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Abstract

Terahertz (THz) light is an electromagnetic wave with frequencies between
0.1 and 10 THz, bounded by microwave and infrared light. There is increasing
interest in THz for biomedical research, primarily due to its strong attenuation by
water molecules and non-ionizing nature which enables the use of THz light for
the study of in vivo human skin. Skin consists of a large proportion of water and
the hydration level of skin can be linked to many diseases and injuries, thus THz
measurements can extract useful information related to this.

In this thesis, different signal processing techniques are introduced and used
for many in vivo skin studies. As the THz response of skin is easily impacted by
many factors, an investigation into numerous such factors is conducted to aid in
creating a measurement protocol. This measurement protocol will help to control
variables which affect the skin during in vivo skin studies to ensure accurate results.
Finite rate of innovation methods exploit signals with a finite number of degrees of
freedom per unit time, such as THz pulsed signals. Such methods have not been
applied to experimental THz measurements in published research before my work.
The method is shown to produce accurate results at very low sampling rates for in
vivo skin measurements and used to study an adhesive bandage applied to the volar
forearm. This low sampling rate enables much quicker measurement times. In order
to separate out overlapping reflections and extract more useful sample information, a
sparse deconvolution method is introduced. I extend upon this method to include a
reconstruction of individual sample reflections. This method is applied to investigate
the effects of thin transdermal drug delivery patches on the skin. It is shown that this
sparse method can accurately monitor the hydration level of the skin beneath these
patches and links this to the type of patch applied. Studies on skin products applied
to both real and artificial skin, in the form of hydrogel, are conducted in this thesis.
This hydrogel is shown to effectively mimic real skin, and is used to investigate a
promising product of crude algae extract which is currently in development and thus
cannot be applied to real skin. Finally, a summary of the work performed in this
thesis is given and areas of future work are identified.
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Chapter 1

Introduction

1.1 THz Spectroscopy

1.1.1 THz Light

Terahertz (THz) light is a type of electromagnetic radiation, situated between the

microwave and infrared portions as illustrated by Figure 1.1. The electromagnetic

region corresponding to this THz band lies between the frequencies of 0.1 to 10 THz

and wavelengths of 30 µm to 30 mm, and is often referred to as the “THz gap” due

to the difficulty of generating and detecting radiation in this range. This difficulty

is so pronounced that broadband THz generation and detection was not even pos-

sible until 1975, when David H. Auston developed the “Auston switch” [1]. As this

gave accessibility to the “THz gap” the floodgates to THz research were opened, an

area which has only seen increasing interest over time. As is typical with emerging

technology, the required equipment is expensive but more affordable and compact

THz systems have been developed and continue to be developed, allowing for more

widespread applications for THz technology. Key features of THz radiation, such

as its non-ionizing property and its penetration of many materials opaque to visible

light and infrared, prove to be attractive for a wide range of applications. Examples

of such applications include communication, security and defence, molecule struc-
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Figure 1.1: The location of the THz gap, situated between microwaves and infrared
waves on the electromagnetic spectrum. Adapted from [3].

ture analysis, heritage assessment and metrology [2]. Furthermore, there is a great

interest in THz biomedical applications by virtue of its sensitivity to water content

in addition to its non-ionizing nature [3].

1.1.2 THz Time Domain Spectroscopy

Over the ten years following the development of the “Auston switch”, David H.

Auston went on to develop THz time domain spectroscopy (THz-TDS) where this

work culminating with THz-TDS being employed to measure the dielectric response

of a solid-state plasma in n-type germanium and a GaAs/GaAlAs superlattice [4].

This work demonstrated the great potential of THz-TDS by showing that it pro-

vides the capability of measuring precise shape changes of the THz pulse, which

are associated with the dielectric properties of the material the laser was reflected

from or transmitted through. Though this method measures the entire THz pulse in

time domain, frequency information can be easily retrieved by performing a Fourier

transform. One of the first significant applications for THz-TDS was to measure the

nine strongest absorption cross sections of the water molecule over the frequency

range of 0.2 to 1.45 THz at an accuracy level not previously achieved [5]. This high

accuracy, along with the strong absorption of THz light by water in general, opened
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Figure 1.2: A schematic for THz-TDS in reflection geometry.

the doors to many avenues of research involving water molecules, including a wide

spectrum of biomedical applications. Furthermore, since this research in 1989 THz-

TDS systems have been refined and made commercially available, allowing for a

less expensive and easier operating entry into interdisciplinary research using these

systems.

Figure 1.2 contains the schematic of a typical THz-TDS system in reflection

geometry. The key components for this setup consist of a femtosecond pulsed laser,

a delay stage and both a photoconductive emitter and detector [6]. Details on the

photoconductive antennas will be given in the following section, with the THz-TDS

system explanation as a whole following here. The femtosecond pulsed laser is gen-

erated and then directed into a beam splitter, which sends one half of the laser to the

photoconductive THz emitter and the other half is destined for the photoconductive

THz detector. Crucially, before it reaches the detector, it is directed through a me-

chanical delay stage which consists of a series of mirrors designed to introduce and

control a time delay between the arrival of the THz pulse which has been emitted

and then reflected off the sample with the arrival of the femtosecond laser pulse at
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the THz detector. By doing this, it is now possible to sample the received THz

pulse across a chosen time domain window, which could consist of multiple THz

reflections. For reflection geometry, an important challenge is to ensure alignment

of the THz beam path and sample. To help with this an imaging window is posi-

tioned such that the sample placed atop of it will be in alignment for the chosen

angle of incidence θ. Quartz is often chosen as the imaging window material as it

has minimum absorption in the THz frequency range [7]. A further point to note is

that the femtosecond section of THz-TDS is often in a closed system, helping with

safety concerns as all laser safety issues are associated with the femtosecond laser,

as THz beams are completely safe to humans. In addition to the free space system

outline in Figure 1.2, optical fibers can be used for transmitting the optical laser

beams in fiber based systems, such as those used for the work contained within this

thesis.

1.1.3 THz Generation and Detection

A common approach for generating and detecting THz light, and the one used for

measurements presented in this thesis, utilize photoconductive antennas [8]. The

mechanism for using one of these antennas for generating THz light is shown in

Figure 1.3. Here, a femtosecond laser pulse is targeted at the photoconductive

antenna to excite short lifetime carriers within the semiconductor substrate. As

a DC bias is applied across the antenna, the excited carriers are accelerated and

produce an electric field proportional to the rate of acceleration of this photocurrent.

With the resulting pulse of electromagnetic radiation having a temporal width of

the order of 1 ps, a THz pulse is generated.

A remarkably similar mechanism for detecting THz light is shown in Figure

1.4. As opposed to a bias voltage being applied across the antenna to drive a

current for THz generation, it is a received THz pulse inducing a current in the

excited carriers for THz detection. In both cases, it is still the femtosecond laser
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Figure 1.3: A photoconductive antenna being used to generate a THz pulse from a
femtosecond laser.

Figure 1.4: A photoconductive antenna being used to detect a THz pulse using a
time delayed femtosecond pulsed laser as a probe.

producing the excited carriers. A stronger received THz pulse leads to a higher

induced current, thus the current can be measured and processed to deduce the THz

field strength. However, the femtosecond probing pulse can only detect the current

induced by the instantaneous THz field, thus the optical delay stage, described in

the previous section, is necessary to change the arrival time of the probing pulse in

order to sample over the whole THz pulse being measured.

1.1.4 Applications of THz

A wide range of applications across various fields have been developed since the “THz

gap” was bridged, with many of the most significant results being highlighted in this
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Figure 1.5: A summary of some THz applications currently being researched.

section and shown in Figure 1.5. As the key focus of this thesis is on biomedical

applications for THz, these will be detailed in the following section along with the

appropriate background information. There are a variety of properties which make

THz such an attractive avenue of research:

• THz spectroscopy and imaging techniques are able to extract both time do-

main and frequency information from samples.

• The non-destructive nature of THz light by being non-ionizing, having low

photon energies in general and effective use at very low power levels.

• The delicacy in which THz can be used with non-contact modalities avoiding

any risk to fragile samples a contact method would result in.

• The penetrative capability in broad classes of nonmetallic materials and non-

polar molecules.

• The extremely short femtosecond pulses providing higher resolution compared
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to many competing imaging methods.

• Many chemicals of interest have characteristic signatures in the THz range

due to molecule-specific motions, key to some security applications.

• A strong attenuation by water molecules, resulting in a contrast between

healthy and diseased or damaged tissues.

THz imaging has been explored as a technique for security scanning [9–11],

as it is non-ionizing for the screening of people and able to detect hidden objects

through clothes and common packing materials. These hidden objects detected

include metal and non-metallic weapons, such as ceramic, plastic or composite guns

and knifes. Furthermore, the characteristic THz spectra of certain hidden substances

such as plastic explosives and other chemical and biological agents could be used to

detect them using THz scanning.

A further use of characteristic THz spectra is found in pharmaceutical re-

search, where THz spectroscopy can be employed to identify different drugs, differ-

entiate between polymorphs [12] and distinguish between anhydrous and hydrated

drug forms [13]. It is of great importance to distinguish between different forms

of drugs, as they can have different physiochemical properties and thus can lead

to unwanted side effects without appropriate measures of product quality control.

Another aspect of quality control in pharmaceutics is monitoring the coating thick-

ness of drug tablets, to ensure the intended dosage results and that no leakage of

the drug contained within the coating occurs. THz imaging methods have met with

success for this coating thickness quality control [14,15].

Other areas can also benefit from THz techniques for thickness measure-

ments. For example, they have been employed to inspect the thickness and quality

of paint layers on cars whilst having the benefits of a non-contact modality and

better spatial resolution for two-dimensional mapping as compared to conventional

methods [16]. Furthermore, successful results have been found with composition
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and thickness measurements of paper [17] and waterproof layer quality control of

textiles [18].

Moreover, investigating the thicknesses of paint layers in historical artworks

using THz can be enlightening, with the key benefit of being non-destructive. By

observing the number, thicknesses and constituents of the layers the painting tech-

niques used by the artist and previous conservation efforts were determined by Dong

et al. [19]. On the topic of heritage, there has been much research into the use of

THz for art conservation and tracking the chronological evolution of pieces [20–23].

Metamaterials are capable of enhancing the interaction of THz radiation with

a sample, resulting in a higher sensitivity to the spectral features of the sample and

allowing for a smaller quantity of material to be present and still identified. As

such, progress in this field would aid all studies into spectral identification using

THz spectroscopy. Fortunately, there is significant research into this area, covered

in the literature review by Xu et al. [24].

THz measurements have been used in a wide range of non-destructive testing

applications throughout industry, detecting surface defects such as localised burn

damage and puncture holes in addition to hidden sub-surface defects such as matrix

cracking and delamination [25–27]. These results are often verified by a comparison

to standard industry techniques, but often come with additional benefits such as

the non-ionizing nature being safer for the user and better spatial resolution as

compared to X-ray techniques, for example.

Finally, communications is a lucrative research avenue as it would unlock

faster rates of data transfer given its high frequency and large bandwidth. To

promote the application of THz communication, the development of THz devices

including modulators, waveguides and polarization converters [28,29] would need to

be pushed forward.
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1.2 THz in Biomedical Research

1.2.1 Advantages of THz for Biomedical Research

The key features of THz light which make it so attractive for biomedical research

are its high sensitivity to water content and its non-ionizing nature. Water, a polar

molecule, has a particularly high THz absorption coefficient of 220 cm-1 at 1 THz

for room temperature, exceeding that of common biomolecules [30]. The dominant

cause of this high absorption in water is the intermolecular interactions due to

the permanent and induced dipole moments in the hydrogen bonds present in the

network of water molecules [31]. This results in THz having a high sensitivity to

water content, enabling THz technology to be employed for differentiating tissues or

biological matter of varying hydration levels to an accurate degree. Water content

levels are crucial to many processes and functions in organisms or biological systems,

thus a tool to assess this accurately is highly desirable. For example, normal tissues

and cancer tissues have different water content and the living state of bacteria can

be distinguished by their different hydration levels.

There are other widely used methods for studying human skin hydration,

such as corneometer measurements and transepidermal water loss evaluation. The

capacitance of the skin surface can be measured using a corneometer, which can be

used to infer the relative hydration due to its calibration using water [32]. Transepi-

dermal water loss is estimated by measuring the rate of evaporation of water from

the surface of the skin [33]. Compared to these methods, THz carries the additional

benefits of more directly measuring water content, providing much more information

in general and has been shown to perform better when different samples are applied

to skin [34].

The low-energy photons of THz light (on the order of 1-10 meV) ensures

that it is non-ionizing and thus safe to be used on living subjects, whilst providing a

noninvasive imaging modality. This provides THz measurements with a significant
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advantage over other ionizing methods, such as X-rays. However, the relatively new

nature of the THz research field stipulates the need for investigation into the effects

of THz light on biological tissues. Hough et al. investigated the biological effects of

low to intense THz pulses on gene expressions, finding no significant modifications

to the gene expression with low power THz light [35]. Angeluts et al. studied blood

leukocytes irradiated by THz light and found no DNA damage using the comet

assay [36]. A full review of the biological effects of tissues and cells at exposure to

THz radiation has been compiled by Cherkasova et al. [37]. All research contained

within this thesis used photoconductive antennas to produce the THz light, which

ensures the use of low power THz far below the thresholds which have been identified

for potential damage to biological tissues.

1.2.2 THz Imaging of Skin

Skin is the outer covering of the human body and its largest organ, constituting

15-20% of its total mass. One of the vital functions skin provides is as a semi-

permeable barrier between the body and its external environment, protecting it from

factors such as bacteria, harmful chemicals and adverse temperature. Furthermore,

it manufactures vitamin D, helps to maintain the hydration level in the body and

contains many nerves so it can act as a huge sensor. Due to the importance of

skin, research into it and methods to monitor and diagnose issues with it are very

significant. One of the largest and most variable constituents of skin is water, as such

THz sensitivity to water content is a great strength here [38]. The structure of skin

is divided into three primary layers, going from the outermost to innermost layers:

epidermis, dermis and hypodermis [39]. The epidermis is split further into two sub-

layers, the stratum corneum and the viable epidermis. The stratum corneum is the

dead outermost layer of skin, the thickness of which varies greatly across the body.

As THz is so greatly attenuated by water molecules, reflection geometry

is necessary for almost all measurements of skin, with thinly sliced excised skin
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samples being an exception. Furthermore, even in reflection geometry THz light

only has a small penetration depth into skin, resulting in just the epidermis being

measured in most cases. Cole et al. have used THz imaging and spectroscopy in

vivo (where a whole, living human is examined) to search for the interface between

the stratum corneum and the viable epidermis within the epidermis layer [40]. Here,

they were able to measure a second reflection associated with the stratum corneum-

viable epidermis boundary in the palm but could not detect this second reflection in

other locations of the body such as the wrist and forearm as the stratum corneum

is too thin in these areas. In addition to time domain data, THz spectroscopy

has been employed to measure the optical properties of in vivo skin at different

locations, such as the refractive index and absorption coefficient information [41].

Further to extracting information for the outermost part of skin, various structural

models can be employed to estimate information for deeper into the skin. For

example, Raman spectroscopy has shown that the epidermis has a relatively constant

water concentration value, whilst the stratum corneum has a depth-dependent water

concentration gradient [42]. Using this result, many detailed models have been

developed to estimate water concentration as a function of depth into the skin,

using information gained from initial THz measurements of the skin’s surface [43].

