emitter and detector and b) from above
showing the quartz imaging window.

2.6.2 Transmission Measurements

Transmission measurements of the samples were performed inside the main unit
of the TeraView system. During THz measurements with this setup the unit was
purged with Nitrogen gas to remove the effect of water vapour from the measured
signals, which can lead to characteristic absorption peaks in the frequency domain
signal. This system has a sample holder into which a sample such as the liquid
cell shown in Figure 2.12 can be slid and measured with THz light, which passes
through the sample at normal incidence. The liquid cell is used to hold samples such
as skin products so that the properties of these samples can be measured prior to
sample application. In this liquid cell the sample is sandwiched between two quartz

windows using a spacer of known thickness to control the thickness of the sample.

2.7 Summary

This chapter introduced the fundamental theory required to understand and inter-
pret the THz measurements of the skin performed in this thesis. The equations that
will be used to extract the optical properties of samples measured with reflection
and transmission geometries were derived and the relevant processing techniques
were introduced. Additionally, several of the models that have been used in previ-
ous studies to link the measured THz properties of biological tissues to the water
content of the samples were described. Finally, the experimental systems that were

used to perform the studies described in this thesis were introduced.
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Figure 2.12: Transmission unit of the TeraView system set up to measure a sample
in the liquid cell.
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Chapter 3

Controlling Variables in THz

Measurements of the Skin

3.1 Introduction

This chapter presents a summary of the variables that can impact the results of
THz measurements of the skin including occlusion by the imaging window, the
applied pressure of the skin on the imaging window and environmental factors.
These variables must be carefully controlled in order to ensure that in vivo THz
measurements are repeatable. This is done using two approaches, firstly a robust
protocol is developed to reduce the effect of occlusion and pressure on the measured
THz response of the skin. Secondly, a processing technique is used to account for
the effects of natural variation of the skin and environmental factors on the changes
measured in the skin following treatment with moisturisers. These approaches are
tested using measurements of the skin of a single subject following the application
of a commercially available moisturiser, this is repeated three times to investigate

the repeatability of the results of THz measurements of the skin.

3.2 Variables Affecting the THz Response of Skin

3.2.1 Occlusion

To date the majority of in vivo studies performed using THz measurements involve
contact between the skin and an imaging window, using a setup similar to the ones
introduced in Section 2.6.1. The use of an imaging window is important for ensuring
consistent alignment of the system as THz reflection measurements are very sensitive

to the effects of misalignment. An imaging window makes it easier for the subject
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Figure 3.1: The occlusive effect of the imaging window on the skin causing water
to build up in the Stratum Corneum, leading to a decrease in the amplitude of the
THz signal reflected from the quartz-skin interface.

to keep the region being measured in the same position throughout the duration of
the measurement. Additionally, using an imaging window leads to two THz pulses
being reflected from the air-quartz-skin measurement as described in Section 2.4.1,
the first reflection from the underside of the quartz imaging window can be used to
calibrate the signal and account for variations in the incident THz pulse between
and during measurements. Whilst the use of an imaging window is important for
in vivo THz measurements of the skin, contact with the imaging window can affect
the properties of the skin leading to changes in the measured THz response.
Changes in the THz response of skin during contact with a quartz imaging
window were first observed by Cole et al. [78], they identified that the changes were
due to the movement of water in the SC. Sun et al. performed an extensive study on
the effect of occlusion of the skin by a quartz imaging window on the amplitude of
the reflected THz pulse [77]. They observed a decrease in the amplitude of the mea-
sured THz pulse with increasing occlusion time and found that the refractive index
increased by 10—15% following 20 minutes of occlusion. Both of these observations
correspond to an increase in the water content as explained in Section 2.5.4. In their
study Sun et al. rule out the influence of temperature, movement of the imaging
window and the accumulation of insensible perspiration as possible explanations for
this observation, as any change in the THz amplitude caused by these factors would
be too small to account for the changes observed. The effect of occlusion on the THz
response of skin can therefore be attributed to the sensitivity of THz measurements
of the skin to the build up of water in the SC, as the normal loss of water through
the surface of the skin is prevented by the imaging window, as shown in Figure 3.1.

These changes due to occlusion were found to be problematic when raster
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Figure 3.2: a) Processed THz signals obtained at one minute intervals when mea-
suring skin for ten minutes under occlusion, the waveforms have been horizontally
shifted for clarity. b) The amplitude of the processed waveform plotted against
occlusion time and fitted with a biexponential function shown in red.

scanned images were being acquired of the surface of the skin due to the relatively
slow imaging speeds achievable with present approaches, as the first point of the
skin to be imaged had been in contact with the imaging window for far less time
than the final point to be measured. This difference in occlusion time across the
image led to a gradient in the reflected amplitude across the image due to the build
up of water in the skin during the measurement.

Sun et al. proposed that a biexponential fit could be used to describe the
change in the reflected THz amplitude during occlusion as described in Equation 3.1,
where t is the occlusion time, 7 and B9 are constant coefficients, 7 and 7 are time
constants and C, ,) is a variable to account for spatial variation across the surface

of the skin when an image is acquired [77].
fitted signal = Brexp(—t/71) + Baexp(—t/72) + C(yy) (3.1)

It was demonstrated that this model could be used to compensate for the effects of
occlusion on the measured THz response of skin when acquiring an image.

An example of the effect of occlusion on THz measurements of the skin is
shown in Figure 3.2. For these measurements the skin was in contact with the imag-
ing window for ten minutes, the processed THz waveforms are shown in Figure 3.2 a)
and are plotted at one minute intervals where the colour gradient marks increasing
occlusion time as shown by the coloured arrow. These pulses have been horizontally
shifted for clarity. Figure 3.2 b) shows the change in the amplitude of the signal

during the ten minute measurement and the red line shows the biexponential fit to
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Figure 3.3: a) Processed THz pulse of a single point under different pressures, b)
images of the skin showing the amplitude of the processed THz pulse under different
pressures. Used with permission from [79].

the data.

3.2.2 Pressure

In addition to the occlusion of the skin by the imaging window throughout the
measurement, the pressure of the contact between the skin and the imaging win-
dow can also influence the results of THz measurements of the skin. Wang et al.
investigated this by using a Force Sensitive Resistor (FSR) to record the applied
pressure throughout the duration of the THz measurements [79]. By modelling the
skin using a stratified media model with effective medium theories as described in
Section 2.5.3, they were able to quantify the changes in the hydration and thickness
of the SC and epidermis layers of the skin under different applied pressures.

In the study performed by Wang et al. five subjects were asked to apply five
different pressures ranging from 1.5—3.5 Nem™2 in different THz measurements of
their skin and each pressure was repeated three times. Some of the results of this
study are shown in Figure 3.3, where a decrease in the amplitude of the processed
THz signal can be seen as the applied pressure increases, this trend was verified
using images of the regions in addition to point scan measurements in order to con-
firm that this observation was not due to spatial inhomogeneities on the surface of
the skin. The measurements found that the refractive index of the skin increased as
applied pressure increased, while no change was observed in the absorption coeffi-
cient. It is likely that this disparity between the changes observed in the refractive
index and the absorption coefficient can be attributed to the use of the single layer
model of the skin to extract the optical properties of the skin, which neglects the
structurally distinct layers of the SC and the epidermis. Using modelling of the skin
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to extract the changes in the physical properties of the skin under different pres-
sures, it was observed that increasing pressure decreased the thickness of the SC
and increased the SC hydration. Additionally, it was observed that the refractive
index of the biological background component of the skin model increased as the
pressure increased. These observations suggest that the measured changes in the
THz response of skin as the applied pressure is increased are linked to increasing
biological density and water concentration in the upper layers of the skin as the skin
is compressed. This study identifies that it is important that pressure is carefully
controlled in THz measurements of the skin in which the skin is in contact with an

imaging window.

3.2.3 External Factors

Previous studies have found that properties of the skin such as hydration and bar-
rier function vary depending on a host of external factors that are hard to control
including changes in temperature and humidity [80, 81], diet [82] and the time of
the day [83]. Unlike the effect of pressure these factors are hard to quantify and con-
trol for each subject between the measurements. However, it is important that an
approach is used that reduces the effects of these variables on the measured changes
in the THz response of skin so that the results can be repeatable and do not depend

on other factors such as weather.

3.3 Methods

3.3.1 Experimental Setup

The measurements performed for this study were done using the TeraView system
described in Section 2.6 using a reflection geometry as shown in Figure 3.4. FSRs
were positioned either side of the quartz imaging window. The THz emitter was
positioned so that the incident THz beam arrived at 30° to the quartz imaging
window. The average spot size of the THz beam was ~1 mm. The system was used
to acquire measurements of 30 THz pulses a second, with every five pulses acquired
being averaged to form a single recorded THz pulse. Therefore, the measurement

of the 200 pulses acquired in this study took 33 seconds.

3.3.2 Circuit Design

An electronic circuit capable of converting the measured mechanical pressure into

voltage was constructed, as shown in Figure 3.5. An arduino microcontroller board
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Figure 3.4: a) The experimental setup used to take in vivo measurements of the
skin with THz light in a reflection geometry, combined with pressure sensors and
indicator lights to improve repeatability of the measurements.

was used to process the measured voltage into a pressure value and turn on the
appropriate indicator light. FSRs are connected in a voltage divider circuit as
shown in Figure 3.5, as suggested by the manufacturer [84]. As the resistance of
the FSRs is a function of applied pressure, the output voltages Vi and Vo vary
with the applied pressure and are input back into the microcontroller. The two
input voltages correspond to the two FSRs either side of the imaging window. The
measured responses from the FSRs are used to provide a real time visual output by
changing the colour of two LEDs to help the subject change the applied pressure
throughout the measurement as required. Additionally, a binary signal is sent to
the TeraView system, which is recorded simultaneously with the THz pulse, that
can be used to help process the data and reject measurements that were recorded
at the incorrect pressure.

The right hand side of Figure 3.5 shows a flow chart of how the arduino mi-
crocontroller is programmed to use the measured voltages from the FSRs to control
the LED indicators and the digital output. If the pressure applied to the FSR is
below the programmed low-pressure limit the light will be blue, if the pressure is
above the high-pressure limit the light will be red and finally if the pressure is within
these two limits the light will be pink. The low-pressure limit chosen for this study
was 0.6 Nem ™2, as this is the lowest value of pressure detectable by the FSRs, and
a lower pressure is easier to maintain for a long period of time. The high-pressure

limit chosen was 1.1 Nem™2, as this allows for some variation in pressure that is
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Figure 3.5: Diagram of the circuit used to integrate a pressure sensor with the Tera-
Pulse 4000 and a flow chart describing the code used by the Arduino microcontroller
to implement this. Vi and V9 are the output voltages from the responses of the two
FSRs and Vi, and Vg are the lower and higher threshold voltages for the pressure
sensor. When the voltage is between Vi, and Vy a pink light is shown to the subject
and a binary signal is recorded alongside the THz response to aid processing.

below the sensitivity of the THz system. It is simple to change the desired pressure
range by uploading new code to the arduino board, depending on the region of skin
being measured, the requirements of the experiment and the experience of the sub-
ject with using the pressure sensor. If the subject is inexperienced it is beneficial to
use a wider pressure range as otherwise extra errors are introduced as they try to
apply the desired pressure; with more experienced volunteers the desired pressure
range can be tighter as this will be achievable without moving, this will significantly
reduce the uncertainty introduced by pressure. As part of the protocol for in vivo
THz measurements of the skin, subjects should have the opportunity to practice ap-
plying the desired pressure, in order to reduce errors induced by the subject moving
their arm to apply the correct pressure.

Furthermore, the circuit also provides a digital output to the THz system
using a relay switch controlled by the arduino board. When both pressures read by
the arduino microcontroller board are within the specified range of values, the board
applies a voltage across the switch, closing the circuit and triggering a binary signal
that is received by the THz system while it is recording the THz signal. After this,
the THz signal is saved in an h5 file together with a binary mark indicating whether
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the measurement was recorded when the pressure read by the sensors was in the
specified range. This procedure makes it possible to select only the THz signals
recorded in the pre-defined pressure range. The use of the pressure sensor output

when processing the THz signals will be discussed further in Section 3.3.5.

3.3.3 Protocol For Skin Measurements

A protocol for in wvivo skin studies has been designed to allow a more rigorous
comparison between measurements taken at different times and from different sub-
jects. The outline of this protocol is displayed in the table in Figure 3.6. Before
the measurements can be performed, the subject must acclimatise to the controlled
temperature and humidity of the room where the measurements will be taken, with
the area to be imaged exposed e.g. sleeves rolled up. During this adjustment time
the subject is given the opportunity to train to use the pressure sensor system as
shown in Figure 3.6 a) and b), to practice applying the correct pressure consistently.
The subject is also asked that their arm not be removed from the imaging window
at any point during the measurement as this will introduce uncertainty into the
occlusion process of the skin.

Additionally, the acclimatisation time is used to mark the region to be imaged
with a 5 by 5 cm square on the volar forearm halfway between the elbow and the
wrist, as shown in Figure 3.6 ¢). This region was chosen for study as it can be easily
placed on the imaging system, also it has few hairs, which would interfere with
the contact of the skin with the imaging window, and has minimal environmental
exposure, for example to UV radiation. The marking of the region makes it possible
for the same location to be measured repeatedly and helps ensure that the area that
the moisturiser product was applied is the area that is imaged. All the experiments
were performed with the informed consent of the volunteers.

The imaging parameters that are used result in a 33 second measurement
consisting of 200 waveforms, this yields measurements at small enough time intervals
for dynamic changes in the skin, such as those caused by occlusion, to be observed.
The measurement is started before the skin is in contact with the imaging window,
then the subject is asked to place their arm on the window. Using this approach
it is possible to observe in the recorded THz pulses and pressure response, the
point at which the arm first contacted the imaging window, making it possible to
know exactly how long the skin had been occluded for. Otherwise the unknown
duration of occlusion has the potential to induce uncertainty and variation between
measurements at different time points and of different subjects.

To allow the skin to recover from the effects of occlusion, five minutes were
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Subject enters lab to acclimatise

2 Take written consent %

5 Train subject to use the pressure sensor (a,b) 3

10 Mark the region to be imaged (c) f";
30 Take the first measurement lasting 30 s

5cm

35 Apply 0.1 ml of the product

———

55 Wait a minimum of 20 mins before the next

measurement Indicator LEDs

Figure 3.6: Table of the protocol used for in vivo skin measurements in this study. a)
and b), the experimental setup used with the pressure sensor with applied pressure
below the desired limit and within the desired limits respectively (indicated by the
blue and pink lights). ¢) The marked region to be imaged on the volar forearm.

left between the first measurement and the application of the skin product. The
skin product was measured in 0.1 ml quantities using a Pos-D micropipette from
Mettler Toledo, this volume is sufficient to allow saturation of the 5 by 5 cm region
with no excess remaining on the skin. This volume can be changed depending on the
products being tested and the ability of the skin to absorb them. The product was
rubbed into the skin whilst wearing a latex glove to ensure that none of the product
was absorbed by the hand applying it, efforts were also made to ensure that the
product was massaged into the skin consistently covering all the marked area. An
interval of 20 minutes was left between measurements to allow the water distribution
in the skin to recover from the effects of occlusion from the first measurement [77].

The product of interest was only applied to the left arm and the right arm
remained untreated to act as a control. This control arm measurement makes it
possible to identify which observed changes are the result of the moisturiser product
and which are induced by natural variation in the skin with time of day, eating,
drinking or other environmental factors as it is understood that these factors will
change the skin uniformly across the body. In this study measurements were taken
of the treated and control skin regions before the application of the product and 30

minutes, 1 hour, 2 hours and 4 hours after application.

3.3.4 Data Processing

The THz pulses measured in this study were processed using the approach described
in Section 2.4, in order to obtain the smooth pulses shown in Figure 3.7 ¢). Sun et
al. [72, 77] demonstrated that as the time for which the skin is occluded increases

water builds up in the surface of the skin and this can be seen as a decrease in the
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Figure 3.7: The output from a THz measurement of skin. The start point of the
measurement where stable contact with the imaging window was reached at the
correct pressure, is marked by the orange dashed line. a) the pressure sensor binary
output measured throughout the THz measurement, b) the P2P of the processed
signal as a function of occlusion time, c) the processed THz signal at the start of
the measurement both before and after the contact of the skin with the imaging
window. The signals are shifted horizontally for clarity and only one signal of the
window before contact with the skin is displayed in red.

Peak-to-Peak (P2P) amplitude of the processed signal as shown in Figure 3.7 c).
This is because the increased water content in the skin increases the refractive index
of skin, so the reflected THz signal is reduced. Therefore, through this initial study
into pressure controlled THz measurements of the effect of applying a moisturiser,

a decrease in P2P is understood to indicate an increase in skin hydration.

3.3.5 Using the Pressure Sensor Output

The output from the pressure sensor can be used to identify the point at which
the arm makes stable contact with the imaging window and how long the subject
took to attain the desired contact pressure. This makes it possible to determine
which changes of the THz pulse are due to occlusion and which are due to an
incorrect pressure between the arm and the window. Also, any changes throughout
the measurement that are the result of a change in pressure can be identified. If the
subject failed to reach the correct pressure quickly or the pressure varied significantly
throughout the measurement the data are excluded.

The processing and analysis of the measured THz signals using the pressure
sensor data are shown in Figure 3.7. The binary output from the pressure sensor

as a function of time is displayed in Figure 3.7 a), and the regions of incorrect
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pressure are identified. Fig 3.7 b) shows the variation of the P2P as a function
of time with the start point corresponding to the correct pressure marked by the
orange dashed line. Figure 3.7 ¢) shows the processed THz response measured at
different time intervals into the measurement, including one just before the arm
makes contact with the imaging window. The processed signal for the measurement
before the arm was placed on the imaging window represents the filter introduced
in Equation 2.31 in the time domain, as the sample measurement is identical to the
air reference at this time point. These plots are used together to determine the time
into the measurement at which the data can be considered useful and consistent
with those taken from other subjects. In Figure 3.7 c) the processed signals have

been shifted horizontally for clarity.

3.3.6 Normalising Results

In order to eliminate variation in the skin not due to the application of the mois-
turiser, a variable is defined in Equation 3.2 called the Normalised Relative Change
(NRC), in which the change measured in the control region is subtracted from the

measured change in the treated region.

(X7t — X70) — (Xow — Xco)

NRC(%) = X0+ (Xcor — Xco)

x 100 (3.2)

Where X7 and X are the measured P2P values of the treated and control arms,
time t after the application of the product, X7g and X¢¢ are the initial P2P values
of both arms. The NRC represents the normalised percentage change in the P2P,
resulting from the application of a moisturiser product relative to that of the control
arm, which should be representative of the natural variation of the arm caused by
environmental factors. It might be expected that (X¢or — Xcg) would average to
zero but when there is a change in the skin not caused by the moisturiser e.g. due
to eating, drinking or a temperature change then this will be non-zero and the effect
from it will be removed from the change observed in the treated region.

The more negative the NRC value the more the P2P decreased due to the
moisturiser application and therefore the greater the hydration increase in the skin.
However, it is also possible that the moisturising product may induce other changes
in the skin not linked to hydration that may alter the THz response. Further
modelling of the skin is required to identify how much of the observed NRC is
caused by changes in skin hydration. The NRC can isolate the change in the THz
response of skin induced by the application of the skin product. When the water

content of the skin is extracted a similar normalisation process can be carried out

48



3 6.8
S
25 66r + O
S .
> 2 S64 A
© I 564 N
3 S »—{—\1\
> o +
- L N N N
‘5-15 0_62 \\\
3 N
o +\
1 6 .. |
N b)
-
0.5 : ‘ ‘ ‘ : 5.8 ‘ : : ‘ :
100 200 300 400 500 600 100 200 300 400 500 600 700

Weight (g) Weight (g)

Figure 3.8: a) The calibration of the FSRs using known weights and taking an
average of three readings of the output voltage, the error bars are the variation of
the voltage with the application of a fixed weight. The blue and red lines mark the
lower and upper voltage and weight thresholds for the blue and red lights to turn
on used in this study. b) The measured P2P at different pressures, the x error bars
correspond to the calibration errors in a) and the y errors come from the standard
deviation of the ten measurements that were averaged to give each data point.

to identify the relative hydration change in the skin.

3.4 Results

3.4.1 Calibration of the Pressure Sensor

The FSRs in the circuit give an output voltage that is a function of the pressure
applied. In order to extract a meaningful pressure value from this output the circuit
must be calibrated through the application of known weights, the result of this is
shown in Figure 3.8 a). Each weight was applied to the FSRs three times and
the output voltage from the circuit shown in Figure 3.5 was recorded, the weights
were removed and replaced between each measurements. These three values were
averaged to obtain the results shown in Figure 3.8 a). The red and blue lines mark
the upper and lower thresholds respectively that the pressure sensor lights respond
to and the error bars display the voltage range output during the application of the
fixed weight.

Figure 3.8 b) shows the average of ten consecutive P2P measurements as a
function of weight as determined by the calibrated pressure sensor. The x error
bars come from the calibration of the pressure sensor and the limit on the range of

pressure that the arm can be kept within for sufficient time for the measurement to
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be taken. The y error bars are the standard deviation of the ten measurements of
the P2P. Figure 3.8 b) shows that when a suitable target pressure range is defined,
the variation in the properties of the skin caused by changes in the applied pressure
can be smaller than present THz sensitivity. Therefore, using the pressure sensor
to limit the variation in pressure to correspond to a weight range of 100 g is enough
to significantly reduce variation due to pressure, whilst preventing the subject from

moving excessively to attempt to keep within an unattainably small pressure range.

3.4.2 Testing the Technique

To test the capabilities of this protocol for quantifying the effects of moisturisers on
the skin, a study was conducted using a commercially available skin moisturising
product. Using the protocol described in Section 3.3.3, Vaseline lotion was tested
on the same subject three times with one week between each study to allow for
recovery of the skin where the moisturiser was applied. The results of this study
are shown in Figure 3.9 a), where the changes in the P2P of the control and mois-
turised arm in three repeat measurements on the same subject can be seen. In this
figure the average of ten consecutive P2P measurements taken 25 seconds into the
occlusion process is plotted, and the error bars are the standard deviation of these
ten values. The dashed lines indicating the control arm in Figure 3.9 a) are largely
self-consistent; however, there are some small variations that could be caused by fac-
tors other than the application of the moisturiser. If there is an observable change
owing to the consumption of food or other factors that influence the skin homoge-
neously on the left and right arms the use of the NRC variable should remove this
effect. Additionally, a large change can be seen between measurements 1, 2 and 3
of the control arms, using the NRC variable will yield a measure of the change of
the state of the skin relative to the starting conditions before the application of the
product. There is a significant decrease in P2P shown by the solid lines after the
application of the Vaseline, this change is large enough that it cannot be accounted
for simply by natural variation of the skin, therefore this figure demonstrates that
THz measurements of the skin are capable of characterising changes induced by the
application of moisturising products.

Figure 3.9 b) shows the result of the three identical studies on the same
subject with the treated arm normalised to the control arm, the data point plotted
for the value of the NRC before the application of the moisturising product is defined
to be zero by Equation 3.2 and therefore has no associated error. A significant
change is observed in the skin following the application of the product as none of the

results overlap with the dashed line marking out zero NRC. There is a consistent and
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Figure 3.9: The THz response of skin after the application of a commercial skin
product. a) The average of ten measurements of the P2P plotted at different time
intervals before and after applying moisturiser to one arm. b) The NRC observed
after 25 seconds of occlusion in three repeats of the same protocol on the same
subject after the application of the product, the data point marked for the NRC
value before the application of the sample is defined to be zero by Equation 3.2 and
the dashed black line highlights the point for no change observed. In both figures
the error bars correspond to the standard deviation.

significant decrease in the NRC of approximately 10—15%, following the application
of the product. As all of the normalised results are significantly different from zero
this change cannot be attributed to natural variation of the skin.

The results from the pressure sensor were used to identify the start point of
the occlusion of the skin, this was then used to align the start points of the data
from the control and treated regions. By doing this before calculating the NRC
the effect of occlusion is compensated for so this should not contribute to the error
bars, which are the standard deviation of the ten consecutive NRC values averaged
to give the values in the figure. This figure suggests that after the initial changes
observed when the product is applied, further increases in this change can be seen at
increasing time after application, suggesting that the changes the product induces
in the skin may take some time to begin.

This protocol is shown to be capable of producing repeatable in vivo THz
skin measurements as the results in Figure 3.9 b) of the percentage NRC of the
skin largely agree within their error bars despite the measurements being taken at
one week intervals. From these results the NRC of the skin 30 minutes after the
application of the skin product, is shown to decrease to 10% and 4 hours after
the application of the product this decreases further to 17%. However, further

measurements will need to be taken on a range of subjects, in order to be confident
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that this trend applies to all skin types in a range of seasons.

This work can be expanded on in the future by applying the protocol to a
wider range of subjects and samples to study if a change in the effects can be ob-
served. A model could also be developed to facilitate the extraction of the hydration
as a function of depth to allow the observation of the effects of the products deeper
into the skin. This would also give greater meaning to the observed changes in the
THz signal after the application of the products if they can be expressed in terms
of percentage increase in hydration, which will be of more interest to potential skin

product customers.

3.5 Summary

In this chapter a protocol has been introduced that can be used to perform THz
measurements of the skin that yield repeatable results. This protocol makes it
possible to control the effects of pressure and occlusion on the skin and uses the
NRC variable to remove the effects of changing environmental conditions on the
measured THz response of the skin. In subsequent chapters elements of this protocol
and processing technique will be applied to ensure that the results can be compared

between subjects.
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Chapter 4

Comparison of THz Sensing
with Other Approaches to Skin

Characterisation

4.1 Introduction

Chapter 3 described a robust protocol that can be used to obtain repeatable results
for the THz response of skin following treatment with a commercially available
moisturiser on a single subject. In order to further verify the application of THz
measurements for in vivo hydration assessment it is necessary to compare the results
to alternative techniques. In this chapter the THz response of skin was be measured
following the application of three types of moisturising products, this is compared
to results from two other techniques that are commonly used for skin hydration
assessment. The corneometer uses the capacitance of the skin to evaluate the water
content and the Tewameter measures the Transepidermal Water Loss (TEWL) of
the skin to provide insight to the functionality of the skin barrier for keeping water
inside the skin. The effect of the initial hydration state on the response of skin to
the application of different moisturiser samples is also investigated.

In order to offer a thorough comparison of the three devices, three common
moisturiser components are tested on 20 subjects and the changes in the reflected
THz signal, skin capacitance and TEWL are compared. This is the first com-
prehensive comparison of in vivo THz measurements of the skin with TEWL and
capacitance measurements of the skin and makes it possible to assess the ability of

THz measurements to diagnose the hydration of the SC.
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4.2 The Stratum Corneum

4.2.1 The Function of the Stratum Corneum

The SC is the uppermost layer of the skin, followed by the epidermis layer. The
SC is less hydrated than the epidermis as it is in direct contact with the external
environment and water is continually lost from the SC, the rate of this water loss
depends on the health and functionality of the SC and the environmental conditions.
The SC is composed of layers of corneocyte cells and lipids, this layered structure
was investigated in detail with THz ellipsometry techniques by Chen et al. [85].

The primary function of the skin is to form a semi-permeable protective
barrier capable of maintaining the required hydration levels inside the body and
preventing harmful chemicals from entering. This barrier allows water to enter and
leave the body at a controlled rate, some water will be absorbed through washing
whilst water can be lost through a process called TEWL. If the skin barrier is healthy
this TEWL is controlled, however if there is damage to this barrier the skin can dry
out [86].

4.2.2 Percutaneous Absorption

As the SC is semi-permeable, substances can enter the body via the skin, in a
process known as percutaneous absorption. Many factors can contribute to the rate
of percutaneous absorption including skin hydration, skin health, barrier function
and external factors such as washing or exfoliating [87]. Studies have been performed
investigating links between percutaneous absorption and skin hydration, and it has
been found that excessive hydration can increase absorption as soluble components
of the sample can diffuse through the SC more easily [88]. However, poor skin barrier
function, which is often linked to dry skin conditions, can also increase absorption
rates [89]. One study using normal and cosmetically dry skin to test the difference
in barrier function found that the barrier function of normal skin is 40% higher than
that of dry skin [90]. This means that naturally dry skin is likely to have higher rates
of percutaneous absorption than initially well hydrated skin; this may influence how

these different skin types respond to the application of moisturiser samples.

o4



¢

INCI? WO Emulsion Aqueous System Anhydrous Ingredient Effect

Water qs100 qs100

Triolein 30% 99% Emollient, occlusive
Glycerine 10-12% 10-12% Humectant, NMFP
Phenoxyethanol 0.5% 0.5% Stabiliser
Polyglyceryl-3 2% Stabiliser
Polyricinoleate

Methyl 2% Emulsifier

Glucose Dioleate

Sphingomonas 0.3% Occlusive, humectant
Ferment Extract

Caprylic/ 1% 1% Occlusive

Capric Triglyceride

Table 4.1: 2International Nomenclature of Cosmetic Ingredients, PNatural Moisturising Factor. A list of the compositions of each
sample tested in this study, and a summary of the expected effects of each ingredient on the skin.
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Figure 4.1: The mechanisms of the interactions of a) the aqueous sample, b) the
anhydrous sample and c¢) the WO sample with the skin.

4.2.3 Response of the Skin to Different Moisturisers

The three sample types applied in this study are: an aqueous sample primarily con-
sisting of water and glycerine; an anhydrous sample containing triolein and a Water
in Oil (WO) emulsion, which is a mixture of both the samples. The compositions of
these samples and the anticipated effects of each ingredient are shown in Table 4.1.

An increase in the presence of water is expected to increase the corneome-
ter measurement, but any residue of oil components can interfere with this mea-
surement, decreasing the measured value of skin capacitance. An increase in skin
hydration is expected to decrease the amplitude of the reflected THz pulse, as the
refractive index of skin increases, as explained in Section 2.5.4. However, oil on
the surface of the skin may increase the amplitude of the reflected THz pulse as the
refractive index of the surface of the skin may decrease, leading to a larger refractive
index contrast at the interface between the quartz imaging window and the surface
of the skin, thereby increasing the THz reflectivity. It is expected that samples that
repair the skin barrier and prevent water loss will decrease the TEWL measured,
however residual samples on the surface of the skin may interfere with the measured
TEWL. While TEWL measurements do not give a direct indication of the water
content of skin, improving the functionality of the skin barrier can improve the abil-
ity of the skin to retain water, allowing the water content of the skin to recover over
time.

Figure 4.1 shows the mechanisms through which each of these samples are
expected to interact with the skin to increase the hydration. The aqueous sample
is shown in Figure 4.1 a), and the main effect arises from the absorption of water
and glycerine. Glycerine acts as a humectant meaning that it is able to draw wa-
ter to itself and bind to it [91]. Therefore, this aqueous sample draws water into
the SC from the sample and potentially from deeper layers of the skin, which are

more hydrated. When glycerine is applied to the skin with water it can reduce
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the diffusivity of water, reducing the rate at which this absorbed water is lost from
the surface of the skin [92]. The absorbed water is therefore held in place by the
glycerine, increasing the hydration of the SC [93].

The anhydrous sample acts as an emollient softening the skin and forming
an occlusive layer on the surface of the skin. The effects of this occlusive layer are
demonstrated in Figure 4.1 b); the oil on the surface of the skin forms a water-proof
barrier, which traps water inside the skin, allowing the SC hydration to increase [94].
It is possible that the formation of this occlusive layer on the surface of the skin
could interfere with the corneometer measurement, making it appear that the skin
hydration has not significantly increased. It is expected that on the short timescales
being used for this study with just one measurement 20 minutes after treatment,
the presence of oil on the surface of the skin will be visible in the THz response of
skin leading to an increase in the reflected amplitude.

The interaction of the WO emulsion with the skin is shown in Figure 4.1 ¢)
as a two stage dynamic process, which is a combination of the mechanisms seen
in the two other samples. It is understood that initially the water component of
the sample will be absorbed into the skin and some will evaporate from the SC
(on a timescale of approximately 15 minutes). This will leave the oil components
behind on the surface of the skin in what is known as the lipidisation phase [95]. At
the point 20 minutes after the treatment when the measurement is performed it is

expected that the oil components will dominate the measurement.

4.3 Techniques to Study Human Skin Hydration

In the study described in this chapter three techniques to study the skin are com-
pared: corneometer measurements, TEWL measurements and THz measurements
of the skin. This section outlines the key principles behind each of these techniques
and how the results obtained link to changes in the structure and properties of the
skin. It should be noted that there are many other techniques that are also used to
study the properties of the skin such as impedance measurements, a review of some

of the developments in this area can be found elsewhere such as in reference [96].

4.3.1 Corneometer Measurements

The capacitance of the surface of the skin is measured using a corneometer, which
can be used to infer the relative hydration. Tracks of oppositely charged gold plates
are interleaved on the head of the electrode, resulting in a shallow electric field that

penetrates into the upper layers of the skin, operating in the frequency range from
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0.9 MHz to 1.2 MHz. This measurement can be used to infer the dielectric properties
of the surface of the skin, which are correlated to the hydration [97].