Ethical considerations are necessary for THz in vivo measurements. As ex-

plained previously, THz light is non-ionizing and, for the systems used in this thesis,

of low power which is safely below any potential damage thresholds. This, along

with all other relevant information pertaining to the study, must be fully explained

to any potential subjects, so their written informed consent to take part in the study

can be obtained. Additionally, efforts into the handling and anonymity of the data

measured and subject information recorded should be made to ensure the privacy

of the subjects. These efforts were made for all in vivo measurements conducted

for this thesis. Specifically, ethical approval was obtained for the studies conducted

in this thesis from the Biomedical Scientific Research Ethics Committee, BSREC,
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(REGO-2018-2273 AM03).

1.2.3 Skin Phantoms and Artificial Skin for THz Frequencies

Imaging phantoms are specially designed objects which resemble human tissue for

evaluating, analyzing and calibrating the medical device in question. These proce-

dures need stable materials with accurately controlled properties, which real bio-

logical matter does not provide as their conditions change over time and can vary

significantly between samples. Therefore, phantoms accurately substituting real bi-

ological objects are of great interest. For THz devices, phantoms mimicking breast

tissue were designed and their potential application to quantifying breast tissue

pathology was confirmed [44]. Additionally, gelatin phantoms were used for quanti-

tative assessments of a THz hydration imagery method designed for early detection

of corneal pathologies [45].

Furthermore, such phantoms can be used as artificial skin if designed appro-

priately for the THz response of skin. This carries the additional benefit of enabling

research into skin whilst avoiding the need, and risk to, animal or human subjects.

For example, hydrogel skin phantoms were used by Jayasankar et al. to investigate

the fast and reliable testing of pharmaceutical and cosmetic products [46]. Such

products require thorough safety testing before approval is given for their applica-

tion to human subjects, therefore methods to research the effects of such products

without applying them to human subjects is in high demand. Corridon et al. created

complex skin samples of different and controllable hydration levels from collagen,

silicone and other materials [47]. The THz optical properties of these samples were

compared to the THz optical properties of freshly excised skin samples to ascertain

their efficacy as artificial skin. A preliminary investigation by Zhang et al. uses

artificial skin with and without metastatic melanomas to compare their refractive

indices and absorption coefficients with the aim of helping techniques for diagnosing

and preventing tumours at an early stage [48].
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1.2.4 THz Imaging for Cancer Diagnosis

As cancer accounts for nearly one in six deaths, research into cancer diagnosis and

treatment is one of the most important fields in medicine. As such, there has been

much research into using THz light with the objective of detecting cancer by using

it to distinguish between healthy and cancerous tissues. One approach to this is

conducting ex vivo studies, where tissues are extracted from the body and examined.

Advantages of this method include the ability to thinly slice samples, allowing for

the use of THz transmission measurements in addition to reflection measurements,

and to investigate the effects of inducing changes to the sample such as burning of

the tissue, which obviously could not be done with a living subject. A significant

drawback to ex vivo methods is the degradation of the sample, meaning that studies

will have to use either fresh samples or make use of some preservation method which

has minimal effect on the sample, such as by freezing or formalin fixing.

Though preservation methods can interfere with the THz response of the

tissue, they usually work in part by dehydrating or freezing the liquid water in the

sample which has the byproducts of improving the penetration depth of THz light

into the tissue and increasing the contrast between structurally differing regions of

the sample. Wahaia et al. studied dehydrated colon tissues using a THz imaging

system to find a contrast between neoplastic and control tissues, which was corrob-

orated by histological findings in the same tissues [49]. By investigating frozen oral

tissue samples, Sim et al. were able to show that THz can be used to detect cancer-

ous tumours hidden inside tissue and that freezing the sample improves the contrast

between cancerous and healthy tissue [50]. Fitzgerald et al. demonstrated that THz

imaging could be used to successfully map breast tumour regions in excised tissue,

which had moderate correlation with the results obtained from routine histological

tests [51].

Looking at fresh ex vivo studies, there is no longer the additional problem of

how the preservation technique affects the samples, though the penetration depth
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tends to be smaller due to a higher water content in the fresh tissue. Therefore,

much of the research using fresh ex vivo samples focuses on reflection measurements.

A blind study to identify basal cell carcinoma, the most common form of skin cancer,

was conducted by Woodward et al. using fresh samples [52]. In this study, THz

imaging was shown to be an effective tool for detecting this cancer, with the results

being verified by histology. A further example of using fresh tissue ex vivo is a study

by Sim et al. where oral malignant melanoma was imaged using 2-D and B-scan

THz imaging techniques, the results of which were verified by histological findings

as standard [53].

Another approach to using THz imaging for cancer diagnosis and treatment

is conducting in vivo studies, which fully exploit the non-ionizing advantage of this

imaging method. Moreover, in vivo measurements present the opportunity for non-

invasive clinical investigations, without the need to excise a sample of tissue for ex

vivo analysis and thus avoiding any risks associated with that surgery and potentially

providing quicker results to patients. Studies using in vivo measurements also open

the doors to research into the response of living tissue to treatments or the efficacy

of treatments, such as checking for any remaining cancerous tissue after surgery

to remove it. However, as previously discussed, THz light is strongly absorbed

by water and therefore only reflection measurements of surface level tissues such

as skin and the eye are available. Another factor for consideration is the extra

difficulty measurements using live subjects brings, as they introduce many more

variables which need to be controlled or accounted for. To introduce a number of

them: maintaining constant and consistent contact between the region of the subject

being measured and the imaging window, the recent skin treatments or washing of

the subject’s skin and the room’s temperature and humidity which is being used for

taking the measurements. These will be discussed in detail within Chapter 3.

Zaytsev et al. used in vivo THz spectroscopy to differentiate between dys-

plastic and non-dysplastic skin moles using the contrast in their THz dielectric per-
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Figure 1.6: The volumetric fraction of water in the foot calculated from THz mea-
surements for a) a typical member of the control group and b) a typical member of
the diabetic group. Included with permission of the authors [50].

mittivity [54]. As dysplastic moles are a precursor of melanoma, a dangerous form

of skin cancer, non-invasive early diagnosis is of great importance. With the goal of

researching an in vivo THz method for helping facilitate delineation of tumour mar-

gins before basal cell carcinoma surgery, Wallace et al. demonstrated that through

a broadening of the reflected THz pulse they could identify regions of disease which

correlated well with histology [55].

1.2.5 Other THz Biomedical Applications

There are many other potential avenues for biomedical applications using THz light

that are currently being researched, in addition to cancer diagnosis. Many of these

take advantage of the benefits of using THz imaging to study skin and other tissues,

such as changes to water content and structure leading to differences in the THz

optical properties of the sample which was often exploited by the studies described

in the previous section. For example, Hernandez-Cardoso et al. proposed a THz

screening method for early detection of diabetic foot syndrome, for which there is

no current objective method for doing so [56]. As presented in Figure 1.6, they were

able to differentiate between healthy, control feet and feet from people inside their

diabetic group by calculating the volumetric fraction of water from their in vivo

THz measurements.

Taylor et al. used porcine (pig) skin samples to investigate if THz could

be used to detect, and judge the extent of, second-degree burns [57]. They were
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able to discern if the skin was burnt even through ten layers of dry medical gauze

and found a “halo” effect surrounding the burnt areas which may correlate to the

extent of the burn injury. Further to using THz to detect burn injuries, Wang et al.

explored the effects of silicone gel sheeting to the skin in vivo, which is a common

treatment for severe burns [58]. One of their key findings was that THz could be

used to monitor how hydrated the treatment had made the skin, once the silicone

sheeting was removed. Looking at injury healing in general, Fan et al. studied the

healing process of scars and their contrast to healthy tissue [59]. They discovered

that this contrast in the absorption coefficient becomes less prominent after a few

months post-injury, but that it was still significant and easily detectable even when

the scar was difficult to see with the naked eye.

THz has also been successfully applied to monitoring the effects of various

drugs applied to the skin. Kim et al. used excised mouse skin to explore the real-

time tracing of drugs within the skin using THz, finding that it could be used for

monitoring the spatial distribution and penetration of the drug into the skin at the

drug-applied sites [60]. Moreover, in a further study they found that their THz

imaging technique could be used to track the distribution of topically applied drugs

for in vivo mouse measurements [61]. In another example of drug related research for

skin, Wang et al. used THz imaging to perform a study on fresh porcine skin samples

to compare the efficacy of different drug penetration enhancement techniques [62].

In related research, Ramos-Soto et al. used excised porcine skin to test the occlusive,

hyperosmotic and moisturising behaviour of common moisturiser ingredients [63].

In an additional THz application not centred on skin, Taylor et al. have

been developing a system for in vivo measurements of the human cornea. They

took the first ever THz images of in vivo cornea using rabbits, assessing the corneal

water content and how this changed following dehydration by a gentle stream of

air [64]. They then went on to develop their novel imaging system and introduced

an image reconstruction method specifically for human cornea or other similarly
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near spherical targets [65]. By using these methods on corneal phantoms and ex

vivo human corneas they demonstrated the hydration sensitivity and reliability of

their process. Furthermore, they present successful non-contact THz images for in

vivo human cornea.

A further broad biomedical application of THz is the study of solutes in

water. The dynamics of water surrounding a solute are vital in the behaviour of

many biological systems, such as in the function of proteins and carbohydrates [66].

Due to the high sensitivity THz has to the hydrogen-bond dynamics in water-solute

systems, THz spectroscopy can be used as an effective tool for providing direct

insights into such systems. For example, Sun et al. used THz spectroscopy to

investigate glycine in water to obtain a clear picture of the individual contributions

of molecular motion in terms of distinct vibrational modes and specific couplings

between water and glycine molecules [67].

1.3 Thesis Overview

In this thesis, a series of studies using THz imaging and various signal processing

methods are presented, with a specific focus on biomedical applications relating to

the skin. In Chapter 2, the fundamental electromagnetic wave theory used in this

thesis is introduced. Furthermore, standard approaches for processing THz mea-

surements are described, as are the THz-TDS systems used for collecting the data

presented in this thesis. Many variables which affect the THz response of in vivo

skin measurements are investigated in Chapter 3, such as pressure and occlusion.

These results are used to help construct the measurement protocol presented, de-

signed to control these variables to obtain more accurate and precise results for in

vivo studies. Chapter 4 introduces a THz finite rate of innovation method, which

successfully produces accurate results in various simulated and experimental studies,

crucially all at very low sampling rates. A THz sparse deconvolution and reconstruc-
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tion method is used to monitor the effect of transdermal drug deliver patches on

skin in Chapter 5. The hydrating effect of patches with different backing materials

and excipient levels is investigated in a 2-hour and 24-hour study, with the sparse

method effectively monitoring the water level of skin beneath the patches. Chapter

6 contains an investigation of THz-TDS being used in skin product testing and the

effectiveness of hydrogel as artificial skin. Finally, Chapter 7 is a summary of the

work presented in this thesis and identifies potential areas for further research to be

conducted upon.
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Chapter 2

THz Theory and Experimental

Setups

2.1 Introduction

Fundamental explanations of standard THz theory, processing methods and setups

are necessary to appreciate how work contained within this thesis employs and

builds upon them. Section 2.2 describes how waves propagate through materials

and react to interfaces. Section 2.3 covers standard THz processing methods to

extract optical parameters from both transmission and reflection geometries. These

processing methods will be heavily built upon in Chapters 4 and 5. Lastly, Section

2.4 outlines the experimental setups used to perform the measurements taken for

work within this thesis.

2.2 THz Wave Propagation

2.2.1 Wave Equations

As with all electromagnetic fields, the behaviour of THz radiation is described by

Maxwell’s equations. For a homogeneous, isotropic medium and in the absence of
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charges or currents, these equations can be expressed by:

∇ ·E = 0 (2.1)

∇×E = −∂B

∂t
(2.2)

∇ ·B = 0 (2.3)

∇×B = µϵ
∂E

∂t
, (2.4)

where E and B are the electric and magnetic fields respectively and µ and ϵ are the

permeability and permittivity of the medium respectively. It is possible to derive the

wave equation, which describes the propagation of waves in a medium, for electric

fields by first taking the curl of Equation 2.2:

∇× (∇×E) = − ∂

∂t
(∇× B). (2.5)

Substituting Equation 2.4 into Equation 2.5 and employing the vector identity:

∇× (∇×A) = ∇(∇ ·A)−∇2A the wave equation for an electric field propagating

in a medium results:

∇2E = µϵ
∂2E

∂t2
. (2.6)

From Equation 2.6 it is possible to deduce the propagation speed in a medium:

v = 1√
µϵ , which in the case of a vacuum gives the speed of light: c = 1√

µ0ϵ0
where the

constants µ0 and ϵ0 are the permeability and permittivity of free space respectively.

The speed of light is the fastest propagation speed possible, with other mediums

reducing this speed by different amounts. The ratio between the speed of light

and the propagation speed in a given medium is introduced as the refractive index:

n = c
v . For a wave travelling in the x direction, a solution to the wave equation is

given by:

E(x, t) = E0e
i(ωt−kx), (2.7)
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where t is the time, E0 is the amplitude of the wave, ω is the angular frequency and

k is the wavenumber given by:

k =
ñω

c
. (2.8)

Here, the complex refractive index has been introduced, ñ, which is defined by:

ñ = n− iκ, (2.9)

where κ is the extinction coefficient. The complex refractive index is a very useful

parameter for characterising properties of media, with another being the absorption

coefficient, α, defined by:

α =
2ωκ

c
. (2.10)

The absorption coefficient describes how waves are attenuated with propagation

distance and frequency, with the penetration depth given by: ϱ = 1
α . Bearing in

mind these key definitions given by Equations 2.9 and 2.10, Equation 2.7 can be

rewritten into the following:

E(x, t) = E0e
−αx

2 ei(ωt−
ωnx
c

). (2.11)

Key observations to note here are that n will change the phase of the wave and that

the penetration depth informs us of the distance the wave would travel before the

amplitude decreases to e−0.5 or for the intensity to reduce to e−1.

2.2.2 Waves at Interfaces

Systems where THz waves simply travel through one medium only are not of interest

for the work contained in this thesis, so THz wave propagation at an interface will

be introduced. Snell’s law is an fundamental tool for describing how waves react to
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Figure 2.1: The behaviour of an incident wave travelling in a medium of refractive
index n1 at the interface of a different medium of refractive index n2, resulting in a
reflected and transmitted wave.

interfaces, and is defined by:

n1 sin θi = n2 sin θt, (2.12)

where n1 is the refractive index of the first medium the incident wave of angle

θi is travelling through and n2 is the refractive index of the second medium the

transmitted wave of angle θt is travelling through. This relationship is demonstrated

in Figure 2.1, with it also showing that an additional wave is reflected at the interface

which abides by the constraint of:

θr = θi. (2.13)

For THz-TDS, it is also of great importance to quantify how the different

components of a light wave are transmitted and reflected at an interface in addition

to any phase transitions that may occur, which are covered by the Fresnel equations.