The measurements taken by the corneometer are in standard corneometer
units, which give a scaled measurement of the capacitance of skin. The range of
these values is from 0, which is calibrated as the response where there is no water
in the sample, to 120, which is calibrated with pure water [98]. It is possible that if
an oily sample is used on the skin and leaves a residue, the response measured may
be smaller than expected due to interference caused by the film [99].

The corneometer is an accepted gold standard for quantifying the effect of
different skin treatments on the SC hydration [100]. According to the web of science
there have been 287 publications referring to the corneometer produced between
1987 and 2020; many of these use the measurements to demonstrate the efficacy of

a new type of moisturising sample or a new device for skin measurements.

4.3.2 Transepidermal Water Loss Measurements

TEWL is defined as the rate of diffusion of condensed water vapour through the
SC [101]. It is not possible with present techniques to non-invasively measure this
variable directly, however using the physical laws that define the diffusion process it
is possible to infer it indirectly by measuring the rate of evaporation of water from
the surface of the skin, as shown in Equation 4.1 [102], where J is the rate of water
leaving the skin in a given area, D is the diffusion coefficient, which can be assumed
to be a constant in controlled environmental conditions, ¢ is the concentration of wa-
ter vapour in the air or humidity and x is the location of the humidity measurements

as marked in Figure 4.2. The TEWL measurement has units gh~'m~2.

J=-D— 4.1
I (4.1)

It has been observed that TEWL is correlated with percutaneous absorption
as both offer an indication of the skin barrier properties [103], one from the inside
of the skin out and the other from the outside in. This means that the initial state
of the skin as indicated by the TEWL may influence the way the skin responds to
treatment with a topically applied sample and how quickly the sample is absorbed.
Studies have also shown correlation between TEWL and the size of the corneocytes
at the surface of the skin [104], as shown in Figure 4.2, when the corneocytes are
smaller there are more gaps for water to escape through. Additionally, reduced
corneocyte size increases the area available within the skin for topically applied

samples to be stored as a reservoir, increasing the absorption of the sample by the
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Figure 4.2: The mechanism by which TEWL occurs from the surface of the skin
and how this can be measured indirectly with an open chamber device.

skin.

It is expected that when the skin is treated with a sample that is effective at
repairing the skin barrier the TEWL should decrease. However, the TEWL device
used to take the measurements works on the assumptions that the skin is dry and
free from surface moisture, the presence of any water or oil on the surface could lead
to an observed increase despite the skin barrier having been repaired following the
treatment. It is anticipated that some treatments may act by forming an occlusive
barrier on the surface of the skin, leading to a decrease in the TEWL observed as
epidermal water is trapped inside the skin, enabling the skin to recover its natural
hydration state. Also, treatments that increase the water content of the skin are
expected to reduce the TEWL, as the natural humectants inside the corneocytes
will absorb water causing the corneocytes to swell, improving the skin barrier [105].

In this study an open chamber device was used to measure TEWL, as shown
in Figure 4.2, this has an advantage over closed chamber devices that it does not
occlude the skin or disturb the natural microclimate. However, the fact that the
chamber is open means that the measurement can be influenced by changes in the
environmental conditions such as humidity and airflow [101]. For the study described
in this chapter the temperature and humidity were carefully controlled to minimise

the impact on the TEWL measurements.
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4.3.3 THz Measurements

THz measurements of the skin can be acquired using a reflection geometry to study
changes in the hydration levels of skin following treatment with different samples.
The various experimental approaches and processing techniques that can be used to
study the skin with THz spectroscopy were introduced in Chapter 2. Using these
techniques a processed THz time domain signal can be obtained and the amplitude
of this signal is used to infer the changes in the skin measured with the THz system.
The amplitude of the reflected signal decreases when the hydration of the skin
increases, as shown in Section 2.5.4. By measuring the optical properties of the oil
based samples, the effect of these samples on the amplitude of the reflected signal
can also be predicted. Additionally, the refractive index and absorption coefficient
of the skin could be extracted using the techniques introduced in Section 2.4.2.
The modelling approaches introduced in Section 2.5 are not used to extract
the changes in the hydration of the skin from the measured changes in the reflected
signal as there are too many unknowns after the different samples have been applied,
including how deep the moisturiser sample penetrates into the skin and how the
thickness of the SC is affected by application of the samples. It is possible that
the optical properties of each of the samples could be used with the properties of
a biological background and water in the LLL model to represent the addition of
the samples to the skin. However, there is not yet enough understanding about the
physical changes in the skin to construct an accurate model. The more studies that
are performed of this nature the better the foundation that will be available for
constructing an accurate model for the treatment of skin with moisturisers in the

future.

4.4 Methods

4.4.1 Protocol

20 subjects were studied for the purposes of this investigation (9 males, 11 females)
of ages ranging from 21-52. All volunteers gave informed consent to be involved in
the study. The protocol for this study is summarised by the table in Figure 4.3. All
subjects were measured on the same day to minimise variations caused by external
factors such as climate. Allergy tests were performed on all subjects at least 24
hours prior to the measurements by applying a small amount of each sample to the
upper arm, no subjects were withdrawn from the study due to a negative response

to any of the samples.
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Protocol for measurements a)

Subject enters the lab

Acclimatise to controlled environment for 20
minutes, T= 23°C

Mark 4 3x3 cm region on the volar forearms

Measure the regions with corneometer (a), b)
Tewameter (b) and THz

Apply 0.036ml of each sample to the
corresponding region (c)

Wait 20 minutes for sample to be absorbed c)

Repeat measurements with corneometer, m—— m
. o ——— [Rp——
Tewameter and THz for each region 1 1 1 1 g A
! o I I : 3cm
Subject leaves the controlled environment 2 l___} L

Figure 4.3: Left: a table describing the experimental protocol employed for the
measurements. Right: a) The Corneometer CM 825 used to measure the capacitance
of the skin. b) The Tewameter TM 300 used to measure the TEWL of each region.
c) The regions on the volar forearm to be treated and measured, one region was also
marked on the other arm in the centre position, which was not treated and acts as
a control.

Each region of the skin was measured with all three techniques before treat-
ment with any products, making it possible to normalise the observed changes in the
treated regions to the initial state of the skin and account for any natural variation.
Four regions were marked on the arms, three on the left arm to be treated and one
on the right arm to remain untreated acting as the control, these regions are shown
in Figure 4.3 c).

After the initial measurements of the skin the regions were treated with
anhydrous, aqueous and WO samples. The sample volume of 0.036 ml was measured
using a micropipette and applied to each region before being rubbed in by the
subject whilst wearing a latex glove. This prevented the sample being absorbed by
the hand used to rub it in. The subjects then waited 20 minutes for the samples
to be absorbed. Following this the four regions were then measured again with all
three techniques. The timings of all the measurements were planned to give the skin
time to recover from any occlusive effects of prior measurements before the region
was measured again.

In this study three samples types were tested: an oil based sample, a water

61



based sample and a WO emulsion, as introduced in Section 4.2.3. All three samples
were common components of commercial moisturisers and act to increase the water

content of the skin through various mechanisms.

4.4.2 Capacitance Measurements

Capacitance hydration measurements of the skin were taken using a Corneometer
CM825 (Courage + Khazaka Electronic, Cologne, Germany) [98], shown in Fig-
ure 4.3 a). The probe was wiped with a dry tissue between each measurement to
remove any residual sample remaining on the surface of the skin or other skin lipids,
which could interfere with the next measurement.

The measurement with the corneometer is linked to a spring based pressure
system, which ensures that the probe is applied to the skin with the desired force
of 1 N before the measurement is taken [98]. Once the desired pressure has been

reached the measurement is taken, which lasts less than one second.

4.4.3 Transepidermal Water Loss Measurements

The TEWL of the skin was measured using the Tewameter TM 300 (Courage +
Khazaka Electronic, Cologne, Germany) [106] shown in Figure 4.3 b), an open cham-
ber device capable of measuring the flow of water from the skin without occluding
the region. These measurements were acquired for 20 seconds during which time a
stable humidity gradient is established within the chamber. This trend of tending to
an equilibrium state can be fit with a biexponential curve to identify the end point
that the system is tending towards, as shown by Figure 4.4, where the blue circle
indicates the end point that is sampled for that measurement. All measurements
were performed in the controlled environmental conditions of the lab as this device

is very sensitive to changes in the temperature and humidity of the surroundings.

4.4.4 THz Measurements of the Skin

Point scans of each region were acquired in a reflection geometry using THz light
generated and detected using the TeraPulse 4000 system introduced in Section 2.6.1.
To control variables such as occlusion and pressure, which have been identified as
factors that can influence the THz response of skin, the protocol introduced in
Chapter 3 was closely followed, and a pressure sensor system was used to enable
repeatability. The pressure sensor allows the subject to observe whether the pressure
applied is in the correct range of 1.6-2 Nem ™2 and make real time adjustments. This

pressure range is chosen so as to be low enough that all subjects are comfortable in
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Figure 4.4: The processing technique used to extract a value from the measurements
of the TEWL, the red line shows the biexponential fit applied to the data and the
blue circle shows the value sampled for the measurement.

maintaining the pressure for the duration of the measurements, whilst high enough
to ensure that there is no air gap between the skin and the quartz window [79]. The
information recorded by the pressure sensor was exported along with the measured
THz pulses, making it possible to exclude data points recorded at the incorrect
pressure. This is particularly important for a study involving many subjects who
will have less experience in applying the desired pressure during the measurements.
Prior to involvement in the study all subjects were asked to spend time practising
using the pressure sensor, this ensured that they all had some experience in applying
the correct pressure whilst preventing the extra occlusion of the skin during the
practice time from affecting the measurements.

To study the dynamic response of skin, 200 measurements were recorded
in 33 seconds with an acquisition rate of 30 Hz and five waveforms were averaged
to complete a single measurement. For the duration of the measurement the skin
was occluded by the quartz window causing the hydration profile of the skin to
change. The rapid sampling rate chosen makes it possible to not only observe the
initial state of the skin at the start of occlusion but also observe the changes in the
skin as a function of time as water builds up in the SC. This occlusion response
can be observed in parameters such as the amplitude of the processed THz signal
introduced in Section 2.4.

The decrease in the reflected signal as a function of time can be seen in
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Figure 4.5: Processing the THz signal to remove fluctuations throughout the mea-
surement caused by the subject moving or changing the contact pressure. Time
dependent data were fit with a biexponential function (red dashed line) and sam-
pled 12 seconds into the occlusion process (blue circle). Measurements more than
one standard deviation away from the fit (grey crosses) were excluded and the fitting
was repeated to improve stability.

Figure 4.5, the first five seconds show the very high reflected values before the arm
is placed on the window. The output from the pressure sensor is used to find the
start of stable occlusion of the skin: this is the point at which the red dashed line
fitting to the results begins. To account for the effects of occlusion when comparing
results for different measurements, the reflected amplitude must be analysed at the
same time into the occlusion process.

The quality of the contact between the skin and the imaging window can
often vary throughout the 33 seconds of the measurement leading to occasional
fluctuations in the occlusion trend. However, in order to meaningfully compare
results at the same time into the occlusion process the data must be extrapolated
to remove the effects of these fluctuations. To enable this, a biexponential function
was fitted to the occlusion curve data (excluding outliers more than one standard
deviation away from the original fit), as shown in Figure 4.5 by the red dashed line
[107]. The outliers that are excluded from the fitting are shown by grey circles.

This makes it possible to extract a value for the THz measurement at a fixed time
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Figure 4.6: a) The refractive indices of each sample as measured in a transmission
geometry and a refractive index profile for untreated skin measured in reflection
geometry. Inset: photograph of each of the samples prior to application. b) The
absorption coefficient of each of the samples measured as above, with the profile of
untreated skin measured in reflection included for reference.

into the occlusion process without the potential for sampling at an anomaly, this
is shown in the figure by the blue circle. For this study the occlusion curve was

sampled 12 seconds after the start of occlusion.

4.4.5 THz Measurements of the Moisturisers

The individual samples were measured in the transmission unit of the TeraPulse 4000
THz-TDS system (TeraView Ltd, Cambridge), described in Section 2.6.2. A liquid
cell was used in which the samples were sandwiched between two pieces of quartz
each 3 mm thick using a 0.1 mm spacer. The thickness of the sample that could
be measured was limited by the high absorption coefficient of the aqueous sample.
The optical properties were extracted for the thin layers of each sample using the
approach introduced in Section 2.3.2. The results for the samples measured in
transmission are presented for the frequency range 0.2-0.8 THz to correspond to the
usable frequency range for the frequency dependent properties of skin calculated
from measurements obtained using a reflection geometry with this system. The
extracted refractive indices and absorption coefficients of the samples can be seen in
Figure 4.6, in addition to the optical properties of a single in vivo measurement of
untreated human skin extracted from a measurement performed using a reflection
geometry. Note that the optical properties of the skin were extracted using the
assumption that the skin is a single homogeneous layer.

Figure 4.6 a) shows that the refractive indices of the aqueous and WO samples
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are larger than that of skin, therefore if these samples are present at the surface of
the skin the refractive index will increase, leading to a decrease in the amplitude of
the THz signal as explained by Section 2.5.4. However, if the anhydrous sample is
applied to the skin and remains on the surface the refractive index will reduce, having
an effect on the optical properties similar to the dehydration of the skin, causing the
amplitude of the THz signal to increase. However, as previously stated an increase
in the hydration of the skin will lead to a decrease in the THz amplitude so there
will be multiple effects contributing to the changes in the measured THz response of
the skin. Using these initial measurements, it is possible to make predictions about
the change in the THz response of skin following treatment with these different
samples. However, it is also expected that this response will vary between subjects
and will depend on how well the sample is absorbed into the skin, as well as the
initial refractive index of the skin.

For completeness Figure 4.6 b) shows the extracted absorption coefficients of
each of the samples, however there are minimal changes observed in the absorption
coefficient of the skin following the application of the samples due to the single layer
model used to extract the optical properties. A more complex model of the skin
would give greater insight into the changes in the absorption coefficient following
application of the samples, however it is not known if a two layer model is sufficient
after the samples have been applied. A greater understanding is required about how
each of the samples are absorbed into the skin before models of this kind can be

effectively applied.

4.4.6 Data Processing

In addition to variables such as pressure and occlusion, which may affect measure-
ments of the skin if not carefully controlled, it is possible that the state of the skin
will vary between measurements owing to natural changes caused by eating, drink-
ing or the time of day. It is not possible to prevent the skin changing in this way,
instead processing techniques must be used to account for the effects. A variable
called the NRC was defined in Section 3.3.6 and is restated in Equation 4.2 more
generally for the results of the measurements with any of the three approaches used

in this study.
(X7t — X70) — (XN — XN0)
Xro + (Xnt — Xno)

Where X7 is the measured parameter at time ¢ following treatment with a sample

NRC(%) = x 100 (4.2)

and Xp¢ is the measured parameter of that same region of skin at ¢t=0, before the

skin was treated. Xy and Xpyg are these same parameters for the region that was
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not treated; the difference between these two parameters acts as a representation of
the natural variation of the skin between the measurements and is subtracted from
the measured change in the treated region.

This approach to processing the measured responses can be applied to the
results from all three techniques used in this study, making it possible to compare
the trends seen in response to the three different samples. By taking an average of
the NRCs observed in all the individuals following treatment with a specific sample,
an overall representation of the responses observed can be found. In this case, the
standard deviation of the NRC across all subjects gives an indication of the range
of the measured responses of subjects to a sample.

As the data from this study vary due to the changes in the initial state of
skin and the way different subjects’ skin will respond to the samples, a statistical
test is required to see if the changes observed in the skin following treatment are
statistically significant. First the data sets were checked using the Shapiro-Wilk test
to confirm that the data can be modelled using a normal distribution, which is a
requirement for the further statistical tests to be valid [108]. Despite the possibility
that the distribution of the NRC in the properties of the skin may not be normally
distributed, in this study the distributions were sufficiently close to normal to justify
the use of the subsequent statistical tests. Then the one-way Analysis of Varaince
(ANOVA) test is used with a 5% threshold to test whether the distributions of NRC
responses to each sample are significantly different to one another. The Tukey-
Kramer test is used to interpret the results of the ANOVA test and to ensure that
the 5% significance threshold is maintained. These statistical tests were chosen to
allow the comparison of all three techniques for each of the three moisturisers and
to provide an analysis that is comparable with that commonly used by end users

within the skin care industry.

4.5 Results

4.5.1 Individual Trends

The NRC for each individual 20 minutes after treatment with the samples, measured
with all three devices, is shown in Figure 4.7. The dotted grey lines mark the defined
zero NRC point as a guide to the eye and the dashed coloured lines are the average
NRCs for all the subjects for that treatment and device.

The clearest and most consistent change induced in the skin visible with
all three techniques is that following treatment with the aqueous sample shown in

green. In the majority of subjects, the THz response decreases and corneometer
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Figure 4.7: The NRC measured with each technique following each treatment for all
subjects. The grey dotted line is the zero NRC line for reference and the coloured
dashed lines are the average of the NRC values for all subjects.

response increases, both indicate an increase in the water content of SC and the
TEWL decreases suggesting that the skin barrier has been repaired.

The anhydrous and WO samples lead to a wider range of responses from
the subjects in comparison, which can be seen from the distribution of the points
about the coloured average line. The observed response to the anhydrous sample
is a marginally positive NRC from the corneometer and THz measurements, but
for THz there is a large variation as some subjects have a positive and others a
negative NRC following treatment. Following application of both the anhydrous
and WO samples the TEWL measurements show a mix of positive and negative
responses with inconclusive results, this suggests that the presence of residual oil
on the surface of the skin may have interfered with the measurement of the rate of
water loss from the skin.

Treatment with the WO sample leads to an increase in the measured capaci-

tance on a comparable level to the aqueous sample, although the distribution of the
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points about the average is much larger. The THz responses show a negative NRC
following treatment with the WO sample, but again the distribution of the points is
much larger compared to the aqueous sample with a range of positive and negative
values, suggesting that subjects’ skin responded in a range of ways to the oil-based

samples but more consistently to the aqueous one.

4.5.2 Overall Results

A summary of the results is presented in Figure 4.8 using box plots for the average
percentage change measured in the skin with the three different approaches. The
centre lines through the boxes mark the median response for all subjects, with the
horizontal edges of the boxes marking the 25" and 75" percentiles indicating the
width of the distribution of responses. The whiskers on the box plots mark the
upper and lower limits of the measurements and any outliers are shown by black
crosses. Here the trends inferred from Figure 4.7 are clearer.

The THz and capacitance measurements show that the distribution of the
responses to the aqueous sample is the smallest as shown by the small height of
the boxes, while there is a wider range of responses from the samples containing
oil components. For some samples the average response is close to zero however,
this is not because the most common response is no change following treatment
with the sample; there are a range of responses to treatment with positive and
negative values. The TEWL measurements have a wide range of values for each
of the samples. As noted above there is a clear decrease in the TEWL following
the application of the aqueous sample, suggesting that the skin barrier has been
strengthened by the sample.

By studying the percentage change in this figure rather than the NRC it
is possible to also observe the change in the untreated region between the two
measurements, giving an insight into the repeatability of the technique. Whilst it is
anticipated that there may be some natural variation in the untreated skin between
measurements, these changes should be small compared to the changes induced by
the treatments. For a technique with high repeatability between measurements it is
expected that the percentage difference will be close to zero for the control region
for the majority of subjects.

The THz responses shown in Figure 4.8 a) follow what can be predicted using
the optical properties of the samples relative to those of untreated skin, with the
anhydrous sample increasing the reflected signal, the aqueous sample reducing it
and the WO emulsion doing likewise but to a lesser extent. The large variation in

responses particularly to the anhydrous sample could be explained by changes in
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Figure 4.8: Box plots of the percentage change measured in a) THz amplitude and b)
capacitance and ¢) TEWL for the three volar forearm regions following treatments
with anhydrous, aqueous and WO samples and the change measured in the untreated
control region. The top and bottom of the box indicate the 75" and 25" percentiles
of the data, the whiskers mark the extent of the range of the data and the black
crosses show any outliers.

the rate of absorption of the oily residue by different subjects’ skin. The change in
control region overlaps with the zero change line and has a much smaller range than
the changes seen in response to the treatments. This confirms that the wide range
of observed responses is caused by different skin responses to the samples, not a lack
of repeatability in the THz measurements of the skin, this verifies the success of the
robust protocol for in vivo THz measurements of the skin introduced in Chapter 3.

The capacitance measurements of the responses to the treatments shown
in Figure 4.8 b) show a positive average percentage change for all three samples,
with very similar responses for the aqueous and WO samples, suggesting that the

corneometer is not able to distinguish between samples of these types. The measured
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increase in hydration induced by the anhydrous sample is smaller than from the other
two samples, it is possible that this could be caused by the oil on the surface of the
skin interfering with the capacitance measurement. The capacitance measurements
of the control region are close to zero and have a smaller range than the other
samples, however this distinction is less obvious than in the THz measurements in
Figure 4.8 a), meaning that the THz measurements of the skin have the potential
to be more repeatable than those taken with the corneometer.

The measurements of the TEWL in Figure 4.8 ¢) show the least significant
differences between the measured responses to the samples. There is a broad dis-
tribution across the subjects for all samples and the control region suggesting that
there is a problem with the repeatability of this technique. While the average trends
shown by the lines through the boxes for the responses to the aqueous and WO sam-
ples suggest that the TEWL did decrease following treatment with these samples,
this change is not as significant as that observed with the other two techniques. It
could be that the 20 minutes between sample application and skin measurement was
not enough time for this device to observe the changes in the skin barrier function
or there may have been environmental factors that influenced the TEWL measure-
ments such as changes in the air flow caused by the movement of other subjects
in the room. The limited repeatability of the TEWL measurements shown by the
large distribution of responses of the control region suggest that variation in the
environmental conditions may have interfered with the acquisition of the TEWL
measurements. Although it appears that there may be some correlation between
the TEWL results and the trend observed in the measured THz response of the skin
following the application of the samples the uncertainty associated with the TEWL
measurements is too high to confirm this correlation. Therefore, the following sec-
tions will only compare the results from the corneometer and THz measurements.
However, further measurements should be performed comparing TEWL measure-
ments performed with different devices (that is, closed chamber, open chamber and
condenser) with THz measurements of the skin.

With all three devices it is possible to observe variation between subjects for
each sample, as different skin types may react in a range of ways to the samples.
This will be investigated further in Section 4.5.5, where the significance of the initial
hydration state of the skin in determining the response of the skin to the application

of the sample is discussed.
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Figure 4.9: Results of performing the one-way ANOVA test, showing the estimated
mean of the distribution, the shaded error bars are the result of the Tukey-Kramer
test, overlapping bars suggest that the changes observed are not statistically differ-
ent. The left y axis corresponds to the NRC in the amplitude of the reflected THz
signal and the right y axis to the capacitance NRC. Note: the data point for the

capacitance measurements of the aqueous sample is obscured by the marker for the
WO sample.

4.5.3 Statistical Tests

The outcomes of the ANOVA statistical test comparing the results from the cor-
neometer and THz measurements are shown in Figure 4.9, where the location of the
dots mark the estimated mean of the distribution of responses to that treatment and
the shaded error bars show the upper and lower confidence limits at a 95% level.
Where these comparison intervals overlap, the two responses cannot be described
as significantly different from one another. These results were obtained using the
Tukey-Kramer test on the output of a one-way ANOVA test. This approach makes it
possible to statistically compare the responses to treatments with all three samples
measured with a certain technique to one another simultaneously.

The NRC of the THz responses in regions treated with the anhydrous and
aqueous samples shown on the left of the figure by the red and green regions re-
spectively, are found to be significantly different to one another. The THz response
of skin to the WO sample was observed to be overlapping with the aqueous and
anhydrous samples, which is unsurprising as the WO sample is a combination of the

key components of the aqueous and anhydrous samples.
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Figure 4.10: A demonstration of the correlation between the THz amplitude and
capacitance measurements of untreated skin. The red line shows the line of best fit,
correlation coefficient of r = —0.66.

The responses measured by studying the capacitance of skin are quite dif-
ferent to the THz responses of skin, the WO and aqueous measurements are both
significantly different to the response of the region treated with the anhydrous sam-
ple. However, the WO and aqueous regions overlap almost entirely suggesting that
there is very little difference between the capacitance measurements for these two
types of samples. The corneometer is primarily sensitive to changes in water con-
tent but less so to other changes in the skin, it appears that the aqueous and WO
samples increase the water content by similar amounts but no more can be learnt

about the interaction of these samples with the skin.

4.5.4 Correlation Testing

Figure 4.10 shows the THz amplitude measured in the four regions of untreated skin
measured at the start of the study plotted against the capacitance measurements of
the same regions. One subject was excluded from this study as it is thought that
hair on the arms of the subject prevented good contact with the imaging window
for the THz measurements. The correlation coefficient of the relationship between
the THz amplitude and the capacitance is » = —0.66, this trend is negative as
an increase in hydration is indicated by a decrease in the THz amplitude and an

increase in capacitance.
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Initially Dry Initially Hydrated

Capacitance (a.u.) THz Amplitude* | Capacitance (a.u.) THz Amplitude*

(a.u.) (a.u.)

34.1 5.33 36.3 5.29
22.2 5.80 39.0 4.93
35.1 6.01 52.6 4.63
28.1 5.66 42.1 4.90

Table 4.2: The capacitance and THz amplitude measurements of untreated skin for
the eight subjects categorised as having dry or well hydrated skin prior to treatment.
*Factor of 107 removed from values.

4.5.5 Effect of Initial Hydration of Skin on the Responses to the
Samples

The measurements of the skin taken before treatment can be used to characterise the
skin regions as dry or well hydrated. This initial state can influence the response of
the region to the different treatments, to demonstrate this four subjects were chosen
from each category as shown in Table 4.2. Well hydrated skin was defined as having
a capacitance value of over 36 and a reflected THz amplitude below 5.3 x 1072 and
the excluded region defines dry skin.

Figure 4.11 shows the NRC in the measured THz and capacitance responses
of skin following treatment with each of the samples for the groups of subjects with
initially dry or well hydrated skin, where the error bars are the standard deviation
within each group.

In Figure 4.11 a) the difference in the THz responses between the two groups
is particularly clear for the oil based samples. The increase in the THz response
following treatment with oil based samples in the well hydrated skin group could be
caused by slow absorption of oil into the skin, meaning that an oily residue remains
on the surface when the follow up measurements are taken 20 minutes later. The
presence of oil on the surface of the skin is expected to increase the amplitude of
the reflected THz pulse by reducing the refractive index of the surface of the skin.
However, for subjects with initially dry skin it is expected that their skin will quickly
absorb the sample removing any oil from the surface, so the increase in the water
content can be observed as a decreased THz amplitude. This difference in absorption
rate can also explain the larger decrease in the THz amplitude in the dry skin group

following treatment with the aqueous sample. It is possible that the aqueous sample
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Figure 4.11: The NRC in the a) THz and b) capacitance measurements of the skin
following treatment with each of the samples. The data are separated into the
responses of subjects with initially dry and initially well hydrated skin shown by the
blue and red bars respectively, with four subjects in each category. The error bars
are the standard deviation of the responses from the four subjects in each group.

will be absorbed more rapidly by dry skin, meaning that a larger amount of water
will be gained by the dry skin than the initially well hydrated skin, which may be
slow to absorb the water allowing more of it to escape into the environment.

In comparison to the THz responses there is little difference in the capac-
itance measurements of dry and well hydrated skin responses to treatment with
anhydrous and aqueous samples, shown in Figure 4.11 b). There is however a dif-
ference in the responses to the WO sample; the initially dry skin shows a larger
increase in capacitance than the well hydrated skin. It is suspected that the well
hydrated skin may have some o0il residue remaining on the surface of the skin at
the time of measurement, which could interfere with the capacitance measurement,
reducing the perceived hydration of the skin. Whereas, the dry skin is less likely to
have this oil on the surface of the skin, so the large increase in skin hydration can
be seen in the capacitance measurement.

These results suggest that the initial hydration state of the skin can have
a large effect on the way in which the skin responds to different samples and the
time scale on which these changes occur. From the results shown in Figure 4.11, it
appears that THz measurements of the skin are more sensitive to these differences
caused by the initial state and make it possible to infer more about the mechanisms

of the interactions of the samples with the skin.
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Figure 4.12: An example of a) the refractive index and b) the absorption coefficient
of the skin following each of the treatment options for a single subject. The plotted
values are the average of five consecutive results, the error bars are the standard
deviation of these five results.

4.5.6 Frequency Dependent Properties of the Skin

Finally, in Figure 4.12 an example is given of the extracted refractive index and
absorption coefficient of the skin following the application of each of the samples.
This figure shows the changes in the frequency dependent properties for a single
subject acquired 20 seconds into the occlusion process, the results from five consec-
utive repeat scans were averaged to give the plotted results and the error bars are
the standard deviation. It can be seen that the application of the samples has a
more significant effect on the refractive index than the absorption coefficient. The
refractive index of the skin increases following the application of the aqueous and
WO samples and decreases after the application of the anhydrous sample, confirming
the trends observed in the amplitude of the THz signal. As with the time domain
variable studied above there is significant variation in the way different subjects’
skin responds to the samples so it is not meaningful to average these spectra to
present the results for multiple subjects.

The technique for extracting these properties was explained in Section 2.4.2,
it is important to note that this approach assumes that the skin is a single homo-
geneous layer. This assumption may not be accurate after applying the products to

the skin, but it gives an indication of the macroscopic changes occurring.
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4.6 Discussion

The effects of each sample can be discerned through the observations made in this
study. Firstly, the aqueous sample had the most significant effect on the skin when
measured with all three devices. The corneometer observed an increase in the re-
sponse from the skin as expected, due to its calibration using water to define the
upper limit of possible responses. The THz reflection measurements showed a sig-
nificant decrease following treatment with the aqueous sample, this observation has
been seen in several other studies using treatments that increase the skin hydra-
tion, so was an expected result. A decrease in the TEWL was observed in the
regions treated with the aqueous sample suggesting that the skin barrier function
had improved.

The effects of the anhydrous sample on the skin were more varied across
the different subjects, it can be seen that the response could depend on the initial
hydration state of the subject’s skin. The capacitance measurements of the skin
showed a slight increase following treatment with the anhydrous sample, indicating
that the water levels had improved, but not as significantly as with the two other
samples. This increase of water in the skin was caused by an occlusive layer trapping
water inside the surface, but it is possible that the hydration increased more than
this and the oily residue interfered with the measurement. The THz measurements
showed an average increase in the reflected signal, caused by the presence of oil in the
upper layers of the skin, though some subjects showed a decrease possibly because
their skin had fully absorbed the oil so the resulting increase in hydration could be
observed. The TEWL measurements were not able to give conclusive results for the
two oil based samples, this is possibly because the presence of oil on the surface of
the skin interfered with the measurement, preventing observations of the state of
the skin barrier following treatment.

The treatment of the skin with the WO emulsion induced a range of responses
across the subjects, which could also be associated with the initial hydration state
of the skin. The WO sample is thought to most closely replicate the majority of
commercial products with a mixture of both oil and water phases present. The
THz measurements of the skin following treatment with the WO sample are not
significantly different from those of skin treated with anhydrous and aqueous samples
but lie between the two, this could be expected as the composition of the WO sample
is a combination of the two other samples. Whereas, the capacitance measurement
of the WO sample on the skin is nearly identical to the response from the aqueous

sample. This shows the difference in the way the measurements work, suggesting
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that both the WO and aqueous samples increase the water content of the skin by
approximately the same amount.

It is possible to infer that the corneometer is an effective technique for eval-
uating skin hydration, while THz measurements can also be sensitive to the effects
induced in the skin by a range of sample types. THz measurements were also more
sensitive to the different responses to the samples observed by the hydrated and
dry skin categories and were able to identify whether the oil had been completely
absorbed. However, another technique to assess the surface lipids is needed to verify
this hypothesis.

The correlation testing part of the study was carried out on untreated skin so
that the presence of the samples on the skin did not influence the observations. The
results show that there is moderate correlation between the THz and corneometer
measurements with » = —0.66 [109]. Neither of the techniques measure the skin
hydration directly but measure capacitance and THz reflectivity. Capacitance mea-
surements of the skin are known to be affected by more than just skin hydration, so
perfect correlation between the two devices is not expected. The fact that there is
moderate correlation with the current gold standard for measuring skin hydration
suggests THz sensing has great potential for studying skin in vivo.

It has previously been demonstrated that THz measurements of the skin
have the potential to provide more quantitative information about the hydration
profile of the skin than can be obtained by a corneometer [72]. Additionally, there
are known weaknesses of the corneometer including its lack of specificity to skin
water content and the limited ability to link the measured result to changes in the
skin, it is hoped that THz sensing will be able to overcome both of these problems.
Measurements of the TEWL can be heavily dependent on the environmental con-
ditions in which they are performed, therefore repeatability of the results obtained
is limited. Furthermore, the cost and size of THz systems are decreasing and it
is envisaged that THz sensing will become affordable for many future applications
including high precision diagnosis and evaluation of skin conditions, leading to the

prescription of more effective treatment options.