These equations come in two sets, depending on the polarization state of the incident

wave, which is either s- or p-polarized as illustrated in Figure 2.2. P-polarized light
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Figure 2.2: An illustration to demonstrate s-polarized light, which is perpendicular
to the plane of incidence, and p-polarized light, which is parallel to the plane of
incidence.

has polarization direction lying in the plane of incidence, that being the plane in

which the light travels and that contains the surface normal. Whereas, s-polarized

light has polarization direction lying perpendicular to the place of incidence. The

Fresnel reflection coefficients for s-polarized light, rs, and p-polarised light, rp, are

given by the ratio of the reflected electric field, Er, to the incident electric field, Ei,

as shown below:

Ers

Eis
= rs =

ñi cos θi − ñt cos θt
ñi cos θi + ñt cos θt

(2.14)

Erp

Eip
= rp =

ñt cos θi − ñi cos θt
ñt cos θi + ñi cos θt

. (2.15)

The transmission coefficients for s-polarized light, ts, and p-polarised light, tp, are

given by the ratio of the transmitted electric field, Et, to the incident electric field,

Ei, as seen here:

Ets

Eis
= ts =

2ñi cos θi
ñi cos θi + ñt cos θt

(2.16)

Etp

Eip
= tp =

2ñi cos θi
ñt cos θi + ñi cos θt

. (2.17)

Experimentally, in THz-TDS it is simple to set up equipment to choose and measure
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an incident angle. However, it is much more challenging to measure the transmission

angle. Thus, it is beneficial to eliminate θt by using Snell’s law as introduced in

Equation 2.12. For example, Equation 2.14 can be rewritten in the form of:

rs =
ñi cos θi −

√
ñ2
t − ñ2

i sin θi

ñi cos θi +
√
ñ2
t − ñ2

i sin θi

. (2.18)

2.3 Processing THz Measurements

2.3.1 Transmission Geometry

THz-TDS measurements in transmission geometry excel at sample characterization

as it is highly accurate and easy to implement with a simple reference procedure,

especially in the case of a thick enough sample where multiple reflections can be

separated whilst THz light can still penetrate through it sufficiently. As THz-TDS

provides both the amplitude and phase data, frequency information for the sample

can be obtained, such as the refractive index and absorption coefficient. This is done

by taking the ratio of the measured sample signal, Esam, and measured reference

signal, Eref , which for the case of using air as a reference is shown in Figure 2.3.

Further details on the experimental setup for transmission measurements taken for

work contained in this thesis are given in Section 2.4. The ratio, M , is given by:

M =
Esam

Eref
= tastsae

−i(ks−ka)d, (2.19)

where tas and tsa are the transmission coefficients from air to sample and sample

to air, respectively. They can be calculated from Equation 2.16 or Equation 2.17.

The thickness, d, of the sample is measured separately using conventional means,

therefore it is known for these calculations. By using Equations 2.8, 2.9 and 2.10 in
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Figure 2.3: A diagram of the sample and reference signal paths in transmission
geometry, for using air as the reference.

Equation 2.19, M can be rewritten as:

M = tastsae
−iω

c
(ns−na)de−

αs
2
d. (2.20)

It can be observed that the amplitude of M depends upon the sample’s absorption

coefficient and the phase of M , φM , depends upon the sample’s refractive index,

specifically:

|M | = tastsae
−αs

2
d (2.21)

φM = −ω

c
(ns − na)d. (2.22)

Air has a refractive index of approximately 1 for THz frequencies. Therefore, in the

common case of using air as a reference for material characterization, the following

sample properties can be obtained:

ns ≈ 1− c

ωd
φM (2.23)
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αs ≈ −2

d
ln

(
|M |

4ns/(ns + 1)2

)
. (2.24)

2.3.2 Reflection Geometry

In addition to a normal angle to the sample, as for transmission measurements, the

incident THz beam can be applied at other angles and a detector can be positioned

to measure the THz reflection off the sample, to achieve reflection geometry. A

common method for obtaining the reference signal for reflection geometry is to place

a metal mirror precisely where the sample was located. However, this introduces

a significant difficulty of extreme accuracy in the sample and mirror placement, as

errors in this will result in inaccuracy for the phase delay and in the calculation of the

sample’s optical parameters. For the work contained in this thesis, a quartz imaging

window method will be used for sample alignment and to obtain a reference, which is

demonstrated in Figure 2.4. A key focus of this work are in vivo skin measurements,

for which this imaging window method has additional benefits for. Many parts of

the body are curved and thus very difficult to align a reflection from, but by using

an imaging window the measured area can be flattened with the application of a

low pressure making the alignment much more straightforward and repeatable.

However, to extract sample properties following this method, the effects of

the imaging window itself must be measured and removed to isolate sample infor-

mation. This is achieved by using a baseline subtraction technique, which will be

explained here. Figure 2.4 schematically shows the measurement of the sample,

Esam, the reference, Eref , and the baseline, Ebase. The measurement of the sample

contains two reflected pulses, one from the air-quartz interface on the bottom of

the imaging window, indicated by the dashed red line, and the other reflection from

the quartz-sample interface, represented by the solid red line. The sample must be

in good contact with the top of the imaging window to ensure there is one clean

reflection here, and not an air gap present resulting in further unwanted reflections.

The reference measurement is taken when there is no sample present, so the reflec-
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Figure 2.4: An illustration for the reflection geometry measurements using a quartz
imaging window. For processing, a reference and baseline measurement are taken
in addition to the sample measurement. The approximate time window is shown
by the curved bracket. Examples of the measured THz pulse shapes are also given
inside the box.

tion from the quartz-sample interface is replaced by a reflection from quartz-air,

as compared to the sample measurement. The aim now is to remove the effect of

this bottom air-quartz reflection from both the sample and reference measurements.

Simply cutting the first reflection out of the data will not be sufficient, as this will

not account for any multiple reflections that occur inside the quartz window, but

more significantly, the notable ringing effect caused by the presence of water vapour

in the air will not be accounted for, as this can persist into the sample reflection [68].

This ringing effect can be seen in the example baseline measurement, to the right of

the pulse reflection. Therefore, a third measurement to isolate the first reflection,

or the baseline measurement, is necessary to remove the effects that it causes on

the other measurements. This is achieved by placing another piece of quartz atop

the imaging window, with good contact being achieved by applying a small amount

of ethanol between the two pieces of quartz and then leaving some time for it to

27



evaporate before the measurement is taken. The approximate time window of the

measurements is shown by the grey brackets, so it can be seen that the reflection

from the top of the new piece of quartz, shown by the dotted black line, will be far

too delayed to be contained in the baseline measurement. It is vital that the optics

remain in the same configuration relative to the imaging window throughout all the

aforementioned measurements.

Now, this baseline measurement can be subtracted from the sample and

reference measurements in frequency domain to eliminate any systematic artifacts

or noise from using the imaging window or from the water vapour in the air. By

taking the measured sample to reference ratio M is obtained:

M =
FFT(Esam(t)− Ebase(t))

FFT(Eref (t)− Ebase(t))
, (2.25)

where FFT is the fast Fourier transform. This can be used with further frequency

domain filtering to obtain a processed time domain signal:

Processed Signal = IFFT(FFT(filter)×M, (2.26)

where IFFT is the inverse fast Fourier transform. When the processed signal is used

in this thesis, it refers to the use of a double Gaussian filter to remove low and high

frequency noise.

To extract the optical properties of the sample, we begin by expressing M

using the Fresnel reflection equation for s-polarised light given in Equation 2.14:

M =
rqs
rqa

=
ñq cos θq − ñs cos θs
ñq cos θq + ñs cos θs

× ñq cos θq + ña cos θa
ñq cos θq − ña cos θa

. (2.27)

Here, rqs and rqa are the Fresnel coefficients for the quartz-sample and quartz-air

reflections respectively, ñq, ña and ñs are the complex refractive indices of quartz,

air and the sample respectively. The incident angles for quartz, θq, air, θa, and the
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Figure 2.5: A schematic for reflection geometry measurements using a quartz imag-
ing window and showing the incidence angles for a) acquiring the sample measure-
ments and b) acquiring the reference measurement.

sample, θs, are also shown in Figure 2.5. These incident angles can be related by

using Snell’s law, introduced in Equation 2.12, in the complex form of:

ñq sin θq = ña sin θa = ñs sin θs. (2.28)

With ñs being the only unknown variable, Equation 2.25 and Equation 2.27 can be

equated with using the relations in Equation 2.28 to obtain [69]:

ñs =
√
X2 + ñ2

q sin
2 θq, (2.29)

where

X = ñs cos θs =
ñ2
q cos

2 θq(1−M) + ñañq cos θa cos θq(1 +M)

ñq cos θq(1 +M) + ña cos θa(1−M)
. (2.30)

It is ñs which contains various optical properties of the sample, that were introduced

in Section 2.2.1, which can be extracted by:

ns = Re(ñs) (2.31)
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Figure 2.6: A LTI system which relates input x(t) and output y(t) via function F.
For this diagram, a THz reference pulse is the input and a sample THz measurement
is the output. The sample is the LTI system which transforms the initial THz pulse
to the sample response.

κs = −Im(ñs) (2.32)

αs =
4πfκs

c
. (2.33)

2.3.3 THz Spectroscopy as a Linear Time Invariant System

Alternatively, the THz measurement process can be viewed as a linear time invariant

(LTI) system. A LTI system has a linear relationship between its input and output

which does not change over time [70]. For this work, a sample within a spectroscopic

system is considered the LTI system, which acts on the THz light. The input

is considered as the reference THz measurement and the output is considered as

the sample THz measurement, as depicted in Figure 2.6. The input consists of

a continuous variable of time, x(t), and the output consists of another variable of

time, y(t). The relationship between the two is the function F, which represents the

system. A LTI system can always be represented as a convolution operation:

y(t) = F(x(t)) = x(t)⊗ h(t) =

∫ +∞

−∞
x(τ)h(t− τ)dτ, (2.34)

where h is the impulse response of the system. A quantitative description of the

spectroscopic sample’s interaction with the THz light is the impulse response.
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2.3.4 Sources of Noise and Error for THz Measurements

There are various physical sources of error which contribute towards the noise

present during THz-TDS measurements, such as laser intensity fluctuations, op-

tical and electronic noise, delay line stage jitter and mechanical drift [71]. Two

major sources of thermal noise in a THz-TDS system are Johnson-Nyquist noise,

which is generated when substrate charge carries fluctuate resulting in artificial volt-

age measurements, and background noise, which creates a random voltage across

the receiving antenna. In addition to thermal noise, other specific sources of noise

include quantum fluctuations and shot noise, both of which can be efficiently dealt

with by signal processing techniques. As explained in Section 1.1.2, an optical delay

line is used to mechanically induce a time delay on the probing THz pulse. Con-

sequentially, the sampling time is characterised by uncertainty due to inaccurate

knowledge on the delay mirrors exact location and movement. As fibers are very

sensitive to small temperature changes and physical vibrations, such factors signif-

icantly contribute to error for fibre-based THz systems. This creates a pulse shift

error which can be ignored for transmission measurements, however it is very im-

pactful to reflection measurements as it limits the phase contrast. To account for

this shift error, an algorithm which loops over different assumed pulse shift errors

and minimises the difference between the E field found from this assumed error to

the calculated E field can be implemented [72].

Furthermore, error can occur in the estimated optical properties of measured

samples as this depends upon the accuracy of the physical setup and knowledge of

the physical system. For example, uncertainty due to the sample alignment, the re-

fractive index of air in the laboratory and the thickness measurement of the sample

can contribute to inaccuracy in the extracted optical properties [73]. Unexpected

inhomogeneities and reflections in the sample also potentially create error in ex-

tracted values, as the sample may be assumed to be homogeneous in calculations

and overlapping reflections can constructively or destructively interfere with each
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Figure 2.7: The TeraPulse 4000 spectrometer, with dimensions of 702 mm (w) x 645
mm (d) x 468 mm (h). The closed main unit generates the femtosecond pulsed laser
and has a section for transmission measurements. The gantry unit is for reflection
measurements and is mounted on mechanically movable rails for 2D images.

other. As an imaging window is used for reflection measurements, during image

measurements inhomogeneities in the window can contribute to the error. This can

be mitigated by taking area baseline and reference measurements before each set of

sample images is taken, however this is time consuming. An algorithm has been de-

veloped to modify a point baseline and point reference measurement into respective

area measurements [69], thus achieving suitable error mitigation much more quickly.

The error from the approximated transfer function used should also be kept in mind.

The work contained in this thesis takes careful measures to account for all sources

of noise and error mentioned here, including the use of advanced signal processing

techniques to separate overlapping reflections and minimise the effect of noise.

2.4 Experimental Setups

2.4.1 TeraView System

Two fiber coupled THz-TDS systems were used to measure data for work contained

in this thesis, both of which follow the standard design outlined in Section 1.1.2. The

first was the TeraPulse 4000 spectrometer produced by TeraView Ltd (Cambridge,

UK), shown in Figure 2.7, which comes with a large gantry unit containing a THz
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emitter and detector mounted on a system which allows quick and simple changes to

the incidence angle of the THz beam to the top of the imaging window. For most of

the work conducted using this system, the angle was selected to be 30 degrees. There

was also a simple manual screw to change the verticality of the system to quickly

adjust the alignment of the THz light to the sample. The system holding the emitter

and detector was mounted on a mechanical rail, which was able to raster scan the

area of the imaging window and digitally feed the positional data in with the THz

measurements for the creation of 2D images. However, this 2D imaging process is too

slow to obtain accurate in vivo skin data, due to the way skin changes throughout

the measurement, which is explored in Section 3.2. Therefore, point measurements

were taken for all in vivo skin measurements recorded. This system produced THz

pulses in a usable bandwidth of 0.06 to 4 THz, but for skin measurements a range

of 0.2 to 0.8 THz was used due to the scattering effects from the roughness of skin

affecting higher frequency data. A rate of pulse acquisition of 30 Hz was used.

The main unit of the TeraView system seen in Figure 2.7 contained a com-

partment for transmission measurements, shown in Figure 2.8. The main unit also

contained the femtosecond pulsed laser used for the generation of the THz light,

however this was completely sealed away so use of the system in both reflection and

transmission geometries was able to be conducted without any laser safety measures.

For a transmission measurement, the sample would be placed into the sample holder

which positioned the sample such that the THz beam would pass through the centre

of the sample and be measured on the other side. Additionally, the compartment

could be purged with nitrogen gas to remove the water vapour present in normal

air, in order to remove the characteristic absorption peaks the presence of water can

lead to.
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Figure 2.8: The TeraPulse 4000 spectrometer main unit transmission compartment.
There is a 105 mm space between the parabolic mirrors where the THz enters and
leaves the transmission compartment.

2.4.2 Menlo System

The second system used was a K15 THz spectrometer from Menlo Systems GmbH

(Planegg, Germany), shown in Figure 2.9. In some ways, this system was less

convenient to use as the emitter and detector were not attached to a stage like the

TeraView system was, which allowed for easier adjustments to the angle of incidence

and vertical changes to adjust the alignment in addition to a motorized 2D imag-

ing system. However, the Menlo system was much more compact and allowed for

more freedom in different setups, such as imaging a sample in reflection from above

and attaching all components to a holder for a handheld mode of measurements.

Furthermore, the smaller contact area containing the imaging window and pressure

sensors meant that less skin was in contact with metal and other materials, leading
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Figure 2.9: The K15 THz spectrometer set up for performing reflection measure-
ments of skin. The white arrows indicate the THz light path. The quartz imaging
window has a pressure sensor either side, to provide pressure readings during mea-
surements. The emitter and detector are 60 mm in length.

to less unwanted changes to the skin during measurements. The pressure sensors

were used to monitor and record the pressure between the imaging window and

measured region of the patient, which was usually the arm, and is explained fully in

Section 3.3. These pressure sensors were also applied either side of the imaging win-

dow in a similar manner for skin measurements using the TeraView system. This

Menlo system is able to provide broadband THz pulses with a usable bandwidth

ranging from 0.1 to 5 THz at a rate of 4 Hz. Transmission measurements made with

this system were achieved by attaching the emitter, detector and sample holder to

the optical bench, such that they were all in the same plane with the emitter and

detector pointing at each other with the sample holder between them.
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2.5 Summary

In this chapter, the fundamental theory for THz wave propagation was covered and

key parameters for characterizing samples were introduced. THz wave interactions

with medium interfaces were explained, using Snell’s law and the Fresnel equations.

For both transmission and reflection geometries, the methods to extract the optical

properties of samples were described. The procedure to account for the use of an

imaging window to hold the sample in reflection geometry was explained, with a key

step being to account for the bottom window reflection. A simple signal processing

technique was introduced, with further more complicated and effective techniques

being introduced later in this thesis. Lastly, the specific THz-TDS systems used to

perform the studies contained in this thesis were presented.
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Chapter 3

Variables Affecting in vivo Skin

Measurements

3.1 Introduction

In order to study skin, the variables which affect it must be controlled or accounted

for so that the results can be properly interpreted. As reflection geometry and an

imaging window is necessary for in vivo THz skin measurements, further variables

which significantly impact the skin are introduced, such as occlusion of the skin. This

chapter contains a summary of many variables which affect the skin, exploring the

extent to which they influence THz measurements of the skin and the mechanisms

which explain the cause of their effect. A robust measurement protocol is introduced,

with the target of reducing the effect of the most significant variables in order to

produce accurate and repeatable results for the in vivo studies conducted for this

thesis. This protocol is suggested as a framework for the methodology of any future

THz in vivo experiments.

37



3.2 Occlusion

3.2.1 The Requirement of an Imaging Window

Firstly, the reasons behind using an imaging window must be explained and justi-

fied. As detailed in Section 1.2.2, the high attenuation of THz by the substantial

water content of skin leads to reflection geometry being required for in vivo mea-

surements. Non-contact measurements, which are measurements without using an

imaging window, are extremely difficult due to THz reflection measurements being

so sensitive to misalignment and there being significant alignment issues with non-

contact modalities for measurements of the skin. This is for two primary reasons;

the curved, rough surface of skin leads to scattering of the THz light and the pa-

tient must remain still without direct support to the imaged area. By introducing

an imaging window both of these issues are addressed, as the imaging window flat-

tens out the skin in the area being measured and provides support to that region,

making it easier for the patient to keep that part of their body stationary during the

measurement. For example, if the patient’s volar forearm is being measured they

can lean slightly against the imaging window. Any slight movements they make will

not result in misalignment, so long as some pressure is applied between their forearm

and the imaging window. As opposed to this, for non-contact measurements any

slight shift the patient makes can lead to misalignment.

3.2.2 Occlusion of the Skin

However, the use of an imaging window introduces further variables to account

for during measurements. One of these is occlusion of the skin, where the imaging

window prevents the usual breathability of the skin, shown in Figure 3.1 (a), leading

to a build up of water in the stratum corneum, as demonstrated in Figure 3.1 (b).

The usual breathability of skin is the evaporation of some water molecules in the

stratum corneum to their environment. When this is air, the relatively low water
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Figure 3.1: Schematic of (a) the usual steady state of skin and (b) the occlusive
effect of the quartz imaging window causing a build up of water in the stratum
corneum. Arrows indicate how the water molecules are travelling.

content and the flow of the air leads to fast evaporation of the water molecules.

However, when the skin is covered by a non-permeable material such as quartz,

this evaporation cannot take place, thus the build up of water in skin occurs. As

THz light is so sensitive to water content, it is clear that this mechanic will have a

significant impact on THz measurements of skin.

3.2.3 The Effect of Occlusion on THz Measurements

The effect of occlusion on THz measurements was first reported by Cole et al. where

they identified the movement of water in the stratum corneum to be the cause [40].

However, this was not explored in depth. Sun et al. conducted a comprehensive

study on how occlusion effects THz measurements and how to account for them [74].

They studied both rapid point measurements and area images on the volar forearm,

discovering that even 5 seconds of occlusion can have a significant impact upon

the THz response. Furthermore, they present the results that the first 3 minutes

have the greatest occlusive effect and they propose a model to compensate for its

influence.

To explore the effect of occlusion myself, I obtained the results presented in

Figure 3.2. This was accomplished by placing the volar forearm against the quartz
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Figure 3.2: The processed reflected THz signals from in vivo volar forearm mea-
surements, after an amount of time has passed since the arm was first placed onto
the imaging window. The waveforms have been horizontally shifted for clarity. The
inset is an enlargement of the marked region.

imaging window and taking measurements for 2 minutes, using the TeraPulse 4000

gantry stage shown in Figure 2.7. Pressure sensors were used to help maintain a con-

stant pressure between the forearm and imaging window during this measurement.

The effect of pressure on THz in vivo measurements will be discussed in the follow-

ing section. These measurements were then processed, following the steps outlined

in Equation 2.26. For clarity, only one pulse for every 30 seconds is plotted, and

each pulse is shifted horizontally. The first pulse is taken immediately after good

contact was made between the imaging window and forearm. The inset contains an

enlargement of the marked area, so the peak decrease over time can more clearly be

observed. Furthermore, it can be seen that there is a more significant decrease in

amplitude during the first 60 seconds, with the decrease beginning to plateau over

the following 60 seconds. The plateau is less significant for the negative amplitude

decrease, meaning that there is still an increase in occlusiveness for at least the

first 2 minutes of the skin being covered by the quartz window. This indicates that
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water continues to be built up in the stratum corneum during this time. Occlusion

introduces a significant problem for in vivo image scans, as the THz response of the

skin will change as the system scans over the area being imaged.

3.3 Pressure

3.3.1 The Effect of Pressure on Skin

During in vivo skin measurements, it is necessary for a small amount of pressure

to be exerted to ensure there is no significant air gap between the imaging window

and the region being measured. For volar forearm measurements, this is often done

by the patient pressing their arm down upon the imaging window themselves. In

other situations the pressure can be applied by the person taking the measurement,

such as by lightly pressing a portable THz measuring device against the patient’s

skin in the region being measured. However, this pressure also compresses the skin

resulting in a higher concentration of water in addition to causing some mechanical

deformation. Chan et al. investigated the in vitro optical properties of skin as a

function of pressure by sandwiching the samples between microscope slides and using

a spring-loaded apparatus to compress the sample [75]. They found that the tissue

thickness and their optical properties significantly changed with the application of

pressure. For example, absorption and scattering coefficients were found to increase

among most of the compressed samples. Clarys et al. used a spring system to ensure

a constant and changeable pressure of a capacitance measuring probe to measure

hydration in vivo [76]. They showed that a higher probe pressure application on

the skin surface lead to larger hydration measurements of the skin, which was more

pronounced for dry skin.
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Figure 3.3: The (a) processed waveforms and the (b) refractive index of a volar fore-
arm for varying applied pressure. The processed waveforms have been horizontally
shifted for clarity.

3.3.2 How Pressure Effects THz Measurements of Skin

To explore the effect of pressure on in vivo THz skin measurements, I applied vari-

ous light pressure during volar forearm measurements to obtain the data presented

in Figure 3.3. The experimental setup was the same as for the previous section,

but this time the pressure sensors were used to obtain different pressures per mea-

surement as opposed to maintaining the same pressure throughout the experiment.

Furthermore, the data was extracted for waveforms recorded after 20 seconds of

contact between the arm and imaging window for all the results, to account for the

effect of occlusion on the skin. Figure 3.3 (a) contains the processed waveforms

for the labelled pressures, which have been horizontally shifted for clarity. It can

be seen that there is a clear reduction in the amplitude of the waveform for larger

applied pressures, due to the higher concentration of water in the compressed tissue.

Figure 3.3 (b) shows the refractive index for the same measurements. An increase in

refractive index can be observed as the pressure is increased, again associated with

a higher concentration of water in the tissue. Furthermore, it can be seen that for

an applied pressure of 1 N/cm2 the refractive index could be slightly incorrect, as at

this low pressure there may not be good contact between the skin being measured

and the imaging window. With further investigation, it was found that 2 N/cm2
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Figure 3.4: The change in THz processed waveform amplitude and width as a func-
tion of applied pressure, individually observing the positive and negative peaks which
form the waveform.

was an ideal pressure to target for most skin measurements, as this ensured good

contact between the skin and the imaging window whilst being a low and easily

maintainable pressure to apply.

Figure 3.4 shows how the pulse amplitude and width changes as a function of

applied pressure. The results are split between positive and negative peak results,

which form the whole processed waveform such as those seen in Figure 3.3 (a). The

results have all been normalised relative to the measurement at 1 N/cm2. There are

significant decreases for all of the peak amplitudes and widths, though there seems

to be less of a decrease for the negative peak amplitude as compared to the positive

peak amplitude. As such, for the most accurate comparison the peak-to-peak of

processed waveforms can be compared, that is the summation of the positive and

negative amplitudes. These results demonstrate the need for a consistent pressure

between the measured region and the imaging window in order to compare different

measurements to each other.
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3.4 Patient Dependent Factors

3.4.1 Dominant Arm Difference

The vast majority of people prefer to use one hand for most purposes, called hand-

edness in human biology. As such, their dominant hand tends to become stronger,

faster and more dexterous than their non-dominant hand. This could lead to a dif-

ferent THz response of a person’s dominant arm as compared to their non-dominant

arm. For example, it has been reported that arm dominance can affect water con-

tent measurements in the volar forearm [77]. To investigate the THz response of the

dominant arm compared to the non-dominant arm, I measured the left and right

arms for 20 right arm dominant subjects. The pressure was kept the same over

all measurements and the waveforms selected were for after the same amount of

contact time between the arm and imaging window to account for occlusion. Other

than this, the same experimental procedure was used as in the proceeding sections

of this chapter with the addition of some extra measures fully explained in Section

3.6. The percentage variation in the processed waveform peak-to-peak between each

subject’s left and right arms is presented in Figure 3.5. From these measurements

the average percentage variation, v, was calculated using:

v =
n∑

k=1

Lk −Rk

n
, (3.1)

where n is the number of subjects and Lk − Rk is the percentage difference of the

processed waveform peak-to-peak between the left and right volar forearms for the

kth subject. It was found that the average percentage variation is -0.3%, with

a standard deviation of 3.0%. This demonstrates that arm dominance does not

significantly impact the THz response of the arm. With this knowledge, one arm

could be used as a control for the other arm during in vivo THz studies. For

example, the effect of a skin product could be studied by applying it to one arm and
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Figure 3.5: Percentage variation in the processed peak-to-peak between the left and
right arms of 20 right arm dominant subjects. The dashed line represents the mean
for this data.

comparing the THz response of that arm to the other untreated arm.

3.4.2 Ethnicity

It is visually clear that differing ethnicity can lead to significant changes of the

skins properties from observing skin colour, which is dominated by the presence of

melanin. Rawlings conducted a large review on how ethnicity affects skin structure

and functions in general [78]. Key findings reported included darker skin having a

stronger stratum corneum barrier function and Asian skin having a comparatively

thinner stratum corneum whilst having higher water content and lipid levels when

compared to skin from other ethnicities. Looking at THz imaging, Peralta et al.

investigated the effect of skin melanin content on the optical properties of in vitro

pigmented human skin samples from Asian, Black and Caucasian donors [79]. They

concluded that the ethnicity of the donor contributed to the measured THz optical

properties, such as the refractive index and absorption coefficient. Thus, for THz
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Figure 3.6: Processed reflected THz signal from in vivo volar forearm measurements
for male Caucasians and male Asians, averaged over the 6 subjects of each ethnicity.
Inset is an enlargement of the marked region, with error bars of the standard error
in the mean marked.

in vivo skin measurements the ethnicity of the subject may need to be taken into

account.

To explore the effect that ethnicity may have on THz skin measurements,

I measured the volar forearms of 6 male Caucasian and 6 male Asian subjects.

These measurements were conducted following the same procedure outlined in the

previous section. The averaged processed waveforms for the left and right arms

of each ethnicity measured are presented in Figure 3.6, with the inset showing an

enlargement of the marker region. The errors shown are the standard error in the

mean. A large difference in the peak-to-peak between Caucasian and Asian subjects

can be observed, which may be due to the higher water content for Asian skin

reported by Rawlings [78]. These results are clearly outside of error range, though

this study is only for 6 subjects per group so a further study with a larger number

of participants would be beneficial. As further evidence for the results reported in

the previous section, it can be observed that for each group the averaged results for
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the left and right arms are within error.

3.4.3 Gender

Firooz et al. conducted a study to help understand the role gender plays on the

physiological, chemical and biophysical characteristics of the skin [80]. By measuring

25 males and 25 females, they discovered a significant difference in transepidermal

water loss measurements in the male group indicating lower skin hydration levels.

Furthermore, there were significant differences in the mean values of melanin index

between the male and female groups. However, other studies have reported that no

skin hydration difference between males and females could be detected when they

used similar methods [81, 82]. In their review, Dao et al. concluded that there is a

pressing need for further research into the difference between male and female skin

to aid with individually tailored clinical management of disease processes, especially

research in the form of randomized controlled clinical trials [82].

To compare the in vivo THz response of males and females a group of 24

Caucasian males and 11 Caucasian females were measured. These measurements

were of the volar forearm, and conducted in the same manner as for the previous

two sections. The average processed waveforms for these results are presented in

Figure 3.7. As the resulting averages were within errors of each other, when using the

standard error in the mean, it was concluded that gender does not have a significant

effect on the THz response of skin. However, this could be investigated further by

using a larger study group.

3.4.4 Tattoos

Tattoos have a clear visual effect on the skin, so it would be of interest to explore

the THz response of tattooed skin. To achieve this I took 2D image scans of a tattoo

on a subjects volar forearm using the raster scanning ability of the TeraPulse 4000

gantry stage shown in Section 2.4.1. For the most part, the same steps were taken
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Figure 3.7: The average processed reflected THz signal from in vivo volar forearm
measurements of 24 male and 11 female Caucasians. Solid error bars of the standard
error in the mean are shown.

for the measurements as in the previous 3 sections, however as the measurements

were image scans the effect of occlusion could not be accounted for. Furthermore,

these measurements required a much longer time to complete than the point scans

previously conducted. The results for the 10 mm by 10 mm images taken are shown

in Figure 3.8 along with photographs of the area imaged. The image was taken with

two different orientations by rotating the arm 90 degrees. For each image, the peak-

to-peak of the processed waveforms, magnitude of M and refractive index for each

point making up the measured image are presented. M is shown in Equation 2.25

and many frequency domain properties are calculated from it. M and the refractive

index were calculated at 0.5 THz. For the top image it seems that the tattoo affects

the THz response of the skin, as the peak-to-peak of the processed waveforms and

the magnitude of M are higher in the tattooed region. However, for the bottom

image these results are not replicated. It is concluded that the higher values in

the tattoo region are due to an uneven pressure over the image, as this region is

perpendicular to the pressure sensors. Further measurements were also taken on
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Figure 3.8: Results from image scans of a tattoo. Photographs of the imaged area
through the quartz imaging window are shown on the left, the peak-to-peak of the
processed waveforms are shown to the right of that, the magnitude of M as seen in
Equation 2.25 is shown in the middle and the refractive index is shown on the far
right. The measured region of size 10 mm x 10 mm is indicated by the white box.

tattooed skin for other subjects, however no significant change for the tattooed skin

could be detected. As tattoo ink is injected deep into the skin, far beneath the

stratum corneum, it is reasonable that the THz response of tattooed skin is not

affected by the tattoo ink as THz light does not penetrate deep into the skin.