4.7 Conclusion

This study presents the first known comparison of in vivo measurements of human
skin taken using THz-TDS with the present gold standard for skin hydration as-
sessment, the corneometer. Additionally, measurements were taken of the TEWL

to assess the skin barrier function, however these had limited repeatability for un-
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treated skin regions. The measurements were taken of untreated skin as well as
skin treated with three samples; aqueous, anhydrous and a WO emulsion. The
corneometer is very sensitive to water content and shows the greatest changes, it
can be most useful in studies where different amounts of water are applied, how-
ever it is not able to distinguish between the response of the skin to the WO and
aqueous samples. The THz measurements compare well with this commercial tech-
nique, and the results are very positive for a relatively new technique. Some of the
changes observed in the THz response were subtle and ways to enhance the contrast
of these measurements should be sought. However, THz measurements came closer
to distinguishing the responses of the three samples and show a strong sensitivity
to the properties of the surface of the skin beyond hydration effects, as well as an
ability to identify the different responses of dry and hydrated skin to the samples.
Additionally, the study of the correlation between the techniques assists in the val-
idation of in vivo THz measurements of the skin as a means of highly quantitative
skin assessment. It is hoped that with the expansion of this work through further
modelling, THz measurements of the skin could develop into a useful technique for

skin characterisation beyond simple hydration measurements.
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Chapter 5

Monitoring the Effect of Patches
for Transdermal Drug Delivery

on Skin Using THz Sensing

5.1 Introduction

In addition to assessing changes in the water content of skin to quantify the efficacy
of skin care products, there are many other cases in which it is important to be able
to assess the hydration of the skin. For example, water content of the skin is an
important parameter for controlling the penetration rate of chemicals through the
skin barrier, therefore in order for patches designed for transdermal drug delivery
to be successful, the effects of the patches on the water content of the skin must be
understood.

In this chapter THz measurements of the skin are used to observe the effect
of partially and fully occlusive transdermal drug patches on the THz response of
the skin after the patches had been applied for 24 hours. It was possible to observe
an increase in the water content of the skin following the application of the patches
and identify that the skin remains hyper-hydrated for at least four hours after the
removal of the fully occlusive patches. Herein it is shown that THz spectroscopy
has potential for increasing the understanding of how transdermal drug patches
affect the skin, how long the skin takes to recover following patch removal and what
implications these factors might have for how transdermal drug patches are designed

and used.
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5.1.1 Patches for Transdermal Drug Delivery

Transdermal drug delivery is used for an increasing number of applications to provide
alternatives to oral and intravenous administration, with over 1 billion patches being
manufactured each year [110]. Administration of drugs through the skin can be a
useful option to avoid potential metabolism of the drug in the liver or gastric side
effects and to avoid the use of needle penetration. It can also allow for the controlled
release of a drug into the body at a more consistent rate than orally administered
drugs over the entire time window of drug requirement [111]. A primary factor that
can influence the rate of drug delivery through the patch is the hydration of the
skin, it is therefore important that the effect of patches on the skin is understood as
much as possible [112]. Additionally, the way in which the skin recovers following
the removal of the patches is important as it can inform the advice given to patients
about how often to apply patches and how often the application site should be
rotated.

Some of the earliest treatments that were delivered through patches include
the prevention of motion sickness [113, 114] and nicotine to aid smoking cessa-
tion [115]. Patches have also been developed for hormone replacement therapy [116],
localized pain relief using diclofenac [117] or fentanyl [118] and for controlling the
symptoms of chronic conditions such as Parkinson’s [119] or Alzheimer’s [120] dis-
ease. Transdermal drug patches can be very beneficial in the cases where the patient
may lack the capacity to take medication by themselves as the patches can be easily
applied and replaced by a carer and deliver the required dosage for a longer period
of time than oral medication.

There are many aspects to be considered when designing patches for transder-
mal drug delivery including the choice of adhesive and backing material. Changing
the backing material can alter the occlusive nature of the patch and change how the
skin responds to the application of the patch. In some cases, such as with fentanyl
patches where the drug is highly potent and potentially toxic if administered to
the wrong person, it is important that a fully occlusive backing is used to prevent
the leaking and transfer of the drug [121]. However, it has also been observed that
long term application of fully occlusive patches can cause skin irritation due to the
buildup of water at the surface of the skin [122].

Some studies have been performed to assess the effects of occlusion on the
water content of the skin and the function of the skin barrier. For example, Aly et
al. observed an increase in the TEWL measured following 24 hours of occlusion with
plastic [123]. They then observed that the TEWL had returned to its previous levels

18 hours after the removal of the plastic, suggesting that the occlusion of the skin
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had increased the levels of water in the skin but that there had been no significant
damage to the skin barrier. A subsequent study by Faergemann et al. measured an
increase in the water content of the skin with a dielectric probe following occlusion
with a plastic layer [124]. An increase in the bacteria count was also observed with
increasing occlusion time suggesting that in some cases long term occlusion of the

skin can increase the risk of bacterial infections.

5.1.2 Using THz Imaging for Assessing the Efficacy of Transdermal
Drug Delivery Techniques

Previous studies have found that the strong sensitivity of THz light to the water
content of skin can also be used to observe changes induced by occlusive materials,
which prevent the natural loss of water through the skin barrier. This was identified
as a potential problem when performing THz measurements that involve contact
between the skin and an imaging window, as introduced in Chapter 3. However,
Wang et al. demonstrated that this sensitivity to the effects of occlusion on the
skin can also be a strength [51]. They successfully used THz measurements to
observe changes in the skin following the application of silicone gel sheeting, which
is commonly used to treat severe burns by occluding the skin and increasing the
water content.

THz spectroscopy and imaging techniques have previously been applied to
assess the efficacy of various approaches to transdermal drug delivery. For example,
Kim et al. were able to measure the penetration of a sample containing ketoprofen
through excised mouse skin by taking THz images of the underside of the skin
sample [125]. Wang et al. then investigated the effects of approaches to enhance the
penetration of the samples through the skin barrier such as micro and nano needle
patches. They performed ex vivo measurements using porcine skin and observed
that there is a significant change in the measured THz response of a sample that
was treated with a nanoneedle patch prior to drug application compared to skin that
received no extra treatment before the drug was applied [33]. THz measurements
have also been used to quantify the amount of nicotine that has left a nicotine
patch by measuring the patch before and after it was applied for different durations,
showing that it is possible to use THz spectroscopy to verify the rate of drug delivery
through a patch membrane [126]. These studies focused on the penetration of the
drug through the skin, whereas in this chapter the effect of patches on the skin
is investigated in order to learn how different patches can influence the rate of
drug delivery through the skin barrier. However, it is possible that in the future

the approach highlighted in this chapter could be combined with those mentioned
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above to use THz spectroscopy and imaging techniques to obtain a more complete
picture of the dynamic response of the skin to the application of patches containing
active drug ingredients.

This study investigates the ability of in vivo THz measurements of the skin
to identify the changes induced in the skin by patches for transdermal drug de-
livery by analyzing THz light reflected from the surface of the skin. Two types
of patches are tested: one backed with a Polyethylene Terephthalate (PET) film,
which is fully occlusive, and the other that is backed with a woven material, which
is semi-occlusive. Three percentages of excipients were tested for each type of patch
and the properties of the skin were measured immediately after the removal of the
patches following application for 24 hours. Additionally, the recovery of the skin
was monitored by taking subsequent measurements 30 minutes and four hours after
the removal of the patches. In this study in vivo THz measurements are used to
identify changes in the water content of skin treated with different types of patches
and observe the changes further induced in the skin when it is occluded by a quartz

imaging window during the measurement following the removal of the patches.

5.2 Methods

5.2.1 Skin Patches for Assessment

This study investigates the effects of drug in adhesive patches for transdermal drug
delivery on the THz response of the skin. To isolate the effects of the patch from
the effects of the drugs, the active ingredient was not present in these patches.
Two different types of backing materials were used to investigate the effect of the
occlusive nature of the patch backing on the THz response of skin, a fully occlusive
PET film backing and a partially occlusive fabric woven PET fiber backing. An
example of the patches applied to the volar forearm can be seen in Figure 5.1 a). It
is expected that the woven backed patch will allow some water loss from the skin
through the adhesive and out from the backing, whilst the PET film backed patch
will prevent all water loss from the surface of the skin as it is impermeable to water
vapour, as shown in Figure 5.1 b) and c).

In addition to changing the backing material of the patches, three excipient
compositions were tested with 0%, 3% and 6% propylene glycol, which is commonly
added to transdermal drug patches in order to enhance the penetration of drugs
through the skin barrier. These concentrations of propylene glycol were chosen to
replicate the concentrations typically used in a transdermal drug patch, making

it possible to investigate the potential effects of these different adhesive compo-
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Figure 5.1: a) The volar forearms of a subject with the woven and film backed
patches applied with a control region left untreated on each arm. b) and c) show
the mechanisms by which the woven and film backed patches affect the movement
of water in the skin.

sitions on the hydration of the skin. The adhesive of all the patches contained
10% transcutol, another common component of transdermal drug patches [127].
Both propylene glycol and transcutol are FDA approved excipients for transder-
mal and topical medicines and are used to increase the diffusion of the drug across
the skin. Frequently the effects of these approved excipients vary from the active
pharmaceutical ingredient and have cooperative effects. The adhesive used was a
proprietary polyurea crosslinked thermoset mainly composed of a high percentage
weight of siloxy terminated poly(propylene glycol) prepolymer chain extended with
isophorone diisocyanate and crosslinked and cured with the excipients in place by
exposure to 100% humidity for five minutes at 70°C [128, 129]. The patches used in
this study were all produced by Medherant Ltd and were donated free of charge.

5.2.2 THz Measurements of the Skin

The THz measurements of the skin were acquired using the TeraSmart THz spec-
trometer from Menlo systems introduced in Section 2.6.1, using a reflection geometry
with pressure sensors positioned either side of the imaging window. The system is
capable of acquiring THz pulses at a rate of four pulses per second. In each skin
measurement, 240 pulses were measured, meaning that the skin was in contact with

the imaging window for one minute at each time point. This relatively long mea-
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surement duration was chosen in order to measure the response of the skin to the
occlusive effects of the imaging window and to observe how this changed following

the application of the different types of patches.

5.2.3 Protocol for Skin Measurements

To test the effect of the patches on the skin, three patches backed with woven PET
fibers and three PET film backed patches were applied to the volar forearms of five
human subjects. The subjects involved in this study were four males and one female
in the age range 24-34, all of the subjects had healthy skin in the regions in which
the measurements were performed. Written informed consent was obtained from
each subject prior to their involvement in the study. The patches were applied for
24 hours before being removed and then the skin was assessed. THz measurements
were performed on each region prior to the application of the patch, in addition to
a control region on both forearms that remained untreated throughout the study.
The regions were subsequently measured with THz light immediately following the
removal of each patch and 30 minutes and four hours after patch removal and the
change in the reflected light was measured in order to observe the recovery of the
skin. The control regions were also measured at each time point.

To ensure that the results were as repeatable as possible, the measurements
were performed according to the robust protocol for THz measurements of the skin,
introduced in Chapter 3. As part of this the subjects were asked to spend 30
minutes in the lab prior to each measurement, to give the skin time to acclimatize
to the controlled environmental conditions of the lab. Additionally, pressure sensors
were positioned either side of the quartz imaging window, this is part of the pressure
sensor system described in Section 3.3.2. The pressure sensor was connected directly
to the THz system to provide a real time output that was visible to the participants
to help them keep the applied pressure within the desired range. The measured
output from the pressure sensors was also recorded so that these values could be used
to help with the processing of the results, making it possible to reject measurements
acquired at the incorrect pressure. The target pressure range defined for this study
was 1.6-2.0 N cm™2, this was found to be a large enough pressure to reduce the
risk of air gaps being present between the skin and the imaging window during the
measurements, whilst being low enough that it can be comfortably maintained by
the subject throughout the measurement. The pressure sensors were also used to
start the THz measurement, as soon as the pressure sensors detected any contact
the measurement began, this ensures that the time for which the skin is in contact

with the imaging window is controlled for all subjects.
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Figure 5.2: a) The processed THz signals measured from the untreated skin of a
single subject, the colour gradient shows increasing occlusion time. The pulses are
plotted every second for the first three seconds then every five, they have been
shifted horizontally for clarity. The P2P variable is shown on the plot. b) P2P
plotted as a function of occlusion time, fitted with a biexponential function shown
by the red line and sampled 52 seconds into occlusion as shown by the black cross.
The definition of the AP2P variable is shown as the difference between the value of
the fit at the start and end of occlusion.

5.2.4 Approach to Data Processing

The processing techniques introduced in Section 2.4 were used in this study to
obtain a processed time domain signal and the optical properties of the skin from
the THz measurements. Examples of the processed time domain signal are shown
in Figure 5.2 a). In this figure the signals are plotted every second for the first three
seconds of the measurement and every five seconds for the remainder of the one-
minute measurement. The pulses are shifted horizontally in the figure for clarity.
The P2P variable used previously to quantify the THz response of the sample is
indicated in the figure.

The amplitude of the processed THz signal decreases throughout the one
minute measurement as shown in Figure 5.2 a), due to the occlusive effect of the
imaging window. The decrease in the amplitude is associated with an increase in
the water content and monitoring changes in P2P makes it possible to quantify
changes in the water content of skin caused by the application of the patches. For
each measurement, the results recorded by the pressure sensor were used to remove
measurements that were recorded when the incorrect pressure was being applied.
After the measurements were filtered to select only the values obtained at the correct
pressure a biexponential fitting was applied and the value of the fit was sampled 52

seconds into occlusion, as shown in Figure 5.2 b), using the approach introduced in
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Chapter 4.

The application of fully or partially occlusive transdermal drug patches changes
the distribution of water in the skin, this changes the way in which the skin will
respond to occlusion by the imaging window. In order to quantify this change in
the response to occlusion, the variable AP2P is defined as the difference between
the value of the biexponential fit at the start and end of occlusion, as shown in
Figure 5.2 b). This variable can then be used to observe whether the application
of the patches increases or decreases the gradient of the occlusion curve observed
throughout the one minute measurement. In addition to using the amplitude of the
time domain signal, the frequency dependent optical properties of the sample were
calculated using a single layer model of the skin as described in Section 2.4.2.

The NRC defined in Section 3.3.6 was also calculated in order to remove the
effect of natural variation of the skin between measurements that is not caused by
the treatment of the skin. In this study the use of the NRC to characterize the
changes observed in the skin is particularly important due to the relatively long
time for which the patches are applied, giving the skin time to change significantly
due to exposure to other environmental factors.

The one-way ANOVA test was used to evaluate if the changes observed are
statistically significant. These results were analysed with the Tukey-Kramer test
to ensure that the threshold of 5% significance was maintained. These results can
be used to see if the changes observed in the skin following the application of the
patches are significant and to see if the patches produce significantly different results

from one another.

5.3 Results

5.3.1 Average Changes in the Skin Following Patch Application

The average change in the reflected THz signal following the removal of each of the
patches is shown in Figure 5.3, where the error bars indicate the standard error on
the mean. The figure shows the NRC in the amplitude of the THz pulse, sampled
by fitting the occlusion curve with a biexponential function and sampling the value
from the fit 52 seconds into occlusion. A decrease in P2P is associated with an
increase in the water content of the skin. The left- and right-hand sides of the
figure show the responses observed following treatment with the woven and film
backed patches respectively for the three excipient levels contained in the patches.
The recovery of the skin following the removal of the patches can be observed from

the results showing the measured properties of the skin 30 minutes and four hours
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Figure 5.3: The average NRC in the P2P sampled 52 seconds into occlusion, observed
in all five subjects at 0 minutes, 30 minutes and four hours following the removal
of the woven and film backed patches containing 0%, 3% and 6% propylene glycol.
The error bars are the standard error on the mean.

after the patch was removed, in addition to the measurements taken immediately
following patch removal.

For all of the patches a decrease in P2P was observed suggesting that the
hydration levels of the skin had increased following application of each of the patches
for 24 hours. These changes appear to persist in the skin for at least four hours
following the removal of the patches. The results show that the film backed patches
induced a larger change in the skin than the woven patches and that the rate of
recovery of the skin treated with the PET film backed patches was reduced compared
to the partially occlusive woven patches. Additionally, patches with 3% excipient
levels seem to have the largest impact on the THz response of the skin, however
measurements on more subjects will be needed to draw further conclusions about

the significance of this observation.
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Figure 5.4: An example of the occlusion curves observed for a single subject following

the application of a) woven and b) film backed patches, every fifth data point is

plotted and the biexponential fits are shown by the solid lines. The results have

been scaled by subtracting the change in the control region between the initial

measurement and the measurement taken at that time point.

5.3.2 Effect of Patch Application on the Response of Skin to Oc-
clusion

In addition to sampling the value of P2P measured at a particular time point using
a biexponential function as shown in Figure 5.2, it is possible to use the observed
occlusion curve to learn about the changes in the water distribution in the skin
caused by the application of the patches. It was shown in Figure 5.2 that in untreated
skin it is possible to observe a decrease in the amplitude of the processed signal
throughout a skin measurement due to the occlusive effect of the imaging window.
However, if the water content in the skin has been disrupted, it is expected that
this could be observed as a change in the way the skin responds to the one minute
of occlusion throughout the THz measurement.