3.5 Other Variables

The environment a person is in can have a significant impact upon the state of

their skin. For instance, it is well known that harsh weather during winter in

equator far countries can cause dry and itchy skin. Engebretsen et al. composed a

review of research behind this phenomenon, reporting that in general low humidity

and low temperature lead to a decrease in the skin battier function and increased

susceptibility towards mechanical stress, with the skin also becoming more reactive
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towards irritants and allergens [83]. Furthermore, by comparing the skin of hundreds

of women over summer and winter Qiu et al. discovered an increase in skin hydration

and melanin content during summer, amongst other changes to the skin [84]. It has

even been reported by Matsui et al. that skin follows circadian rhythms, where some

properties of skin would change in 24 hour behaviour patterns [85].

There is far more than the environment which can affect the current state

of the skin. For example, Voegeli investigated the effect of washing the skin and

discovered that this resulted in a significant disrupting effect on the skin’s barrier

function [86]. Moreover, it has been shown by Akdeniz et al. that dietary fluid intake

could have an impact on the hydration levels of the skin and stratum corneum

thickness, however the evidence for this was not strong [87]. By comparing the

dietary patterns and skin hydration of 84 healthy adults, Lim et al. found that

specific dietary patterns could be associated with relatively higher or lower skin

hydration [88].

3.6 Protocol

To address the effects of the aforementioned variables to the best of my abilities, an

in vivo THz measurement protocol was introduced. This protocol allows for more

accurate comparisons between measurements taken at different times, on different

subjects and after deliberate changes to the skin have been made. Additionally, by

controlling and removing effects from variables not being studied, the effects from

variables of interest can better be isolated and thus more precisely examined.

The first step of the protocol was to have the subject arrive at the laboratory

room, where the measurements will be made, 20 minutes before the first measure-

ment is due to take place. This room had an air conditioning unit which could

accurately control and maintain the temperature and humidity of the room, ensur-

ing the same air conditions were kept between all in vivo measurements presented
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in this thesis. Subjects were asked to arrive prior to their measurements as their

skin would require some time to acclimatise to these conditions. The subjects were

asked to ensure that the area of skin was left uncovered, for example if the volar

forearm was being measured they could roll up their sleeves or remove their jumper.

This was to ensure that the measured region of skin would be acclimatised to the

controlled room conditions. During the acclimatisation time, signed informed con-

sent was obtained from the subjects and all relevant information was shared with

them. Additionally, information on the subject was voluntarily taken, including in-

formation such as their age, gender, ethnicity, if they had showered or swam recently

or applied any skin products to the region being measured and so on. This infor-

mation was compiled to be compared across large numbers of subjects to observe

if any trends in the data became apparent. A brief amount of time was taken to

train the subject with the use of the pressure sensors so that they could achieve the

required pressure and maintain it throughout the measurement, with the pressure

sensors being fully covered in the next paragraph. If multiple measurements were

being taken or multiple regions were being measured, these were marked on the skin

to ensure the correct area was measured.

Two flat pressure sensors (force sensitive resistors) were attached to either

side of the imaging window, such as those shown in Figure 2.9. The pressure mea-

surements were presented in real time on a monitor in clear view of the subject,

such that the subject and the person taking the measurement could clearly see the

measured pressure to initially adjust for the desired pressure and then to aid in

maintaining that pressure throughout the measurement. The desired pressure was

chosen to be 2 N/cm2, as this was found in Section 3.3.2 to give good contact be-

tween the area being measured and the imaging window whilst being an easy and

comfortable pressure to maintain. The pressure readings as a function of the THz

measurement time were recorded and saved, so that the time when good contact

was first achieved was recorded, i.e. the time from which occlusion of the skin would
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begin, and any time when bad contact may have occurred would be recorded, e.g.

from the subject significantly shifting.

The measurement time was usually 1 minute, chosen to ensure significant

data would be measured with stable contact between the skin and imaging window

and so that over the measurement occlusion would have a significant impact so

that this could be investigated as well. The patient would place their arm onto the

imaging window immediately after the measurement began, in order to determine

exactly when contact was made relative to the measurement time by observing

when the pressure sensors first read a pressure. If occlusion was not of interest,

single waveforms measured at the same time relative to when contact was first

made could be compared or the effect of occlusion could be accounted for across

the whole measurement using the process detailed by Sun et al. [74]. Additionally,

if repeated measurements of the same region of skin were taken, at least 5 minutes

were left between these measurements to ensure the skin had fully recovered from

the occluding effect of the imaging window from the previous measurement.

In order to account for variation between patients and over time for a specific

patient, the use of a control measurement for comparison to is often necessary. Such

variation could be caused by the recent diet of the patient, if they have showered

recently and their ethnicity. As demonstrated in Section 3.4.1, there is no significant

difference in the THz response of skin for the left and right volar forearms. As such,

a THz measurement of one arm can and will be used as a control for an investigation

conducted on the other, such as the application of a moisturiser or presence of a

tattoo. An example of how this can be achieved is presented in the following section.

The volar forearm is often used for in vivo THz studies as it can be easily placed

onto the imaging window, has relatively few hairs which can interfere with the skin

contact to the imaging window and has minimal environmental exposure, such as to

UV radiation. When other regions of skin are being measured, they can be compared

to the patient’s volar forearm measurements to draw comparisons between patients.
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Time (minutes) Protocol Step

0 Subject arrives at the lab to acclimatise
2 Take informed consent
6 Train subject to use pressure sensors
10 Collect information from the subject
15 Mark the regions to be imaged
20 Take the first measurement
21 Take the measurement on the other arm
25 Leave 5 minutes between measurements on the same arm

Table 3.1: A summary of the proposed measurement protocol.

In the case of a study being conducted on both volar forearms simultaneously, a

control region can be left on each arm to compare to. A summary of the proposed

measurement protocol is presented in Table 3.1.

3.7 Normalising Results

By taking reference measurements, it enables the normalisation of our results to

help account for the variation of a subject’s skin over time and the variation of skin

between different subjects whilst providing a value for easy comparison between

these measurements. To do this, the normalised relative change (NRC) is introduced:

NRC(%) =
(XSt −XSb)− (XCt −XCb)

XSb + (XCt −XCb)
× 100%, (3.2)

where XSt is the measured parameter at time t following the change the study is

observing, such as the application of moisturiser or a medical patch to the skin. XSb

is the measured parameter at the same region of skin before the change was made.

XCt and XCb are the same parameters for the control region of skin, measured at

the same times but with the change never being made. This control region could be

the subject’s other arm or a designated control area near the region of skin being

studied. XCt −XCb represents the variation of the skin between the measurements,

which accounts for the other aforementioned variation in the subject’s skin, such as
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if they had showered between the measurements. The other part of the denominator,

XSb, helps to account for the variation between different subjects skin. An example

of the measured parameter is the peak-to-peak of the processed waveform.

3.8 Summary

In this chapter, variables which affect in vivo THz skin measurements have been

investigated. A significant change in the THz response of skin from occlusion by the

imaging window was found, meaning that occlusion would have to be accounted for

during such measurements. By varying the pressure applied by a subject between

their arm and the imaging window, a clear change in the THz response of their skin

as a function of the applied pressure was discovered. A significant difference in the

processed waveform of volar forearm measurements between Caucasian males and

Asian males was found. No significant difference between the dominant and non-

dominant arms of the subjects, from the gender of the subject or the presence of

tattoos on the measured skin were observed. This demonstrated that one arm could

be used as a control for an experiment conducted on the other. Literature covering

the effect of some other factors on skin was presented, such as the humidity and

temperature of the air as well as the recent diet of the subject. A full measurement

protocol was detailed, to account for the effects of the variables explored and dis-

cussed in the rest of the chapter. Finally, the NRC was introduced as a measure of

normalising results to account for the variation of skin over time and the variation

of skin between different subjects.
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Chapter 4

Finite Rate of Innovation

Applied to THz

4.1 Introduction

Continuous signals, such as THz light, must be reduced to a discrete form for ex-

perimental data acquisition and processing, a process called sampling the signal.

Therefore, a sampling rate must be selected, balancing the ability to retain impor-

tant features from the data set with the speed of data acquisition and size of the

data set. A famous theorem on this aspect is the Shannon-Nyquist theorem, which

states that for a perfect reconstruction of a bandlimited signal a minimum sampling

rate of double the maximal frequency is required. Thus, for secure retention of

important data features, a floor is placed on the minimum sampling rate allowed,

resulting in a constraint for data acquisition speed.

Methods which employ finite rate of innovation (FRI) theory [89] have met

with great success in minimizing the sampling rate whilst ensuring retention of

important information. This theory utilizes signals with a finite number of degrees

of freedom per unit time, which pulsed signals such as those used in ultrasound and

THz-TDS consist of. Simple examples of suitable signals are presented in Figure
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Figure 4.1: An illustration of the time positions and amplitudes shown on the left
which define the peaks for the simple signals shown on the right.

4.1. Here, the time positions and amplitudes alone, shown on the left, are sufficient

to fully define the simple signals on the right, given knowledge of the peak shape.

The signal presented at the top of the figure has 2 degrees of freedom and the

signal presented at the bottom has 6 degrees of freedom, when setting the unit

of time to include the full signal. The FRI concept will be further explained and

mathematically defined in the following section.

Recently, FRI theory has been employed to achieve low sampling rates, with

respect to the relevant traditional sampling schemes, by Tur et al. in both ultra-

sound simulated and experimental data [90], as well as by Han et al. in a simulated

terahertz context in communications application [91]. Han et al. demonstrated that,

given knowledge of the pulse shape and number of reflections or pulses expected, a

sampling rate even below the Shannon-Nyquist limit can be employed to achieve a

full reconstruction of the sampled data. It has also been shown to handle the recon-
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struction of sparse signals robustly, such as by Pan et al. with their application for

source resolution in radioastronomy [92]. They were able to accurately reconstruct

point sources from non-uniformly sampled and severely noisy Fourier measurements.

Compared to current state of the art methods, their method demonstrated signifi-

cant improvements. Furthermore, in a frequency-domain optical-coherence tomog-

raphy context Seelamantula et al. used a FRI method to achieve improved resolution

and signal-to-reconstruction noise compared to the standard approach, overcoming

the limited resolution of this data acquisition method due to Heisenberg’s uncer-

tainty principle [93].

In this chapter a THz FRI signal processing method is explained, including

the THz specific sampling kernel formation. To the best of my knowledge, such a

method has not been tailored to THz light experimentally in publications, other

than in my work. The aim of this method is to achieve lower sampling rates com-

pared to current popular methods by utilizing FRI theory whilst maintaining similar

experimental methodology and required foreknowledge of the sample. This method

was verified with simulated THz data and simple experimental results. By apply-

ing this THz FRI method to measurements of skin underneath medical dressings,

it was possible to find the thickness of different parts of the dressing and monitor

the hydration level of the skin which is linked to the presence of antiseptic cream.

This was all achieved at relatively low sampling rates, demonstrating the ability

of this method to achieve much faster data acquisition whilst ensuring comparably

accurate results.

4.2 Theory

4.2.1 Forming the Sampling Kernel

The first building block for creating this FRI method is to simulate the THz pulse

shape we expect from our experiment in a form which is compatible with later
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mathematical manipulations. In the frequency domain, sum of sincs (SoS) is the

usual form utilized as the sampling kernel for these methods [94]. This is because

the kernel approximates a reflection or transmission response, and therefore is able

to solve both non-periodic and periodic cases whilst having a finite duration itself

which is easily mathematically manipulated. It is defined in general terms by [90]:

H(ω) =
∑
p∈Π

dpsinc

(
ω

2π/τ
− p

)
, (4.1)

where p is an integer in the chosen set of integers Π, ω is the frequency and τ is

the period containing an entire repetition of the SoS as this forms the repeating

sampling kernel required for this method. The chosen integer number set Π and

dp are free parameters optimized for the specific application (explored later in this

section). In the work contained in this chapter we apply this method mainly in the

time domain, as the experimental data used in this work as well as all THz-TDS

are acquired in that domain. Thus, we require the time domain version of Equation

4.1:

h(t) = rect

(
t

τ

)∑
p∈Π

dpe
i 2πpt

τ , (4.2)

where t is the time and rect
(
t
τ

)
= 1 for − τ

2 ≤ t ≤ τ
2 whilst being zero elsewhere,

limiting the time range to only contain one repetition of the sampling kernel. The

result of setting the free parameters {dp} to 1 and choosing Π = {−P, ..., P} with

P = 25 can be seen in Figure 4.2 (a). Here, the central peak is surrounded by side

lobes being far from the real THz pulse representation, demonstrating the need for

further work to mold our sampling kernel. This will come in the form of applying a

length-N symmetric Hamming window for the free parameters:

dp = 0.54− 0.46 cos

(
2π

p+ N
2

N

)
, p ∈ Π, (4.3)
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(a) Time domain response for the SoS sampling
kernel. Described by h(t) from Equation 4.2 for
P = 25.

(b) The resulting kernel after a Hamming window
is applied to the SoS sampling kernel shown in (a).

(c) Our THz-like sampling kernel. Created by com-
bining two Hamming windowed SoS sampling ker-
nels shown in (b).

Figure 4.2: The progression of the sampling kernel through our methodology.
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where the cardinality N = | Π |. Figure 4.2 (b) shows the result of applying

this Hamming window, with the side lobes being smoothed out to give a closer

appearance of a single peak. To generate a sampling kernel which represents a single

THz pulse two of these SoS peaks were combined, by offsetting and scaling one of

the SoS pulses, as shown in Figure 4.2 (c). The offset between the pulses was equal

to the width of the center peak at 0 amplitude and the relative scaling difference is

a factor of -0.6. These were selected by comparing to a real THz reference and can

be automatically tailored to a specific experimental reference as demonstrated later

in this chapter.

4.2.2 Representation of Data Suitable for FRI

Finite streams of pulses can be used to represent THz-TDS data, finite by virtue

of the data acquisition range used and the stream of pulses representing the THz

waveforms constituting the data, i.e. reflections off boundaries between materials of

different refractive indices. So, let us consider a τ -periodic stream of L pulses with

amplitudes al located at distinct times tl:

x(t) =
∑
m∈R

L∑
l=1

alh(t− t1 −mτ). (4.4)

Here, h(t) is a known pulse shape, which in our case had been constructed and

defined in the previous section and is in the form shown in Equation 4.2. For this

consideration, we also have the constraints of tl ∈ [0, τ), al ∈ C, l = 1...L, {tl, al}Ll=1

and an additional constraint on N ≥| Π |≥ 2L. Given that we have L pulses which

are each fully described by two parameters, the amplitude and time location, we

have 2L degrees of freedom per unit time and so a finite rate of innovation, ρ, of:

ρ =
2L

τ
. (4.5)

60



With the aim of achieving the minimum sampling rate whilst being able to ade-

quately reconstruct the sample we can target 2L samples per τ . This is the ideal

minimal number of samples required using this method, which can result in sub-

Nyquist rates. However, this ideal sampling rate does not account for issues such

as sampling points not containing useful information, i.e. not lying on the pulse, or

the presence of noise and other aberrations. By defining the periodic extension of

our pulse shape h(t) as:

g(t) =
∑
m∈Z

h(t−mτ) (4.6)

we can apply Poisson’s summation formula [95] to rewrite Equation 4.6 above as:

g(t) =
1

τ

∑
k∈Z

H

(
2πk

τ

)
ei

2πkt
τ , (4.7)

where H(ω) represents the Fourier transform of h(t). By substituting this result

into Equation 4.4:

x(t) =
L∑
l=1

alg(t− tl)

=
∑
k∈Z

(
1

τ
H

(
2πk

τ

) L∑
l=1

ale
−i

2πktl
τ

)
ei

2πkt
τ

=
∑
k∈Z

X[k]ei
2πkt
τ ,

(4.8)

where we have used X[k] to denote the bracketed terms in the preceding line, which

are the Fourier coefficients of that line. It can be shown [89] that once at least

2L Fourier coefficients are known, the amplitudes and time locations of the stream

of pulses representing our data can be found. This enables the reconstruction, or

estimation, of our data, given a suitable sampling kernel.
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4.2.3 Extracting the Fourier Coefficients

We now require a way to calculate what these Fourier coefficients are. We begin

by considering the uniform sampling of signal x(t) of the form seen in Equation 4.4

with a sampling kernel of the form shown in Eqution 4.2, which gives a sufficient

characterization of x(t) with uniform samples N at locations t = nT :

yn = ⟨h(t− nT ), x(t)⟩ =
∫ ∞

−∞
h(t− nT )x(t)dt, n = 0, ..., N − 1. (4.9)

By substituting Equation 4.8 into Equation 4.9:

yn =
∑
k∈Z

X[k]⟨h(t− nT ), ei
2πkt
τ ⟩

=
∑
k∈Z

X[k]H

(
2πk

τ

)
ei

2πknT
τ

=
L∑

k=−L

X[k]ei
2πknT

τ .

(4.10)

Here, when T is a divisor of τ , as it is in our case, this reduces line 2 in the above

equation to the inverse discrete-time Fourier transform of X[k] resulting in line

3 [89]. Utilizing Prony’s method [96], we now introduce the annihilation filter, A[k],

stage of the method, with it by definition being required to satisfy the convolution:

A[k]⊗X[k] = 0. (4.11)

By satisfying this constraint, and in the case of our chosen sampling kernel with

X[k] reducing to:

X[k] =
1

τ

L∑
l=1

ale
−i

2πktl
τ , k ∈ Z, (4.12)
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we can present A[k] in the form of its z-transform:

A[z] =

L∑
k=0

A[k]z−k. (4.13)

This is as A[z] has L zero valued null terms at cl = e−i
2πtl
τ , allowing A[k] to be

represented by the convolution of L elementary filters [97], each of which zero out

one of the sum of L exponentials in X[k] for the convolution in Equation 4.11. Now,

we can construct a rectangular Toeplitz matrix X, from X[k]:

X =



X[−M +K] X[−M +K − 1] . . . . . . X[−M ]

X[−M +K + 1] X[−M +K] . . . . . . X[−M + 1]

...
. . .

. . .
. . .

...

...
. . .

. . .
. . .

...

X[M ] X[M − 1] . . . . . . X[M −K]


, (4.14)

where M,K ≥ L. Note that the matrix has a number of columns equal to K + 1

and number of rows equal to 2M − K + 1. Along with the matrix form of A

= [A[0], A[1], ..., A[L]] we can solve Equation 4.11, with the additional constraint for

our sampling number ofN ≥ 2M+1, by performing the singular value decomposition

[98] of X and selecting the eigenvalues corresponding to the smallest eigenvector,

giving the annihilation filter coefficients for A. This allows us to find the roots

cl of A[z], with obtaining the time locations t1 clearly following. With the time

locations found, the last piece of information needed is the amplitudes al which can

be calculated using the Vandermonde system [99]:



X[0]

X[1]

...

X[L− 1]


=

1

τ



c00 c01 . . . c0L−1

c10 c11 . . . c1L−1

...
... . . .

...

cL−1
0 cL−1

1 . . . cL−1
L−1


·



a0

a1
...

aL−1


, (4.15)
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where the exponent denotes the power to which the term is taken to. As we have

distinct tl this system always has a solution, providing our amplitudes.

4.3 Simulated Results

4.3.1 Noiseless Model

To verify this FRI method for THz signals a simulated signal was generated using the

same method as the previously described THz appropriate sampling kernel creation.

Five Dirac peaks were randomly generated, each representing the amplitudes, al,

and time positions, tl, of simulated THz pulses, so L = 5. τ was arbitrarily chosen

to be 1, resulting in an FRI of 10. M and P were both taken to be 5L and K

taken as L; these values were selected according to the limitations outlined for them

in the previous section and by balancing the code runtime with the quality of our

results. Larger values for M ,P and K resulted in longer runtimes but provided

better-quality results. These Diracs representing the amplitudes and time locations

are shown by the blue peaks in Figure 4.3 (a), with the resulting simulated THz data

shown in Figure 4.3 (b) in green. This was then uniformly sampled as seen in the

25 red data points in Figure 4.3 (b). By following the methodology outlined in the

previous section we obtain the orange Dirac peaks in Figure 4.3 (a), which represent

the estimated amplitude and time location of the THz pulses that constitute our

simulated signal. As we know the sampling kernel, we can recreate the original

simulated THz data which is shown by the dashed blue line in Figure 4.3 (b).

In both representations of the output data, it can be seen that there is close

agreement between the estimated output and the simulated input; in Figure 4.3

(a) the amplitudes and time locations of the Dirac peaks closely match, and this

is further demonstrated by comparing the reconstructed signal with the original in

Figure 4.3 (b). As the pulse shape used to create the simulated data is exactly

known, this difference in reconstructed and original signal is an effective measure
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Figure 4.3: Noiseless simulated results. (a) The blue peaks represent the simulated
THz pulses’ time locations and amplitudes with the orange Diracs being the FRI
method processed results. (b) The simulated signal (green line) was sampled (red
points) to input into the FRI code. The reconstructed signal (dashed blue line) was
calculated using the calculated time locations and amplitudes shown in (a) along
with the known sampling kernel.

of the performance of our method. By contrasting the last pulse in Figure 4.3 (b),

which is completely isolated, with the two pairs of closely neighboring pulses the rest

of the data consists of, it is demonstrated that even when the pulses are overlapping

and not distinguishable by eye the amplitudes and time locations can still be found

with great accuracy. Crucially, this has all been achieved whilst using a relatively

low sampling rate of a total of 25 points, with it being further seen that there are

only a few sampling points describing each of the pulses. In particular, there are

only 3 or 4 sampling points that fall within the simulated pulses however we are still

able to extract the pulses’ exact amplitude and time location. This exemplifies a key

benefit of this method, low sampling rates which allow for faster data acquisition

without losing information about our signal.

4.3.2 Noise Model

No experimental data is completely free of noise, so to simulate this effect Gaussian

white noise was added to result in a signal-to-noise ratio (SNR) of 6 dB, the result

of which can be observed on the sampling points in Figure 4.4 (b). Although this is
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Figure 4.4: Simulated results with a Gaussian white noise model to give a SNR of 6
dB. (a) Simulated results in the presence of noise (orange), with the original (blue)
for comparison. (b) Reconstruction of the simulated signal with the presence of
noise (dashed blue line), compared to the original noiseless signal (green line) and
the sampling points (red points).

a significant amount of noise, more so than would usually accompany experimental

THz measurements such as those shown later in this chapter, the reconstruction is

shown to almost completely negate the effect of the noise. This is demonstrated

by comparing the processed Dirac results shown in Figure 4.4 (a) to those in the

noiseless model seen in Figure 4.3 (a). We can see that in both models the processed

Diracs are close to the original Dirac peaks whilst also being very similar to each

other. Additionally, by observing how closely the reconstructed and the original

signal match in Figure 4.4 (b), further evidence for the effectiveness of removing the

effect of noise is given.

4.4 Experimental Results

4.4.1 Experimental Verification of the FRI Method

We have shown the great potential of our FRI model in the previous sections, by

achieving an accurate reconstruction of the simulated signal both without and with

the presence of white Gaussian noise whilst using a relatively low sampling rate.

However, there are further challenges to applying this method to experimental re-
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sults. Primarily, this challenge is in the accuracy of our sampling kernel in repre-

senting the THz pulse and accounting for how this pulse would change shape during

transmission and reflection through different materials.

The THz-TDS system described in Section 2.4.1 was used in reflection geom-

etry to measure the air-plastic reflection off a thick piece of plastic. By using this

as an experimental reference, the method described in Section 3.2.1 was employed

to create a SoS which closely resembled the shape of this reference. Ideally, the

SoS sampling kernel created in this way would closely resemble the pulse in our

simple experimental data obtained from a thick plastic sheet. This was measured

using the same experimental procedure as for the reference acquisition and with the

interface causing both reflections being between air and plastic. The SoS form of

our reference is required in most of the FRI method, however it is not for the final

stage of calculating the amplitudes. Instead of using the Vandermonde system, a

standard least-squares minimization technique between the original measured signal

and measured reference repeated at the time locations found in the previous step

was used. For the recreation of the signal, we used the time location and amplitude

estimates along with the measured reference. This achieved a signal shape more

similar to the original, as the measured reference more closely resembled the correct

shape as compared to the SoS reconstruction of it. Additionally, as we are expecting

two reflections from our data, one from each surface of the plastic block, we used

L = 2. All other variables were selected to be the same as for the simulated results

in Section 4.3.

Figure 4.5 (a) contains this simple experimental data. The raw measurement

is shown by the green line with the reduced sampling points used as the input for our

method shown by the red points and the reconstructed output of the FRI method

shown by the blue dashed line. It can be seen that there are relatively few data

points describing each of the two reflection pulses, but despite this the reconstruction

is a close match to the original experimental data. This indicates that the time
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Figure 4.5: Experimental verification of our THz FRI method. (a) The raw data,
shown by the green line, are reflections off the sides of a thick plastic sheet. The
sampling points are shown by the red dots, which were used as the input for the
method. The resulting reconstruction is shown by the dashed blue line. (b) The
normalized FFT for these data.

locations and amplitudes of the reflections found by our method are accurate, as

by using these in combination with our measured reference as the basis for the

reconstruction we obtain a similar result to the original data. However, it can be

noticed that there is a mismatch in the amplitudes of the second halves of the pulses,

between the raw experimental data and the reconstructed result from our method.

As the amplitudes for the first halves of the pulses are a close match, this is likely

the result of an imperfect estimation of the pulse shape. Compared to the standard

amount of data points the THz system we were using measures we downsampled by

a factor of over 45 to obtain the sampling points shown, which resulted in a time

sampling interval of 0.33 ps. This indicates that by using this method, fewer data

points could be measured and thus a much shorter data acquisition time can be

achieved.

Figure 4.5 (b) shows the frequency domain version of the data presented in

Figure 4.5 (a), after it has undergone a FFT and has been normalized. The low

sampling rate FFT, shown by the red line, begins to diverge from the fully sampled

experimental data FFT, shown in green, from around 0.7 THz. For frequencies

larger than 1.3 THz there is mostly a very significant difference in the normalized
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FFT amplitudes, showing the frequency domain inaccuracy of the low sampling

rate data at these frequencies. Crucially, the FFT of the reconstruction from the

low sampling points using our FRI method, shown by the blue line, does not share

this divergence and inaccuracy. This demonstrates that our method accurately

reconstructs the frequency domain data of THz-TDS measurements taken at low

sampling rates, providing the benefit of quicker measurements whilst ensuring the

retention of frequency domain information.

4.4.2 Low Sampling Rate for Skin Measurements

In the previous section we have demonstrated that our THz FRI method produces

excellent results at low sampling rates for simple experimental data taken on plastic

sheets and blocks. However, the focus of this thesis is on in vivo skin measurements

using THz, so in this section we will investigate the effectiveness of this method at

processing skin measurements at a low sampling rate. To obtain this data the Menlo

system in reflection geometry was used, which was described in Section 2.4.2. The

THz pulse produced from this system is significantly different to the one produced

by the TeraView system used in the previous section, thus the sampling kernel used

to process this data in the FRI method will have to be redesigned. It was found

that instead of the length-N symmetric Hamming window previously used for the

sampling kernel, as shown in Equation 4.3, an adjusted window in the form of:

dp = 0.54− 0.26 cos

(
2π

p+ N
2

N

)
, p ∈ Π, (4.16)

performed best. As previously shown in Figure 4.2, two of these sampling kernels

are combing for a THz-like kernel. Figure 4.6 shows the sampling kernel we created

for this skin data in blue, as compared to the experimentally measured reference

shown in green. The measured reference was taken from the bottom reflection off

a quartz imaging window, as this imaging window will be used to acquire the skin
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Figure 4.6: In green is the measured reflection off the bottom of the quartz window
using our Menlo system in reflection geometry, which was used as our measured
reference. In blue is the FRI sampling kernel created to match this reference.

data and thus is the closest representation of a single reflection from the sample

data we can obtain. We can compare the difference in the sampling kernels used for

the two THz-TDS systems by comparing Figure 4.2 and 4.6. Two key observations

are the difference in the amplitudes of the kernel and the presence of side lobes for

the Menlo kernel. Fortunately, the presence of these side lobes do not significantly

impact the FRI results, whilst still enabling the use of the more suited window

presented in Equation 4.16.

By following the procedure outline in Section 3.6, a point measurement of the

volar forearm was obtained using the Menlo system in reflection geometry. Expect-

ing a reflection from the bottom of the quartz window and one from the quartz-skin

interface, we selected L = 2. All other variables were selected to be the same as

those stated at the beginning of Section 4.3. Furthermore, as in the previous sec-

tion the experimentally measured reference was used in a standard least-squares

minimization technique as opposed to the Vandermonde system to estimate the am-

plitudes for the reflections. The experimentally measured reference was also used
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Figure 4.7: Our THz FRI method applied to simple skin data. (a) The measured
data is shown by the green line. The sampling points are shown by the red dots.
The resulting reconstruction is shown by the dashed blue line. (b) The normalized
FFT for the second reflection.

for the signal reconstruction stage.

Figure 4.7 (a) contains the measured THz data in green, acquired by fol-

lowing the above information. The red points indicate the low sampling of this

measurement, which was used as the input into our FRI code. Compared to the

standard number of data points measured by this Menlo system and as used here in

green, a downsampling factor of 25 was used to obtain the low sampling shown in

red. This resulted in a time sampling interval of 0.575 ps for the low sampling, in-

creased from the time sampling interval of 0.023 ps in the measured data. By using

the time locations and amplitudes for the reflections given by the FRI method, the

reconstruction shown by the dashed blue line was obtained. As this reconstruction

closely matches the the measured data, the amplitudes and time locations calcu-

lated by the FRI method and used in the reconstruction are shown to be accurate.

Furthermore, this was all achieved at a very low sampling rate, demonstrating the

possibility of low sampling rates for skin measurements. However, there is some

difference between the reconstruction and original data for the second reflection.

By noting that the match for the first reflection is extremely close, we can deduce

that the reference used is largely responsible for the quality of the match. This is

as the reference used was an air-quartz reflection, which is the same interface as
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for this first reflection in the data presented here. The important reflection is the

second one, as it contains the skin information. Therefore, the focus should be on

obtaining the best possible match for this reflection. This would be improved by

using a reference which more closely resembles the quartz-skin reflection, possibly

by using a homogeneous skin phantom to obtain a clean single reflection resembling

skin, or by using a model to edit a reference from a metal sheet reflection to be more

skin-like.