Figure 5.4 shows an example of the occlusion curves observed in a single
subject following the application of a woven and film backed patch by plotting the
change in P2P measured throughout the one minute measurement. Every fifth data
point is plotted and the biexponential fit for the data set is shown by the solid lines.
All of these curves have been scaled to account for the natural variation of the skin
between measurements, this was done by subtracting the difference in the control
region between the initial measurement and the measurement taken at that time
point, as sampled after one minute of occlusion. The black curves in each plot show
the measured response of the region prior to the application of the patches. The

coloured curves show the response of the skin to occlusion 0 minutes, 30 minutes
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Figure 5.5: A box plot of the NRC in AP2P, a variable defined to give an indication
of the change induced in the skin by one minute of occlusion by the quartz imaging
window immediately after the removal of the patches. This figure shows the results
in the three subjects who were able to keep the applied pressure within the desired
range for the most time points. The red lines inside the boxes indicate the median
response observed, while the upper and lower edges of the boxes show the upper
and lower quartiles of the measured responses.

and four hours after the patches were removed.

The dark blue curve in Figure 5.4 a), which indicates the occlusion curve
measured immediately following the removal of the woven backed patch, appears
to show a greater change in P2P than that observed prior to patch application.
Whereas the dark blue curve in Figure 5.4 b) indicating the response following
the removal of the film backed patch is much flatter than the response of untreated
skin. The flattening of the occlusion curve suggests that the skin is already saturated
with water due to the occlusive effect of the film backed patch, so occlusion by the
imaging window has little effect on the hydration of the skin. The steepening of the
occlusion curve following removal of the woven backed patch is harder to explain
without further modelling of the skin.

It can be seen that 30 minutes and four hours after the removal of both

patches the behavior of the skin in response to occlusion by the imaging window has
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returned to what it was before the patches were applied as the slopes return to the
same shape. However, the P2P measured remains lower than that of untreated skin
suggesting that there is an increase in the water content of the skin. The recovery
of the skin with increasing time after the patches were removed can be seen as the
occlusion curves rise back up towards the black curves measured before the patches
were applied. It appears that it takes the skin longer to recover from the application
of the film backed patches than the woven backed patches.

In order to visualize the change in the response to occlusion, Figure 5.5 shows
the NRC of AP2P, as defined in Figure 5.2 b). A positive NRC in AP2P indicates
that the application of the patch increased the amount that P2P changes during
one minute of occlusion and that the occlusion curve steepens. This approach gives
a way to quantify the qualitative changes observed in the occlusion curves, shown
in Figure 5.4. In the boxplot, shown in Figure 5.5, the blue and red boxes show
the response to the woven and film backed patches respectively, where the upper
and lower limits of the boxes indicate the upper and lower quartiles of the data
set and the red lines through the boxes show the median. This plot only uses the
data from the three subjects who were able to keep the applied pressure within the
desired range for the most time points. It is necessary to only study the subjects
with the most consistent pressure to investigate AP2P as the occlusion curve is very
sensitive to changes in pressure and any bumps in the data caused by movement of
the subject or incorrect pressure are harder to account for.

A clear divide can be seen between the effects of the woven and film backed
patches in Figure 5.5. The woven backed patches appear to increase the change
in the skin under one minute of occlusion while the film backed patches decrease
this change. This confirms the qualitative trend observed in Figure 5.4. It does
not appear that the percentage of propylene glycol excipient in the patch affects
AP2P significantly. It seems that the dominant factor that influences the way skin
responds to occlusion is whether the patch applied was fully or partially occlusive,
this would determine whether the surface layers of the skin are already saturated

with water prior to the occlusion of the skin by an imaging window.

5.3.3 Changes in Optical Properties

Up until this point all of the results presented have involved analysis of how the
amplitude of the processed time domain signal changes following the application of
the patches. However, it is also possible to extract the frequency dependent optical
properties using the approach described in Section 2.4.2. Figure 5.6 shows the

refractive index and absorption coefficient of the skin of a single subject for untreated
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Figure 5.6: An example of a) the refractive index and b) the absorption coefficient as
a function of frequency for untreated skin and immediately following the removal of
film and woven backed patches. The colour gradients indicate increasing occlusion
time, making it possible to observe the effect of the changing response of the skin
to occlusion on the optical properties of skin.

skin and skin immediately following the removal of film and woven backed patches.
The colour gradient indicates measurements being plotted later into occlusion with
the coloured arrow showing the direction of increasing occlusion time and the lines
are plotted every five seconds into occlusion.

It is clear from Figure 5.6 a) that there is a large difference in the refractive
index of untreated skin and skin that has had a film or woven backed patch applied.
The application of the patches increases the refractive index suggesting that the
water content of the skin has increased due to the patch application. The film
backed patch has the largest impact on the refractive index, suggesting that it
caused the largest increase in the water content of the skin. Looking at the width of
the distribution of the lines plotted with the colour gradient it is possible to observe
how much the refractive index of the skin changes throughout the one minute of
occlusion by the quartz imaging window throughout the THz measurement. The
largest distribution is shown by the skin that was treated with the woven backed
patch, this matches the trend observed in the time dependent variable. This figure
shows that throughout occlusion the refractive index of skin increases across the
whole frequency range from 0.1-1 THz, this suggests that water builds up in the
surface layers of the skin. The smallest distribution of lines corresponding to the
smallest change in the refractive index of the skin during occlusion is shown by skin
treated with the film backed patches, confirming that the skin is already saturated

with water so does not change any more in response to further occlusion by the
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Figure 5.7: The results of performing the one-way ANOVA test on the NRC in the
P2P sampled 52 seconds into occlusion for all subjects, 0 minutes and four hours
after patch removal as shown by the red and blue regions respectively, the markers
show the estimated mean of the distribution of responses to the patches, the shaded
bars are the 95% confidence intervals calculated using the Tukey-Kramer test.

imaging window.

For completeness the same results are shown for the absorption coefficient of
the skin in Figure 5.6 b). The differences between the untreated skin and the skin
treated with the different patches is less clear in this plot. There is some separation
between the different treatments at higher frequencies, but less can be learned about

the effect of the patches on the skin from this plot.

5.3.4 Statistical Analysis

Finally, the statistical significance of the changes observed in the skin is tested
using the one-way ANOVA test and the Tukey-Kramer test [130]. The results of
these statistical tests are shown in Figure 5.7, for the NRC in the P2P measured
0 minutes and four hours after the removal of the patches, where the shaded bars
indicate Tukey’s minimal significant difference at a 5% significance level. Where
the bars do not overlap with the dashed line indicating zero change this means that

there is a significant difference in the skin following treatment with the patches. The
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markers inside the bars indicate the estimated mean of the distribution of changes
in the skin induced by each patch.

Studying the red regions in Figure 5.7, which indicate the results immediately
after the patches were removed, reveals that all patches result in a significant change
in P2P. The patches with 3% propylene glycol led to the largest changes in the
measured response of the skin for both patch types. The film backed patches induce
a larger change in the skin than the woven backed patches. The blue regions show
the results four hours after the patches were removed, these show that the changes
in all regions of the skin treated with woven backed patches are no longer significant,
as all blue regions on the left-hand side of the plot overlap with the dashed zero
line. While the skin treated with the 0% and 3% propylene glycol patches backed
with the PET film maintain a significant difference and the result for the 6% film
backed patch just touches the zero line. This confirms that the changes induced in
the skin by the film backed patches persist for much longer than those induced by

the woven backed patches.

5.4 Discussion

In this study it was found that THz reflection measurements can be used to observe
changes in the skin induced by the application of transdermal drug patches. It was
possible to observe these changes in the time and frequency dependent properties,
particularly in the amplitude of the processed THz signal reflected from the surface
of the skin and the refractive index of the skin in the frequency range from 0.1 to
1 THz. The measured responses suggest that the 24 hour application of the different
patches all increased the water content of the skin.

The ability of the THz-TDS system used in this study to take rapid repeated
measurements of the skin whilst it remains in contact with an imaging window makes
it possible to learn more about the effect of patch application on the distribution of
water in the upper layers of the skin. The flattening of the occlusion curve observed
in skin that had been treated with a film backed patch suggests that the PET film
fully occluded the skin preventing the natural loss of water, causing the water levels
in the skin to increase. Therefore, when the skin was occluded by the imaging
window in order to perform the THz measurements there was little change observed
in the THz response of the skin as the upper layers of the skin were already saturated
with water.

Surprisingly, a change was also observed in the response of skin treated with

a woven backed patch to occlusion as the occlusion curve became steeper. Further
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studies are required to learn more about the cause of this effect, however it is possible
that the patch is interfering with the ability of the skin barrier to keep water in the
skin, therefore when the skin is occluded water rapidly builds up.

As the skin was measured 0 minutes, 30 minutes and four hours after the
removal of the patches it was possible to investigate how rapidly the properties of
the skin return to their untreated state. It was found that the regions treated with
the film backed patches remained significantly more hydrated than the initial state
of the skin after four hours, whereas the regions treated with woven backed patches
had begun to return to their initial state after four hours. Measurements were also
performed to test the effects of patches with different percentages of propylene glycol,
it appeared that the patches with 3% propylene glycol led to the largest increase in
skin hydration. However, these differences between propylene glycol content were
smaller than the changes between the two backing materials. To explore the effect
of different excipients further a larger scale study should be conducted using more
subjects to obtain significant results.

The ability to quantify the hydrating effects of patches for transdermal drug
delivery and how long these effects last is important when designing patches to
deliver drugs at a fixed rate as the rate of drug absorption through the skin barrier is
closely linked to skin hydration. If the skin hydration increases due to the application
of the patch, then the rate of drug delivery could also change and risk leaving the
therapeutic window. Equally, it is important that the rate of recovery of the skin
following the removal of the patches is well understood, as this can influence how
soon patches can be safely reapplied to the same area and how long a patch can be
left on the skin. Excess hydration of the skin due to prolonged patch application
can lead to skin irritation and if a patch is reapplied to the same region, then the
hydration levels will be different from untreated skin, meaning that the initial rate of
drug delivery will also be affected. THz measurements of the skin can therefore give
important insight into the distribution of water in the skin following the application
of different types of patches. Unlike other approaches that have been used to test the
skin such as TEWL measurements, THz measurements can give a direct indication
of the water content of skin and can be used to observe the dynamic response of skin
to occlusion. Many other approaches to testing the effects of patches are performed
on animals or on excised tissue [131], these studies do not give the same insight to
the response of living human skin to the application of the patches.

This study offers a proof of concept showing that THz technology has promis-
ing potential in this field and could be used to help develop more complex transder-

mal drug patches by increasing understanding of how patches influence the skin. To
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develop this work further larger scale studies should be performed with more par-
ticipants and a wider range of patch types with different excipients. Additionally,
patches containing active ingredients should be tested to explore what effects these
may have, particularly in cases where there is the potential for skin irritation. This
study used THz point scans meaning that each measurement only observed a single
location within the region of interest, as imaging speeds increase for THz systems it
would be beneficial to obtain THz images of regions treated with patches to explore
the spatial uniformity of the responses to the patches, for example if the change in
the skin is different near the edges of the patch. Finally, further work should be done
to develop a model that can be used to investigate the effect of patch application
on the diffusivity of water within the skin such as that performed by Sun et al. [72].
However, this would require more complex models, as the skin is often assumed to
be made of water and a biological background, if drugs and excipients are entering

the skin then the models would need to be adapted to account for this.

5.5 Conclusion

In this study THz measurements of the skin have been used to quantify the response
of skin to the application of fully and partially occlusive transdermal drug patches.
It is possible to observe the increase in water content caused by both patch types and
that the skin treated with a film backed patch remained at an increased hydration
level four hours after the removal of the patch. It was also observed that the response
of skin to occlusion by the imaging window altered depending on which patch had
been applied, giving further insight into the effect of patches on the distribution
of water in the skin. The results of this study suggest that THz measurements of
the skin could be used when developing patches for transdermal drug delivery, to
understand the effect of different patch backings on the water content of skin and

therefore the rate of drug delivery.
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Chapter 6

Testing the Effect of Skin Tone

and Sex on the Properties of
the Skin Measured with THz
Spectroscopy

6.1 Introduction

In previous chapters in which the results of in vivo measurements of the skin are
reported there was no investigation into the effect of the skin tone or sex of the
subject on the THz response of untreated skin or how the skin responds to the
application of the samples. If THz techniques are to be successfully applied for the
diagnosis of diseases such as skin cancer, suitable ranges must be identified for the
measured parameters of healthy skin. It is therefore important to be aware of any
other variables that can influence the measured THz response of human skin such
as the skin tone and sex of the subject. Additionally, the identification of trends
in which types of moisturisers are more effective for different skin types could be
useful for the development of personalised skin treatment plans, particularly for the
treatment of skin diseases such as eczema or psoriasis.

In this chapter the results of a study involving THz measurements of the skin
of 34 subjects before and after the application of various moisturisers are presented.
The skin tone of the subjects was quantified using the Fitzpatrick scale and the
subjects were also asked to report their biological sex. The results of this study found
that all three types of commercial moisturisers tested in the study increased the

water content of the skin on average across all the subjects. However, no significant
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distinction in the measured responses was observed when the results were split
according to Fitzpatrick group or sex. This suggests that if there are differences
caused by factors such as skin tone and sex, they are smaller than the present

sensitivity of THz skin measurements.

6.1.1 The Effect of Skin Tone and Sex on the Properties of the
Skin

Despite a growing understanding of the properties of the skin there is still uncer-
tainty about the effect of skin tone and sex. Many studies have been performed in-
vestigating how parameters such as skin hydration and barrier function are affected
by skin tone and sex, with some studies observing a difference while others conclude
that there is no difference. These studies use widely accepted techniques for skin
characterisation, such as measurements of the TEWL and capacitance demonstrated
in Chapter 4.

A study performed by Diridollou et al. characterised skin dryness of the
volar and dorsal forearm using capacitance measurements of the skin [132]. The
study measured 311 American women from four ethnic groups; African American,
Chinese, Caucasian and Mexican. The study found that subjects with lighter skin
had drier skin on the sun exposed dorsal forearm than the relatively sheltered volar
forearm, this difference was not observed in subjects with darker skin tones. They
observed no significant difference in the dryness of skin for the different ethnicities
in subjects below the age of 50. However, they found the dryness of skin for the
different ethnicities diverged with age, as African American and Caucasian women
over 50 had drier skin than Mexican and Chinese women over 50.

Sivamani et al. measured the friction and electrical impedance of the volar
forearms of 59 healthy volunteers and found that there was no significant difference
with skin tone or sex [133]. Additionally, they observed no significant difference with
skin tone in the way these properties of the skin changed following the application
of moisturisers.

Gunathilake et al. measured the number of tape strips needed to increase the
TEWL to three times its initial value and the rate of skin barrier recovery following
this for subjects with different skin tones [134]. They measured 110 subjects with
light skin tones and 129 subjects with dark skin tones. The study found that darker
skin exhibited a stronger skin barrier and faster barrier recovery rate following tape
stripping. These observations of stronger skin barrier for darker skin were replicated
by similar smaller scale studies [135, 136]. However, other studies that have also

investigated the skin barrier properties as a function of skin tone have found no

98



significant differences [137, 138].

Several studies have investigated the differences in the properties of the skin
with sex, yielding mixed results with some finding that there is no significant differ-
ence with sex [104, 139]. While the study by Hadi et al., found that the skin on the
volar forearms of female subjects was on average more hydrated and had a higher
TEWL than the male subjects [140]. It is possible that some differences could be
caused by structural variations in the skin such as the presence of more hair on the
arms of male subjects than female subjects, which could interfere with some of the
measurements.

Peralta et al. performed a study investigating the effect of melanin on the
THz response of skin tissue models [141]. They developed pigmented skin models
for Asian, Black and Caucasian skin, which were given 16 days for the cells to
differentiate. THz measurements were performed of the samples using a transmission
geometry and the refractive index and absorption coefficient were extracted in the
frequency range from 0.4—1.4 THz. They observed that the refractive index and
absorption coefficient of the Caucasian skin model were significantly lower than those
of the Black and Asian models. The Black and Asian models exhibited similar optical
properties to one another, however on Day 16 the refractive index and absorption
coefficient of the Asian model were significantly higher than those of the Black
model. From this the authors conclude that melanin is not the only factor which
influences the THz optical properties of the skin models.

In this study THz measurements were performed of the volar forearm of 34
subjects with a range of skin tones in order to assess whether skin tone and sex
have a significant effect on the THz response of the skin. The untreated skin was
characterised for the different subject groups using variables such as the amplitude of
the processed THz signal, the response of the skin to occlusion and the reflectivity, in
order to see if there are any significant differences. Additionally, three commercially
available moisturisers were tested on each of the subjects, in order to investigate
whether skin tone or sex affects the way in which the skin responds to the application

of different types of moisturiser.

6.2 Methods

6.2.1 THz Measurements of the Skin

The THz measurements of the skin performed in the study described in this chapter
used the TeraSmart spectrometer from Menlo Systems that was introduced in Sec-

tion 2.6.1. The configuration was the same as that used to measure the regions of the
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skin following the application of the patches for transdermal drug delivery described
in Chapter 5. For each skin measurement 120 consecutive pulses were recorded at
a rate of four pulses per second, meaning that each skin measurement took 30 sec-
onds. The skin remained in contact with the quartz imaging window throughout
the duration of this measurement. Pressure sensors were positioned either side of
the imaging window and connected to the THz system in order to show the subjects
a real time indication of whether they needed to apply more or less pressure, the
values of the pressure applied throughout each measurement were recorded to aid
data processing. The pressure sensors were also used to start the measurement, as
soon as contact was detected the measurements began, this ensured that the time

for which the skin was occluded was the same for all measurements.

6.2.2 Moisturisers to be Tested

This study builds upon the investigations described in Chapter 4, which explored
the ability of THz measurements to differentiate between the effects of different
types of moisturisers on the THz response of the skin. The moisturisers chosen for
this study are of similar types to those tested in Chapter 4 and it is expected that
they will interact with the skin through the same mechanisms as those introduced in
Section 4.2.3. However, the samples used in the study described in Chapter 4 were
common components of commercial moisturisers, whereas in the study described in
this chapter the samples are all commercially available moisturisers. Three types of
commercially available moisturisers were tested: an oil based sample, a water based
sample and a WO emulsion.

The water based sample used in this study was Clinique Moisture Surge™
Hydrating Supercharged Concentrate, the primary ingredients are water and glyc-
erin. The oil based sample was Fucerin Elasticity + Filler Facial Oil, the pri-
mary ingredient is octyldodecanol. The WO emulsion was Liz Earle Skin Repair

T _ Dry/Sensitive, where the key ingredients are water and capric

Moisturiser
triglyceride. These samples were chosen as they are expected to interact with the
skin through mechanisms similar to those of the moisturiser components tested in
Chapter 4.

THz measurements were carried out for each of the moisturising samples
prior to their application using a transmission geometry. These measurements used
the main unit of the Teraview system introduced in Section 2.6.2, and the unit was
purged with Nitrogen gas for the duration of the measurement to prevent water
vapour from interfering with the measurements. The samples were sandwiched

between two pieces of quartz with thickness 3 mm, with a spacer of 0.1 mm thickness
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Figure 6.1: a) The refractive indices and b) the absorption coefficients of each of
the moisturiser samples measured with a transmission geometry, with an example
of untreated skin measured in reflection included for comparison.

used to control the width of the moisturiser sample being measured. From these
measurements the refractive index and absorption coefficient of the samples were
extracted using the processing techniques introduced in Section 2.3.2. The optical
properties of the moisturiser samples are shown in Figure 6.1 for a frequency range
from 0.2—1 THz, these results confirm that the THz properties of the samples are
similar to the samples tested in Chapter 4. The properties of the water based and
WO samples are similar to one another, whilst the oil based sample has a much

lower refractive index and an absorption coefficient close to zero.

6.2.3 Protocol for Skin Measurements

Upon arrival in the lab the subjects were asked to complete a survey recording
information such as their age and sex, they were also asked a series of questions in
order to classify their skin type using the Fitzpatrick scale. The Fitzpatrick scale
groups the skin types using factors such as hair colour, skin tone and how prone the
subject is to sunburn. The scale has six groups where group I includes subjects with
very pale skin and group VI includes subjects with very dark skin. The Fitzpatrick
scale is demonstrated in Figure 6.2, which shows images of the forearms of subjects
measured in this study from each of the six Fitzpatrick groups. Table 6.1 shows a
summary of the demographics of the subjects recruited for this study. A total of 34
subjects participated in this study, with a range of ages from 19 to 31. All subjects
were asked to give their informed consent before their participation in the study.
A summary of the protocol followed to perform the measurements of the skin

described in this study is given by the table in Figure 6.3. In order to follow the
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Figure 6.2: Images of the forearms of subjects showing examples for each Fitzpatrick
group number.

Title Category Number of
Subjects

Age Range 19-31 34
Sex Male 19

Female 15
Fitzpatrick No. I 5

IT 1

11T 9

v 7

\Y 5

VI 7

Table 6.1: A summary of the demographics of the subjects measured in this study.

robust protocol for skin measurements introduced in Chapter 3 the subjects were
asked to arrive in the lab 30 minutes prior to the first measurement to allow their
skin to acclimatise to the controlled environmental conditions of the lab. During this
time the subjects were given the opportunity to practice using the pressure sensor to
apply the correct pressure with their forearm on the imaging window. For this study

2 in order to maintain the balance of

the target pressure range was 1.6 —2.0 N cm™
being comfortable for the subject to maintain throughout the measurement, whilst
minimising the risk of air gaps between the skin and the imaging window.

During the acclimatisation time six regions were marked on the volar fore-
arms of the subjects, with dimensions of 3 x 3 cm with 2 cm spacing between each
region, three regions were placed on each arm, as shown in Figure 6.3 a). The three

regions on the left arm remained untreated throughout the duration of the study
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Time Protocol a)

0 mins | Subject enters lab to acclimatise to
controlled environmental conditions

Informed consent obtained

Control 1| [ ]
Control 2| [ ]

Mark six 3x3cm regions on the arms a)

Pressure sensor training

30 THz measurements of all six untreated Control 3| [ ]

mins regions

35 Apply 0.036ml of the oil b), WO c) and b) c) d)
mins water d) based samples

50 Dab treated regions to remove excess

mins sample

60 THz measurements of all six regions

mins

65 Subject leaves the controlled environment

mins

Figure 6.3: Table of the protocol used to perform the measurements of the skin. a)
the locations of the control and treated regions on the volar forearms of the subjects.
The b) oil, ¢) WO and d) water based commercial moisturisers tested in the study.

in order to act as a control for the corresponding regions on the right arm and to
enable the calculation of the NRC variable introduced in Chapter 3.

THz measurements were performed of all six regions prior to the application
of the samples. After the regions had been measured, 0.036 ml of each of the three
samples was measured using a micropipette and applied to the corresponding regions
as indicated by Figure 6.3 a). Pictures of the samples that were applied are shown in
Figure 6.3 b)-d). The samples were rubbed into the marked regions whilst wearing
a latex glove. The subjects were then asked to sit still to allow the skin to absorb
the samples and to ensure that the samples were not removed due to contact with
another surface, such as the subject’s clothing. After 15 minutes the regions in
which the samples were applied were lightly dabbed with a piece of dry tissue in
order to remove the excess sample remaining on the surface of the skin. The subjects
then waited a further ten minutes before THz measurements were repeated of all

six regions.
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6.2.4 Data Processing

As in the studies described in previous chapters, one of the key parameters that was
used to quantify the changes in the skin observed with THz measurements is the
amplitude of the processed signal introduced in Section 2.4. As in previous chapters
this P2P parameter was evaluated by fitting the occlusion curve with a biexponential
function. In order to account for the effects of pressure, only P2P values obtained
when the applied pressure was in the desired range were considered when applying
the fitting. The biexponential function obtained by the fitting process was sampled
25 seconds into occlusion. These P2P values can be used to evaluate the properties
of untreated skin in addition to finding the percentage change and the NRC arising
from the application of the different moisturisers.

Other approaches were also used to assess the properties of untreated skin
in order to check for differences caused by skin tone or sex. The AP2P parameter
introduced in Chapter 5 was used to test if there were differences in the response
of different skin types to the occlusion caused by the imaging window throughout
the measurement. This AP2P was calculated by sampling the biexponential fit of
the P2P occlusion curve 2 seconds and 30 seconds into occlusion and calculating the
difference. The 2 seconds delay in starting the sampling was to account for the fact
that some of the subjects did not immediately achieve stable contact between their
skin and the imaging window. The data from five subjects could not be included
in this analysis as the occlusion curves measured were not stable enough due to
excessive movement of the subject throughout the measurement.

Another approach that was used to evaluate the properties of the untreated
skin of each subject was the calculation of the reflectivity. The reflectivity is a
frequency dependent parameter and is defined in Equation 6.1, where rys and 74,
are the Fresnel coefficients for the quartz-skin and quartz-air interfaces respectively

and M,eqs is the measured sample to reference ratio.
Reflectivity = \rq5]2 = ]ranmeas\Q (6.1)

The reflectivity can be used to give an indication of the frequency dependent prop-
erties of the skin and is not dependent on an assumed structure of the skin.
Finally, the one-way ANOVA test was used to explore the statistical sig-
nificance of the differences observed in the properties of untreated skin and in the
changes in the P2P following the application of the moisturisers. The Tukey-Kramer

test was used to confirm that the 5% threshold for significance was met.
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Figure 6.4: The average percentage change in the P2P for all subjects following the
application of the samples and for the three control regions (C1, C2 and C3). The
error bars are the standard error on the mean.

6.3 Results

6.3.1 Average Response to the Application of the Samples

The average percentage change in the P2P of the processed THz signal for all sub-
jects sampled 25 seconds into occlusion is shown in Figure 6.4, following the appli-
cation of the three types of moisturisers and for the three control regions (C1, C2
and C3). In this plot the error bars are the standard error on the mean for each
measurement. The percentage change is plotted here instead of the NRC as it gives
an insight into the repeatability of the measurements of the untreated regions, for
which the changes are expected to be small compared to the changes induced by
the samples. All three control regions show an average percentage change consistent
with zero within the error bars, suggesting that this protocol gave good repeatability
of THz measurements on average.

This figure shows that on average all three moisturiser samples decreased the
P2P of the processed signal, suggesting that the water content of the skin increased
following the application of the samples. This can be compared to the results ob-
tained in Chapter 4 with similar samples, in which an increase in the P2P was

observed for some subjects following treatment with the oil based samples. This
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Figure 6.5: The average NRC in the P2P following the application of the three types
of samples. The responses are split by a) the Fitzpatrick group and b) the sex of
the subjects. The error bars are the standard error on the mean for each group.

difference can be attributed to the change in the protocol between the two studies;
in the study in Chapter 4 excess sample was not removed from the surface of the
skin prior to the THz measurements, whereas in this study the treated regions were
lightly dabbed with a tissue to remove excess sample before being measured. This
change in the results reinforces the hypothesis in Chapter 4 that the increase in the
P2P observed for some subjects following treatment with the oil based samples was
due to residual oil remaining on the surface of the skin. The results in Figure 6.4
suggest that all three samples increase the water content of the skin, with the water
based sample causing the largest increase and the oil based sample the smallest
increase.

Figure 6.5 shows the NRC in the P2P sampled 25 seconds into occlusion
following the application of each of the three samples, where Figure 6.5 a) gives
the results split by the Fitzpatrick group of the subject and Figure 6.5 b) gives
the results split by the sex of the subject. In both figures the error bars are the
standard error on the mean. These plots give an indication of whether skin tone or
sex affect the way in which the skin responds to the application of different types of
moisturising samples.

In Figure 6.5 a) the subjects are grouped by two Fitzpatrick group numbers,
with the dark blue indicating groups I-11, the light blue groups III-IV and the green
groups V-VI, this is to account for the fact that some groups had fewer subjects, such
as group II for which only one subject was measured. Fitzpatrick groups I-II and
III-IV show trends similar to those observed in Figure 6.4, with the largest decrease

in the P2P being seen for the regions treated with the water based sample and the
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smallest decrease for the oil based sample. However, subjects in Fitzpatrick groups
V-VI appear to show a more uniform response to the three samples. This figure
could give the first indications of a preference for oil based samples for increasing
the hydration of the skin of subjects with darker skin tones, while water based
samples are more effective for lighter skin tones. However, results for more subjects
are needed in order for such conclusions to be made, if these differences are present
they are small relative to the overall change in skin following the application of the
samples.

Figure 6.5 b) shows that in the sex disaggregated data, the overall trend
seen for the average of all subjects in Figure 6.4 persists. It appears that the P2P
decreased more for the female subjects in response to the application of all three
samples than for the male subjects, suggesting a greater hydrating effect for female
subjects. However, this difference is within the error bars so cannot be confirmed
from this plot. It does not appear from these results that differences in sex lead to a
preference for a type of moisturiser that is more effective at increasing the hydration
of the skin.

6.3.2 Properties of Untreated Skin

In addition to studying the changes induced in the skin by the application of each of
the moisturisers and how this varies with the skin tone and sex of the subject, the
properties of untreated skin can also be compared for each of the subject groups.
In the study each of the three control regions were measured twice and the three
treated regions were measured once prior to sample application, this means that for
each subject nine measurements of untreated skin were performed.

Figure 6.6 shows the average P2P of the nine measurements of untreated
skin obtained for each subject split by the sex and Fitzpatrick group of the subject,
where the error bars are the standard error on the mean for the nine measurements.
The size of the error bars on this plot give a clear indication of the repeatability of
the measurements of untreated skin performed in this study, with the majority of
subjects showing a strong repeatability. Two male subjects have results with large
P2P values and large error bars, it is possible that this is the result of the presence
of hair on the region being measured preventing consistent contact between the
skin and imaging window. The results in this figure do not suggest that there is a
significant difference in the P2P of untreated skin caused by the sex or Fitzpatrick
group number of the subject.

The frequency dependent properties of untreated skin can also be investi-

gated to see if these properties vary with the sex or Fitzpatrick group of the sub-
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Figure 6.6: The average of the P2P of the nine measurements of untreated skin
obtained for each subject, disaggregated by the skin tone and sex of the subject.
The error bars are the standard error on the mean for the nine measurements of
untreated skin.

ject. Figure 6.7 shows the reflectivity of untreated skin in the frequency range from
0.15—0.8 THz, where the solid and dashed lines indicate the responses from male
and female subjects respectively and red, green and blue colours indicate the I-1I,
III-IV and V-VI Fitzpatrick groups. To obtain this plot the reflectivity curves for
the nine untreated regions of skin were averaged for each subject, these responses
of the individual subjects were averaged for all the subjects in each group to obtain
the curves shown in the figure. The error bars are the standard error on the mean
for the measurements of all the subjects included in each group, the error bars are
plotted at 0.2 THz intervals for clarity. Note that the slight increase in the reflec-
tivity at frequencies above ~0.5 THz is likely caused by the presence of air either
owing to poor contact between the skin and the imaging window or furrows in the
skin.

The results in Figure 6.7 show an increase in the reflectivity of untreated
skin with increasing Fitzpatrick number in both male and female subjects and the
reflectivity of the skin of the female subjects appears to be lower than that of the
male subjects. These changes are largest at higher frequencies in the range from
0.5—0.8 THz. It should be noted that these observations are not yet significant

results due to the large size of the error bars, however with further studies involving
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Figure 6.7: The reflectivity of untreated skin as a function of frequency, for subjects
split by skin tone and sex. The plotted curves are the average of the measured
responses for all the subjects in that category. The solid and dashed lines show the
results for male and female subjects respectively, and the colours show the different
Fitzpatrick groups of the subjects. The error bars are the standard error on the
mean, these are plotted at intervals of 0.2 THz for clarity.

more subjects this trend could be clarified. This plot suggests that there may be
a difference in the reflectivity of untreated skin caused by the skin tone and sex of
the subject, however this change may be small enough to be concealed within the

current levels of repeatability of THz measurements.

6.3.3 The Response of Skin to Occlusion

As introduced in Section 3.2.1, when the skin is in contact with the imaging window
water begins to build up at the surface of the skin changing the measured THz
properties of the skin. The measurements of the skin performed in this study each
lasted 30 seconds, during which time 120 THz pulses were sampled. This is sufficient
time for there to be changes induced in the water content of the skin, in previous
chapters it has been shown that the change in the P2P with occlusion time takes
the form of a biexponential curve. To further investigate the effect of skin tone and
sex on the properties of the skin, the response of untreated skin to 30 seconds of
occlusion by the imaging window can be studied.