Figure 4.7 (b) shows the normalized FFT for the second reflection data pre-

sented in Figure 4.7 (a). It can be seen that there is a close match between the

experimentally measured data and the reconstructed sparse output for the second

reflection, which contains the skin information. The sampling points alone have

retained very little of the frequency information from the experimental data it was

sampled from. This demonstrates that the FRI method can recapture the frequency

information despite the sampling points the FRI method used having lost much

of this information. As explained in Section 2.3.2, a large amount of important

sample information is obtained from the frequency domain, thus these results pro-

vide evidence for this method providing accurate sample characterization for skin

even at very low sampling rates. As discussed in the previous paragraph, a refer-

ence which more closely represents a skin reflection would provide improved results,

which would carry over to a closer match in the frequency domain and thus more

accurate characterization for the measured skin.

To give an example of important sample information in the frequency domain,

the refractive index calculated from the original data and from the FRI reconstruc-

tion result is shown in Figure 4.8. This was calculated by using the steps outlined

in Section 2.3.2 with the data presented in Figure 4.7. The close agreement between

the refractive index calculated from the original data and the reconstruction is fur-

ther evidence for this THz FRI method providing accurate sample characterization

at low sampling rates.
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Figure 4.8: The refractive index (a) calculated using the experimental measurement
and (b) calculated from the FRI reconstruction.

4.4.3 Adhesive Dressing on Skin

Now that we have established the effectiveness of our THz FRI method for process-

ing skin measurements at a low sampling rate, we will investigate a more interesting

case. In this section, we will use measurements from a large sterile adhesive dressing

applied to the volar forearm, as shown in Figure 4.9. This dressing consisted of two

parts; a central section where the dressing was located and an adhesive section sur-

rounding it for the application to skin. For the measurements and signal processing

discussed in this section, the Menlo system and the same sampling kernel described

in the previous section were used. A significant difference, however, is that the first

reflection from the bottom of the quartz window was cut out of the measurement

before it was processed through the FRI code. This was done in order to focus on the

region which contained the sample data, which consisted of the quartz-dressing-skin

interfaces.

Figure 4.10 contains the point scan data and FRI Dirac results for the dress-

ing section and the adhesive section outlined in Figure 4.9. The measurements were

73



Figure 4.9: A large sterile adhesive dressing applied to the volar forearm.

downsampled by a factor of 20, to give a time sampling interval of 0.46 ps, before

it was fed into the FRI code. This data was processed with L = 2 and all other

variables the same as those previously stated. Note the different optical delay ranges

between the figures, with a smaller range used for clarity in (b). The time location

of the FRI Dirac shows the time location of the reflection in the measured data.

The amplitude of the FRI Dirac informs us of the amplitude of the reflection in the

data, relative to the amplitude of the reference reflection. To better present this

data, the amplitude of the Diracs have been normalised relative to the first Dirac in

(a). The results in Dirac form are being presented here as the work in this section

will use the optical delay difference between reflections and the relative amplitudes

of the reflections.

By comparing the optical delay difference between the two Diracs in Figure

4.10 (a) and (b) the thickness of the dressing section and the adhesive section can be

judged. As the optical delay difference is much larger for the dressing area, at 3.59

ps, compared to the adhesive part, at 0.67 ps, it is indicated that the adhesive section

is much thinner, as expected. To obtain a more accurate comparison, the refractive

index of both sections were calculated by using the Menlo system in transmission

geometry to measure both sections. Having also measured the refractive index of the

quartz imaging window, and knowing the beam had a incident angle of 30 degrees
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Figure 4.10: The blue Dirac FRI results for the low sampled input, which is shown
fully sampled in green. (a) Shows the measurement from the dressing section and (b)
shows the enlarged measurement from the adhesive section, both shown in Figure
4.9.

on the bottom of the quartz window, the incident angle to the dressing could be

found by using Equation 2.28, which is also illustrated in Figure 2.5. Using this

information, the thickness of both sections were calculated to be 0.22 mm and 1.13

mm for the adhesive and dressing sections respectively. This was in agreement with

physical measurements made with a micrometer, demonstrating the accuracy of the

FRI results for the time location of the reflections even at low sampling.

To evaluate the accuracy of the amplitudes calculated by the FRI method,

a more interesting comparison of the dressing-skin reflection from skin with an

antiseptic cream applied and without it applied is presented in Figure 4.11. As

explained in Section 1.2.1, THz is very sensitive to water levels and can be used

to monitor hydration levels in skin. As the antiseptic cream increases the skins

hydration level, THz could be used to monitor the presence and quantity of the

cream remaining beneath the dressing or bandage without needing to remove it.

In terms of the results presented here, the amplitude of the FRI result for the

dressing-skin reflection can be used as a measure for how much antiseptic cream

is present, as compared to a measurement without cream present. For example,

the second reflection in Figure 4.11 (a), where the cream and dressing were applied

then immediately measured, is 33% lower than in Figure 4.11 (b) where the dressing
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Figure 4.11: The blue Dirac FRI results for the low sampled input, which is shown
fully sampled in green. The measurements are for the dressing section with (a)
antiseptic cream applied and (b) without the cream applied.

was applied and then measured without any cream being present. This decrease in

amplitude indicates an increase in hydration of the skin. For verification of these

results, we can compare them to the peak-to-peak change in the fully sampled data,

found to be a 31% decrease for the same reflections. Furthermore, a slight increase

in the optical delay difference between the peaks was observed for when the cream

was applied. This was most likely due to the dressing absorbing some of the cream

and increasing in thickness slightly. These results demonstrate that this method

could be applied to other cases to monitor a factor which changes the hydration of

skin, even beneath layers such as dressings and using a low sampling rate for data

acquisition.

The key significance of these results is that they were obtained from a low

sampling rate, where the sampling rate may be too low to accurately extract re-

flection locations and amplitudes without further processing, such as using the FRI

method. The sampling points used in the FRI code for processing the data shown

in Figure 4.11 (b) is presented in Figure 4.12, along with the original fully sampled

measurement. By comparing the low sampling to the original full sampling, we can

see that the amplitude and time locations will not be extracted accurately by using

the low sampling data alone. For example, using the undersampled data to extract
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Figure 4.12: An example of the sampling points used for the experimental data
presented in this section, using an undersampling factor of 20. This experimental
data is the same as shown in Figure 4.11 (b).

the percentage difference discussed in the previous paragraph results in a decrease

of only 19%, as compared to the 31% decrease found from the fully sampled data.

However, as shown in the previous paragraph, the FRI results were able to extract

a percentage difference in agreement with that found in the fully sampled data.

Therefore, the THz FRI method enables the fast acquisition of data by measuring

at lower sampling rates whilst providing accurate results.

4.5 Discussion

In this chapter it was found that the THz FRI method introduced produces accurate

results at relatively low sampling rates, whilst retaining both time domain and

frequency domain information. The unlocking of this low sampling is the primary

benefit of this method, which is especially attractive in applications where the sample

has a time dependency or other applications where quicker data acquisition would

be of large benefit. For instance, during in vivo experiments with human skin,

such as those contained within this thesis, patients are required to remain very still

77



during the data acquisition. The shorter this period, the less likely a patient is

to accidentally shift, causing an effect on the measured data. It also makes the

measurements quicker and easier for the patients, which could be especially relevant

for application to injured or sick patients. Furthermore, a shorter time period would

help to minimise the effect of occlusion to the skin by the imaging window which

would, for example, enable averaging over a greater number of consecutive pulses.

As described in Section 1.1.2, typical THz-TDS systems use an optical delay

line to excite the detector at different THz signal time steps. Thus, the steps along

the time delay line constitute the sampling points and are which the FRI method

seeks to minimize. This opens up the possibility of an optical delay stage with

less precision and accuracy, which could be designed to be less expensive and more

compact. In addition to the standard measurement systems, this method could see

use in THz single-pixel spectroscopic imaging methods [100] by allowing for lower

sampling on the temporal waveform measured per pixel. These methods can achieve

high quality hyperspectral imaging much faster than current commercial systems,

which could be amplified by combination with FRI methods.

The aim of this chapter was to introduce a method enabling low sampling

rates whilst maintaining similar experimental methodology and required foreknowl-

edge of the sample. This has mostly been achieved, however this method does

require an input of the number of reflections it will search for. This requires either

some foreknowledge of the structure of the sample, or trial and error with trying a

sensible range of reflections. The other challenging aspect of this method is creating

a suitable sampling kernel. As this is based from the reference measurement, which

is standard procedure in most THz measurements, this has not added to experi-

mental methodology. However, it does add a small amount of work to tailor the

sampling kernel to the THz pulse shape used. So long as this pulse shape does not

change significantly, it was found that the sampling kernel could remain the same.

The performance of the FRI method could be enhanced significantly by fur-
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ther work on obtaining sampling kernels which more closely resemble the sample

reflections. This could be achieved by measuring an isolated single reflection, to use

as a reference, from a material which has a refractive index closer to that of the sam-

ple or by using a model to adjust a metal mirror reference to a pulse shape expected

from the sample. Furthermore, a more versatile sampling kernel which accounts

for the THz pulse shape changing during propagation through dispersive samples

and reflection off different material boundaries could be developed. Additionally,

it is possible that more information than just the amplitude and time locations of

the reflections can be extracted using the SoS information. As this method has

performed very strongly for extracting correct information at low sampling rates in

both simulation and experimentation, we believe that further research into creating

a better sampling kernel and extracting more information from the SoS form is of

great interest.

4.6 Summary

A THz specific FRI method to achieve low sampling rates was introduced and math-

ematically described, including the construction of a THz like sampling kernel and

the extraction of the time locations and amplitudes for reflections. This method was

verified with simulated data, by comparing the results with the known values used

to simulate the data, and with simple experimental data, by comparing the time

domain and frequency domain reconstructions using the FRI results to the fully

sampled measured data. By applying this method to measurements of skin with a

dressing applied, it was found that the hydrating effect of antiseptic cream on the

skin could be detected accurately at low sampling rates. It was proposed that this

FRI method could be used to monitor how much cream is present, or other factors

which hydrate the skin, beneath a layer such as a dressing, all at fast measurement

speeds.
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Chapter 5

THz Sparse Deconvolution to

Monitor the Effect of

Transdermal Drug Delivery

Patches on Skin

5.1 Introduction

In this chapter a THz sparse deconvolution and reconstruction method is explained,

with the aim of applying this method to samples containing overlapping reflections in

order to separate them out and extract useful information. Though the FRI method

introduced in the previous chapter enabled the use of fast measurements with the low

sampling rate it provided, it struggled to separate overlapping reflections. Therefore,

this sparse method is introduced as a tool to extract more sample information for

such situations. As an example of the efficacy of this method, it will be applied to

study the skin beneath transdermal drug delivery (TDD) patches in both a 2-hour

and 24-hour study. It was found that the patches lead to an increase in hydration
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of the skin, the extent of which heavily depended on the backing material of the

patch. The sparse reconstruction result was verified by a comparison to similar

results obtained through standard methods using data taken from the same study.

Furthermore, an image of a patch applied to the arm was taken, with the sparse

method effectively imaging the skin beneath the patch. Herein it is shown that the

THz sparse reconstruction method has great potential for monitoring skin beneath

layers such as TDD patches or medical bandages.

5.1.1 Sparse Deconvolution

The reflected signals off different layers or “echoes” for THz-TDS in reflection ge-

ometry can partially or totally overlap, especially in the case of samples with thin

thickness or layers, requiring deconvolution to accurately resolve these overlapping

reflections and extract relevant sample information. Crucially, these signals have a

sparse representation due to the limited number of echoes containing all the signifi-

cant information, and so only a limited number of data points have non-zero values

when ignoring noise. The sparse constraint can be applied to such signals, allowing

sparse deconvolution to be utilized to retrieve the impulse-response function via an

inverse problem where detection and estimation of the signal are performed jointly.

Sparse deconvolution has been shown to perform extremely well in many

areas. Gholami et al. used a fast and automatic sparse deconvolution method to

retrieve reflectivity series from seismic data with the presence of additive noise [101].

Their results demonstrated significant stability against outliers in the data and in

numerical experiments they were able to automatically generate solutions with only

a few iterations needless of any prior knowledge on the noise. To improve the resolu-

tion of live-cell super-resolution fluorescence microscopy, Zhao et al. took advantage

of prior knowledge on the biological structures being studied to use in a sparse decon-

volution method [102]. They were able to achieve an almost twofold increase in reso-

lution and also applied their method to increase the resolution in three-dimensional
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structured illumination microscopy. In THz-TDS, a research group lead by Citrin

has met much success with their sparse deconvolution method [103]. They were able

to extract a detailed three-dimensional mapping of the layer structure for a histori-

cal easel painting in a nondestructive manner, discovering a previously unidentified

restoration of the varnish [19]. Additionally, they characterised subsurface dam-

age in woven carbon fiber-reinforced composites, extracting and visualising many

fine details of different subsurface damage types and confirmed their results with a

comparison to X-ray tomography [104].

5.1.2 Transdermal Drug Delivery

Since most polymers and other packaging materials have a low water content, THz

light is able to see through them and has demonstrated potential in security ap-

plications [105]. Similarly, TDD patches are typically made from lightweight fab-

ric/polymer and THz light is able to pass through them with minimal attenuation.

In this study, we exploit the sensitivity of THz light to water along with its ability

to see through TDD patch materials to probe skin hydration whilst the patch is still

being worn. The high attenuation by the skin requires reflection geometry to be

used for such measurements as the penetration depth into living tissues is limited

and thus we need to use sparse deconvolution to separate out the reflections from

the patch and the skin.

The benefit of high sensitivity to water content that THz light has is espe-

cially relevant to TDD through medical patches, as skin hydration can be closely

linked to the efficacy of drug delivery [106]. TDD is being used for an increasing

number of applications, varying from localized pain relief [107] to controlling the

symptoms of Parkinson’s disease [108]. This approach to drug delivery is being

used as it can avoid issues with other delivery methods, such as potential side ef-

fects from the liver or gastrointestinal tract metabolizing the drug or the use of

needle injections. Additionally, this simple delivery method is easy for care workers
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to follow, in the case of patients lacking the ability to take treatments themselves.

A further benefit is a greater degree of control over the drug release for the whole

time period of drug treatment maintaining the requited therapeutic dose [109]. The

functionality of TDD patches can be greatly affected by the design of the patch. By

changing the backing material of the patch, the occlusive property of the patch can

be controlled to some extent. In cases where the drug is potentially toxic to the

wrong person which can occur via transfer, for example, a fully occlusive backing

material can be used to ensure no leakage of the drug. Furthermore, by preventing

any drug leakage the dosage can lead to better control giving a more effective treat-

ment. However, it has been found that highly occlusive backing materials can lead

to skin irritation due to the buildup of water [110]. Thus, less occlusive backing

materials can be preferable when the drug treatment allows for it. The adhesive

material used for the TDD patch can affect how securely the patch will remain in

place, the drug load possible and ease of patch removal [111].

5.2 Theory

For THz-TDS in reflection geometry, the incident THz pulse i(t) is convoluted with

the impulse-response function h(t) to give the measured THz reflected signal y(t):

y(t) = i(t)⊗ h(t) =

∫ +∞

−∞
i(τ)h(t− τ)dτ. (5.1)

This is in the same form as the one obtained by treating THz-TDS as a LTI system,

as demonstrated in Section 2.3.3. Sample information, such as the structure and

properties, are contained within the impulse-response function. In practice, the

discrete version of Equation 5.1 is experimentally obtained, given by:

yn =

M−1∑
m=0

imhn−m + en. (5.2)
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Here, yn = y(nTs), im = i(mTs), Ts is the sampling period, n and m are the indices

of data points, M is the length of the data set and en accounts for the noise in

the measurement due to the measurement system and materials. By letting column

vectors y, i, h and e collect yn, in, hn and en respectively then Equation 5.2 becomes:

y = Ah+ e, (5.3)

where A is the square Toeplitz matrix where delayed versions of i make up its

columns [112]. Each consecutive column has i delayed by a further one element,

until the whole of i has been cycled through and a square matrix has resulted. By

presenting A in matrix form, this can be more intuitively understood:

A =



i0 iM−1 iM−2 iM−3 . . . i1

i1 i0 iM−1 iM−2 . . . i2

i2 i1 i0 iM−1 . . . i3

i3 i2 i1 i0 . . . i4
...