Figure 6.8 a) shows the average occlusion curve obtained by plotting the
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Figure 6.8: The responses of untreated skin to occlusion by the imaging window,
split by skin tone and sex. a) shows the average occlusion curves in the P2P as
a function of increasing occlusion time, here the solid and dashed lines show the
average responses for male and female subjects respectively, while the colors show
the different Fitzpatrick groups of the subjects. b) shows the average AP2P of
untreated skin during 30 seconds of occlusion for each subject, split by skin tone
and sex. In both plots the error bars are the standard error on the mean. Five
subjects were excluded from these plots as the occlusion curves were not stable
enough to be consistently fitted.

change in the P2P of the processed THz signal as a function of occlusion time. These
occlusion curves were obtained by fitting the change in the P2P with occlusion time
with a biexponential function for each of the nine measurements of untreated skin
obtained for each subject. These occlusion curves were then averaged to obtain a
single occlusion curve for each subject. The occlusion curves shown in the figure are
the average of the occlusion curves for all subjects within each of the demographic
groups, where the error bars are the standard error on the mean for all the subjects
in each group. In this figure the solid and dashed lines show the average for the male
and female subjects respectively, while the red, green and blue colours indicate the
Fitzpatrick group number of the subjects. As seen in the previous figures there is a
slight increase in the P2P for subjects with higher Fitzpatrick numbers and for males
compared to females, this causes the offset in the position of the curve. However,
it can be seen that the shapes of the occlusion curves are consistent between the
different subject groups, suggesting that the response of the skin to occlusion is not
significantly affected by changes in sex or skin tone.

In addition to plotting the whole occlusion curve as in Figure 6.8 a), it is also
possible to characterise the curve using the AP2P parameter introduced in Chapter
5. For this investigation AP2P was obtained by fitting the change in the P2P with
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Figure 6.9: The results of performing the one-way ANOVA test on the NRC of
the P2P for all the subjects following the application of the each of three sam-
ples, sampled 25 seconds into occlusion. The markers show the estimated mean of
the distribution of responses to the samples and the shaded regions show the 95%
confidence limits calculated with the Tukey-Kramer test.

a biexponential function and sampling this fit two seconds into occlusion and 30
seconds into occlusion and calculating the difference. The two seconds start point
was chosen to account for subjects who did not immediately achieve consistent
contact between their skin and the imaging window, leading to variation in the
occlusion curve for the first second of the measurement. The AP2P values for each
measurement of untreated skin were averaged for each subject to obtain the results
shown in Figure 6.8 b), where the error bars are the standard error on the mean of the
AP2P value for each subject. Five subjects were not included in this investigation
as there was too much movement throughout the measurement meaning that no
occlusion curve could be identified. The results in Figure 6.8 b) confirm what was
observed in Figure 6.8 a), that there is no significant change in the response of the

skin to occlusion caused by the skin tone or sex of the subject.

6.3.4 Results of Statistical Analysis

As with the studies described in previous chapters a statistical analysis was then

performed on the results using the one-way ANOVA test with the Tukey-Kramer
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Figure 6.10: The results of performing the one-way ANOVA test on the P2P of
untreated skin to check for significant differences in the properties of untreated
skin caused by a) the sex or b) the skin tone of the subject. The markers show
the estimated mean of the distribution of responses to the samples and the shaded
regions show the 95% confidence limits calculated with the Tukey-Kramer test. The
numbers in black indicate the number of subjects in each group.

test to see if there are significant changes between any of the measurements. First,
statistical tests were performed on the NRC of the P2P for all subjects following
the application of the samples to see if the samples induced significant changes in
the skin and if the changes in the properties of the skin are significantly different for
each of the samples. The results of this are shown in Figure 6.9, where the markers
indicate the estimated mean of the distribution of responses and the shaded regions
are obtained from the Tukey-Kramer test and indicate the 95% confidence limits,
a dashed line is marked for zero change as a guide to the eye. This figure shows
that all three samples lead to a significant reduction in the P2P. There is also a
significant difference between the response of the skin to the application of the
water and oil based samples, with the water based sample leading to a significantly
greater decrease in the P2P than the oil based sample. The WO sample leads to
a significant decrease in the P2P, however it is not significantly different from the
responses of the other two samples. It is perhaps to be expected that the change in
the skin arising from the application of the WO sample is somewhere between those
from the water and oil based samples as it has a composition similar to a mix of the
two samples.

In addition to testing if the changes induced in the skin by the application of
the samples are significant, similar tests are also performed to see if changes in sex
and skin tone lead to significantly different properties of untreated skin. Figure 6.10
shows the results of the one-way ANOVA test for changes in the P2P of untreated
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skin caused by a) the sex and b) the Fitzpatrick group number of the subjects. The
numbers in black at the bottom of the plot show the number of subjects in each
group. As before the markers show the location of the estimated mean of the P2P
of untreated skin for each group and the shaded regions show the confidence limits
obtained from the Tukey-Kramer test. Figure 6.10 a) shows that while the P2P of
untreated skin of male subjects appears to be slightly higher than that of female
subjects, this change is not significant. Figure 6.10 b) shows a slight increase in
the P2P with increasing Fitzpatrick group number, but again this difference is not
significant between any of the groups. The confidence limits for group II are large
because there is only one subject in this group. This analysis suggests that whilst
there may be a slight trend caused by sex and skin tone this change is too small to

be significant with the sample size measured in this study.

6.4 Discussion

This study showed that the three commercial moisturiser samples tested all de-
creased the measured P2P, suggesting that the water content of the skin had in-
creased. This adds to the findings described in Chapter 4 in which similar samples
were tested but an increase in the P2P was observed for some subjects after the
application of the oil based samples. These observations were attributed to the
presence of oil on the surface of the skin that was not absorbed in the time between
sample application and skin measurement. In the study described in this chapter
the protocol was modified in order to investigate this, so the skin was gently wiped
with a tissue to remove excess sample from the surface of the skin. The fact that
all three sample types decreased the measured P2P in this study confirms that it
is likely that the increase in the P2P observed for some subjects in Chapter 4 was
due to the presence of the samples remaining on the surface of the skin. However,
the results presented in this study are not able to reveal whether the smaller change
observed in the P2P following the application of the oil based sample compared to
the water based sample is due to the oil causing a smaller change in the water con-
tent of the skin or whether some of the oil remains in the surface layers of the skin
contributing to the observed THz response of the skin. In order to investigate this
further more complex modelling approaches are required that are able to calculate
how deep each of the samples penetrate into the skin and to distinguish the changes
in the water content of the skin caused by the application of the sample from the
effects of the samples remaining in the skin. Additionally, measurements of the skin

could be performed on a longer time scale many hours after the application of the
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sample or following regular usage of the sample by subjects over several weeks.

The measurements of untreated skin performed in this study did not reveal
significant changes arising from differences in skin tone or sex. However, there
were indications that the P2P is higher for subjects with higher Fitzpatrick group
numbers and for male subjects compared to female subjects. This trend was also
observed in the reflectivity of untreated skin, particularly at higher frequencies. At
present the differences in the skin arising from skin tone and sex are smaller than
the sensitivity of the THz measurements that were performed for a study involving
34 subjects. Therefore, it is not an immediate concern for THz classification of
the skin, however as the sensitivity of the measurement techniques improve it may
become a factor that needs to be considered in the future. If THz measurements
are ever to be used clinically for skin cancer assessment it is vital that the ranges of
parameters for healthy and cancerous skin are well understood for all skin types.

Investigations into the effect of skin tone and sex on the way that the skin
responds to 30 seconds of occlusion by the imaging window, suggested that there was
no difference in the shape of the occlusion curves observed for the different subject
groups. This means that characterising the occlusion curve with THz measurements
of the skin could give a set of patient invariant parameters for healthy skin. Future
studies should investigate whether the presence of cancer on the skin affects the way
in which skin responds to occlusion. If so occlusion parameters could be a vital part
of developing THz techniques for skin cancer assessment.

Within the six Fitzpatrick groups used to classify the skin in this study there
remains variation in the skin tone, therefore a classification technique should be used
that can fully evaluate the gradient of skin tones of the subjects, for example the
measurement of the luminosity of the skin as suggested by Peralta et al. [141].
In order for the full gradient of skin tones to be studied a much larger scale study
should be performed to ensure that there is sufficient population of each group. This
study shows that if there are changes in the THz properties of the skin arising from
skin tone and sex, these changes are small, therefore many measurements will be
required in order for significant results to be obtained. Also, the subjects involved
in this study were from a narrow age range of 19—31, so for a more complete
understanding these changes must also be investigated over the full range of ages.
Further investigation should also be carried out into whether other approaches to
skin classification can be used to confirm whether there are changes in the THz
response of the skin caused by skin tone and sex, for example the extraction of the

Double Debye parameters.

114



6.5 Conclusion

This study used in vivo THz measurements of the skin to investigate the effects of
water, WO and oil based moisturiser samples on the skin, and it was found that all
three samples significantly decreased the P2P of the skin. No significant differences
were observed in the response of the skin to the different types of samples arising
from differences in the skin tone or sex of the subject. No significant differences
were observed in the THz properties of untreated skin for different skin tones or for
male and female subjects. However, a small increase in the P2P was observed with
increasing Fitzpatrick number and for male subjects compared to female subjects,
therefore larger scale studies are required to confirm whether these differences are
significant. No changes were observed with skin tone or sex in the response of the
skin to 30 seconds of occlusion, so the classification of the occlusion response could
be a patient invariant parameter, useful for identifying healthy or diseased skin in

future studies.

115



Chapter 7

Further Work and Summary

In this thesis THz spectroscopy and imaging techniques are applied to a selection of
biomedical applications, utilizing the sensitivity of THz light to the water content
of human skin. Primarily, this work focuses on establishing a robust technique for
performing in vivo measurements of the skin using THz light and applying this
technique to explore the ability of THz measurements to identify changes in the
skin caused by the application of various samples such as moisturisers. This chapter
gives a summary of the key findings of this thesis and presents suggestions for areas

of future work in this field.

7.1 Summary of Thesis

In Chapter 1 the current state of the field of biomedical applications of THz technol-
ogy was summarised. This section introduced THz-TDS as a technique for imaging
and spectroscopy and explained some of the wide range of applications that have
been investigated. Additionally, there was a detailed review of the in vivo and ex
vivo studies using THz light that have been carried out to date. In Chapter 2 the
theoretical ideas used throughout the thesis were described including the behaviour
of light at interfaces, dielectric models for the skin and approaches for data process-
ing. The experimental setups used to perform the measurements described in this
thesis were also introduced.

Chapter 3 presented a robust protocol for performing in vivo THz mea-
surements of the skin by controlling the effects of pressure and occlusion. It was
demonstrated that by using this protocol and by applying a processing technique
to account for the effect of natural variation of the skin, repeatable measurements

of the THz response of the skin following the application of a moisturiser could be
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performed. The study in Chapter 3 involved a single subject, therefore in Chapter 4
this protocol was applied to a larger scale study involving 20 participants in which
three common moisturiser components were applied to skin and the hydration of
the skin was tested using THz, TEWL and corneometer measurements. The results
of this extended study showed that THz measurements of the skin could be used
to observe differences in the changes in the skin following the application of the
different types of samples.

Chapter 5 described the results of a study exploring the effects of different
types of patches for transdermal drug delivery on the THz response of the skin.
It was found that both partially and fully occlusive patches increased the water
content of the skin for at least four hours after the removal of the patches. It was
also observed that the way in which skin responds to occlusion by the imaging win-
dow during the THz measurement changed following the application of the patches.
These results suggested that the application of the fully occlusive patch led to the
surface layers of the skin becoming fully saturated with water. Finally, in Chapter 6
the effect of the skin tone and sex of the subject on the measured THz response
of the skin was investigated by performing measurements on 34 participants with a
range of Fitzpatrick skin types. This study did not find any significant differences
in the THz response of the untreated skin of subjects with different skin types or in
the way in which the skin of these subjects responded to the application of different

types of moisturisers.

7.2 Future Work

7.2.1 Increasing Imaging Speeds

In order for THz measurements to be used in a clinical setting for the diagnosis of
diseases such as skin cancer it is important that an image can be acquired rather
than a point scan of a single location on the surface of the skin. For this to be
achievable with living human subjects, the imaging speed capabilities need to be
significantly improved. Present techniques require the raster scanning of the THz
emitter and detector to measure each location in the region to be imaged. This
process can take a long time, meaning that it is difficult for subjects to remain still
for the duration of the measurement and that there are large variations in the water
content of the skin across the images caused by the occlusive effect of the imaging
window. In order to reduce the time required to take a THz image of a region,
techniques that remove the need for raster scanning must be developed.

One promising technique capable of reducing imaging speeds is single pixel
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imaging. This approach involves encoding a spatial pattern in the THz beam that
can be measured using a single detector. This technique is capable of rapidly ac-
quiring images whilst retaining the phase and amplitude information that makes
THz-TDS techniques desirable for in vivo imaging. Statchev et al. demonstrated
the success of such an approach by using it to acquire a 32x32 pixel image at a
rate of six images per second [142]. Such a technique would enable the imaging of
the entire region of interest at the same time into the occlusion process, removing
the need to subtract the changes due to occlusion from the image with post pro-
cessing techniques. However, further work is required in order to incorporate such

a technique into a reflection geometry that is suitable for in vivo measurements.

7.2.2 Non-Contact Imaging Techniques

Another way to remove the effects of variables such as occlusion and pressure during
THz measurements of the skin is to develop a technique that does not require an
imaging window. Presently, an imaging window is used to flatten the surface of the
skin and to enable calibration and alignment during the measurement. For example,
the baseline reflection from the underside of the imaging window is used throughout
this thesis to account for fluctuations in the incident THz pulse. However, developing
a non-contact imaging system would not only remove the effects of variables such
as pressure and occlusion it would also facilitate the measurement of a wider range
of regions on the body, especially if the size of the imaging setup can be reduced so
that the system can be hand-held or mounted on a robot.

Non-contact THz measurements have been performed when measuring static
samples, for example to test the thickness of paint layers on a car [143]. When mea-
suring a region on a living subject, which will move throughout the measurement,
such an approach is more challenging. During THz measurements it is essential
that the sample is in the correct position so that the THz beam is focused on the
sample surface, as movement of the order of micrometers can result in significant
changes in the measured THz amplitude. Additionally, when the sample is curved,
as with much of the human body, a small shift can prevent the majority of the re-
flected THz pulse being received by the THz detector. Sung et al. successfully used
a non-contact system to obtain THz images of the human cornea through in vivo
measurements [58]. The technique used in this study utilised the relatively uniform
spherical shape of the human eye to aid alignment. Applying such an approach
to imaging other regions of the body that are harder to model and have greater
variation between subjects will be challenging. In order to address such challenges

approaches to track the movement of the subject and rapidly move the THz system
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b) d)

Figure 7.1: Examples of the new geometries being developed by the MacPherson
research group to facilitate the in vivo measurement of a wider range of regions on
human subjects. a) Robot mounted contact geometry, b) handheld contact geome-
try, ¢) and d) both show a robot mounted non-contact imaging system.

in response must be developed, alternatively a way to prevent all movement of the
subject could be used.

Recent work by the MacPherson research group has involved the development
of new systems that have greater versatility and can be used to measure a wider
range of regions on the human body, rather than being limited to the volar forearm.
Examples of some of these new systems are shown in Figure 7.1, with a) and b)
showing robot mounted and handheld contact systems respectively, which can be
used to perform measurements similar to those described in this thesis in a wider
range of locations. This is an important development in order to test the contrast
caused by cancer at THz frequencies, as skin cancer is often found in locations such
as the head and neck. Meanwhile, Figure 7.1 ¢) and d) show a robot mounted non-
contact imaging setup that uses a proximity sensor to align the optics relative to
the location of the region being measured. However, at present more work is needed

to improve the response of the robot to the constant movement of a living subject,
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in order to maintain alignment throughout the measurement.

7.2.3 Skin Modelling Approaches

Finally, another area for further work is the development of the models for the
dielectric properties of the skin introduced in this thesis. Presently, there is tension
between the desire for simple, robust models and more sophisticated models that can
bring greater insight into the changes in the structure and properties of the skin but
that have a greater number of fitting parameters and can be harder to implement.
Chen et al. used an ellipsometry system in order to obtain four complementary
sets of spectral ratios, making it possible to use a more complex model for the
skin to extract extra information about the structural properties of the skin on a
cellular level [85]. However, at present such experimental setups are complicated to
produce and use and the processing techniques can be time consuming, these must
be simplified before they can be considered as a potential technique for clinical skin
assessment.

The development of further models that can be used to identify changes in the
structure and water profile in the skin following treatment with a range of different
samples would offer greater insight into how such samples are absorbed by the skin.
For example, a model that could track the movement of drugs from a transdermal
drug patch through the layers of the skin would be beneficial for developing patches
with known rates of drug delivery.

Of course, one of the primary goals of research such as this is that THz
imaging techniques could be used to aid the diagnosis of the diseases such as skin
cancer. This thesis has identified that there is great potential in the ability of THz
spectroscopy and imaging techniques to observe changes in the properties of human
skin through in vivo measurements. It is hoped that through the combination of
these elements of further research and other approaches that have not yet been
identified, THz imaging could be used in a clinical setting to impact the way in

which skin diseases are diagnosed and treated.
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