...
...

...
. . .

...

iM−1 iM−2 iM−3 iM−4 . . . i0


. (5.4)

The key focus of sparse deconvolution is obtaining the solution for the following l0

regularized optimization problem, which exploits the sparse constraint by approxi-

mating y with Ah, where h crucially is a sparse sequence. Being a sparse sequence

demands that h only has few non-zero elements. The l0 regularized optimization

problem is defined by:

min
h

1

2
∥ Ah− y ∥22 +λ ∥ h ∥0, (5.5)

where ∥ ∥2 and ∥ ∥0 represents the l2-norm and l0-norm respectively. Here, λ is

the sparsity factor chosen to select the trade off between the sparsity of h and the

residue norm. The higher this sparsity factor is set, the more sparse the resulting
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h will be, and so the smaller the second term will be. The first term represents

the distance between the approximation Ah and actual measured reflected THz

signal y. However, the solution to this problem is known to be non-deterministic

polynomial-time hard in general [113] and it has been shown that an approximation

using the l1-norm in place of the l0-norm performs well whilst guaranteeing a global

optimum, unlike when using the l0-norm [114]. Now, by using the l1-norm for h

instead, ∥ h ∥1, Equation 5.5 becomes:

min
h

1

2
∥ Ah− y ∥22 +λ ∥ h ∥1 . (5.6)

To solve the problem presented in Equation 5.6 an iterative shrinkage algorithm will

be employed, where soft-thresholding is applied to the result of a vector multiplica-

tion for each iteration:

hi+1 = Sλτ (hi − τAT(Ahi − y)), (5.7)

where τ is a suitable step size, constrained by:

τ <
2

∥ ATA ∥2
, (5.8)

in order to ensure convergence. The soft-thresholding component is contained within

the operator Sλτ :

Sλτ (h[n]) =


h[n] + λτ h[n] ≤ −λτ

0 | h[n] |< λτ

h[n]− λτ h[n] ≥ λτ

. (5.9)

The result of the iterative shrinkage algorithm gives the output for sparse deconvo-

lution, that being h.
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Now that the sparse result contained in h has been obtained, this can be used

to reconstruct the individual reflections within the reflected signal y. Typically, this

sparse result consists of separate small clusters of points to represent each reflection

contained within the reflected signal. The points corresponding to the reflection of

interest can easily be isolated. By aligning and scaling multiple incident THz pulses

with the chosen reflection points’ temporal locations and amplitudes respectively,

a recreation of the reflection of interest can be created. The peak-to-peak of this

reflection can then be measured by combining the magnitude of the most positive

and most negative points in the reflection.

For the results contained within this chapter, the incident THz pulse was

obtained via measuring the reflection off an optically thick piece of quartz and

multiplying by -1 for phase correction. A sparsity factor λ = 3.5 was chosen, as this

gave the best results whilst not over-aggressively soft-thresholding for the data sets

we were using. A step size τ = 1.2/ ∥ ATA ∥2 was selected as a trade-off between

run-time and accuracy whilst abiding by the constraint stated in Equation 5.8. The

iteration outlined in Equation 5.9 was repeated 2000 times for each result, chosen

for the same reasons as the step size.

5.3 Samples and Experiment

The protocol described in Section 3.6 was adhered to for the in vivo measure-

ments taken for this chapter. Ethical approval was obtained for this study from

the Biomedical Scientific Research Ethics Committee, BSREC, (REGO-2018-2273

AM03). Written informed consent was obtained from each volunteer prior to their

involvement in the study. The Menlo system, detailed in Section 2.4.2, was used

for the acquisition of the measurements. A demonstration of this system taking an

in vivo skin measurement is shown in Figure 5.1, with an annotated photograph

of the system mid measurement on the left and a schematic of the THz reflections
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Figure 5.1: A Menlo Systems Tera K15 fibre-coupled THz-TDS set up in reflection
geometry to measure an arm with TDD patches applied with a schematic of the
highlighted region.

through the window-patch-skin system on the right. Before volunteer measurements

began, a reference measurement was taken by setting a thick piece of quartz at the

sample recording position. This was measured each day to account for any daily

variations in the THz signal produced by the system. An example of a reference

pulse used in this chapter is shown in Figure 5.2. A quartz reflection was used as

the reference since a quartz imaging window was used for the measurements taken

on volunteers. Further, sparse deconvolution performs best when the reference used

closely resembles the shape of sample reflections, thus a quartz reference is the clos-

est reference obtainable. For the sample measurements, the volunteers placed their

volar forearm atop of the quartz window for 1 minute to acquire approximately 280

reflected THz pulses from a single point on their skin for each region of interest. To

ensure a consistent contact of skin with the quartz imaging window, as to avoid the

occurrence of air gaps between the two for example, pressure sensors were used as

described in Section 3.6.

TDD patches with two types of backing materials and with different excip-

ient percentages were placed on both volar forearms of the volunteers, as demon-

strated in Figure 5.3. The patches placed on the left volar forearm were the oc-
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Figure 5.2: An example of a THz reference signal used in the sparse deconvolution
of measured THz reflected signals. This reference was obtained by measuring the
reflection off a thick piece of quartz placed at the sample measuring location.

clusive poly(ethylene terephthalate) film backed ones, whilst the partially occlusive

polyester fiber woven backed patches were placed on the right volar forearm. The

excipients in TDD patches, serving as vehicles for drugs which could be contained

in the patches, boost the drug delivery rate. To analyze if different percentages of

these excipients have an effect on the skin’s hydration levels, three patches, each

with a different excipient concentration (0%, 3% and 6%), were placed on each arm.

In addition to the patches, a region of skin on both volar forearms was designated as

a control region to be measured and left untreated to account for a person’s natural

temporal variation of their skin hydration. These 4 regions on each arm constituted

the regions of interest to be measured. In this experiment the excipient in use was

propylene glycol (CH3CH(OH)CH2OH) [115] and the aforementioned excipient con-

centrations were chosen as these are commonly found in commercial TDD patches.

The adhesive material used for the patches was a proprietary polyurea cross-linked

thermoset, with 10% Transcutol present [111]. These non-active patches were man-

ufactured by Medherant Ltd. No other drugs were present in the patches to isolate
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Figure 5.3: A photo with boxes to highlight skin locations for where the patches and
control areas typically were. Film patches are applied to the left arm and woven
patches to the right arm. Close-up photos of each patch type shown to the right.

any changes on the skin as a consequence of the patches backing material and ex-

cipient.

The skin on the volunteer’s volar forearm was measured before applying the

TDD patches. Once the patches were applied, the area of interest was placed onto

the imaging window and the skin was measured through the patches. During each

set of measurements, the untreated control region was also measured for both arms.

For the 2-hour experiment the measurements were taken with the patches on the

volar forearm, i.e. through the patches, at 0 minutes, 30 minutes and 2 hours after

the patches were applied for 8 volunteers. For the 24-hour experiment measurements

on 14 volunteers were taken immediately following patch application and then 24

hours later with both the patches still applied and then shortly after removing

them. By conducting these two experiments with measurements at various time
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Figure 5.4: The measured reflected THz signals, the deconvolution results from
sparse deconvolution and a standard THz processing method result for a) the film
backed patch and b) the woven backed patch, both with 0% propylene glycol. The
peak labels correspond with those schematically shown in Figure 5.1.

intervals both the short- and long-term effects on skin of the TDD patches and the

excipients contained within them can be examined. As the 24-hour experiment has

measurements shortly before patch application and shortly following patch removal,

these patchless measurements can be used to verify our sparse reconstruction method

applied to the paired patch measurements. Before the start of each measurement

the subjects acclimatized for a period of 20 minutes, as detailed in Section 3.6.

5.4 Results

5.4.1 Patch Characterization

Firstly, THz reflection data for the patches alone will be presented, as to characterize

their THz response and demonstrate the sparse deconvolution results. Both a film

and woven patch of 0% excipient were placed directly onto the quartz imaging

window and measured using the same system as described in the previous section.

Figure 5.4 a) contains the measured THz data, y, for a single point scan through the

center of the film patch, in reflection geometry. This means that the first reflection

corresponds to the quartz-patch interface and the second reflection corresponds to
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the patch-skin interface, as schematically represented in Figure 5.1. The sparse

deconvolution result, h, is also shown. Lastly, the results from using a standard

THz processing method described in Section 2.3.2 are also presented. Figure 5.4 b)

shows the same measurements but for the woven patch. The sparse result tracks the

center of the first peak of the THz reflection. A clear difference between the optical

thickness of the two patches can be observed, due to the optical delay being much

larger between the two surface reflections for the woven patch. For the film patch,

there is a clear overlap between its bottom and top surface reflections. This overlap

results in interference, destructive for the first reflection but constructive for the

second reflection, due to the incident THz pulse shape (as shown in Figure 5.2) and

the resulting phase shift. The sparse deconvolution result is able to account for this

overlap and interference, recovering the temporal location and relative amplitude

associated with the overlapping reflections. For the purposes of this chapter, the

sparse reconstruction method presented can recover useful sample information in

such overlaps. It can also be noticed that the second reflection from the woven

backed patch is significantly smaller than the second reflection from the film patch.

As the woven patch is thicker, the reflection has become more attenuated during

this increased travel time. Additionally, the woven patches have a refractive index

closer to that of skin than the film patches did, thus a relatively smaller reflection

from the patch-skin boundary for the woven patches resulted.

5.4.2 24-Hour Study and Sparse Reconstruction Verification

Figure 5.5 a) shows the average NRC, introduced in Section 3.7 and defined in Equa-

tion 3.2, for the peak-to-peak of the reconstructed skin reflection for 14 volunteers.

This reconstruction was made using the sparse result of in vivo skin measurements

with a TDD patch applied, with these measurements containing the reflections high-

lighted in the schematic shown in Figure 5.1. Then, following the steps outlined in

Section 5.2, the reconstruction and the peak-to-peak measurement for the patch-
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Figure 5.5: The average peak-to-peak normalized relative change in skin over a
24-hour period for 14 volunteers with a) transdermal drug delivery patches applied
and b) the same location but with patches removed. The color indicates differing
excipient levels of 0%, 3% and 6% propylene glycol. Data for film backed patches is
located on the left side of the figures, with woven backed data on the right. Error
bars are the standard error on the mean.

skin reflection were obtained. The first data set was taken shortly following patch

application and the second 24 hours after application. For both patch types and

each excipient percentage, the NRC can be obtained by using the reconstruction

from these patch measurements together with the control measurements taken at

the same times, following the procedure outlined in Section 5.3. Measurements taken

with the film and woven backed patches are shown on the left and right sections

of the figure respectively, with the color indicating excipient level. The error bars

indicate the standard error of the mean.

All results presented in Figure 5.5 a) demonstrate a significant decrease in

peak-to-peak NRC, which is linked to an increase in hydration level [34]. This

signifies that the patches have led to water collecting in the skin beneath them due

to the aforementioned occlusion effect. As the decrease in the woven patch data

is less severe, it can be determined that these patches are more breathable. This

demonstrates the ability of this method to discern the occlusive characteristics of

various medical patches and bandages. Furthermore, a slight trend in decreasing

magnitude of the peak-to-peak NRC as excipient level increases can be observed,
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indicating a decrease in skin hydration with higher excipient level. However, this

trend is mostly within the errors of each individual result, demonstrating the need

for further measurements to ascertain this relationship. Regardless, this highlights

the potential of this method for monitoring the effects of transdermal drugs on

skin hydration beneath patches or bandages. The errors for the woven patches

are smaller than those for the film patches. As shown earlier in this section, the

woven patches were thicker which resulted in a larger optical separation between

the quartz-patch and patch-skin reflection. Thus, the sparse deconvolution could

perform more accurately and consistently, resulting in a smaller error.

Figure 5.5 b) contains data taken as a verification for our sparse reconstruc-

tion method. The procedure is very similar to that used above, however the mea-

surements were taken shortly before patch application and immediately after the

patches were removed after 24 hours of them being applied. This meant that the

skin could be directly measured, without the need of any sparse deconvolution and

reconstruction to obtain and separate the skin data from under the patch. There-

fore, these similar direct skin measurements can be compared to those obtained via

our sparse reconstruction method in order to judge this methods performance.

By comparing Figure 5.5 a) and b) it can be seen that a significant reduction

in the NRC for the peak-to-peaks are obtained in both data sets, but the measure-

ments taken with the patches remaining applied show a noticeably larger reduction.

Furthermore, in the skin only measurements shown in Figure 5.5 b) there is no

longer a clear significant difference between the patch types. An explanation for

both of these differences is the nature of removing the patches before the 24-hour

measurements allows some time for the skin to breath and become less hydrated,

resulting in a smaller peak-to-peak NRC. Additionally, as the skin under the film

patches was initially more hydrated it would dehydrate to a normal state at a faster

rate than the skin under the woven patches, proceeding to a less obvious difference

between them. This distinction between the types of patches reveals the benefit of
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Figure 5.6: A demonstration of the correlation between the NRC in measurements
through the patch and of the bare skin presented in Figure 5.5. The orange line
shows the line of best fit, with a correlation coefficient of r = 0.97

monitoring the skin whilst the patch is still applied, which our sparse reconstruction

method allows. Furthermore, we expect that the NRC in the peak-to-peak to be

more accurate following the sparse method, as the skin hydration can be monitored

without patch removal, and consequently without time for the skin to dehydrate.

To demonstrate the correlation between the NRC for the peak-to-peaks con-

tained in Figure 5.5 a) and b) we have plotted them against each other as shown in

Figure 5.6 and calculated the Pearson correlation coefficient from the line of best fit

for these results. With the coefficient being 0.97, it demonstrates the strong correla-

tion between the results with the patch on and with only skin, providing evidence to

the accuracy of our sparse reconstruction method used for the data with the patch

applied.

5.4.3 2-Hour Study

A further experiment was conducted for investigating the shorter-term response of

skin to the patches, collecting data from 8 volunteers. This time, measurements
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Figure 5.7: The average peak-to-peak observed in 8 volunteers at 0 minutes, 30
minutes and 2 hours following the application of transdermal drug delivery patches.
The patches consisted of film backed and woven backed types, with different excipi-
ent levels of 0%, 3% and 6% propylene glycol. The error bars are the standard error
on the mean.

were taken immediately following patch application, 30 minutes after and finally

2 hours after application. All measurements were taken through the patch and

reconstructed using our sparse method. Results from these measurements can be

seen in Figure 5.7, where the left section contains the film results and the right

contains woven ones. This time, the color of the bars signifies the measurement

time following patch application with the excipient level changing for each cluster

of bars and is denoted on the x-axis. Unlike in the previous data presented, here we

do not use the average NRC in the peak-to-peak, but the average raw peak-to-peak

itself. This is as the experiment was conducted over a shorter time period, only

2 hours, and volunteers remained in consistent laboratory room conditions during

which other factors that affect the skin were controlled. The error bars indicate the

standard error of the mean.

A clear trend of the measurements taken immediately after patch application
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being higher than for the same patch type and excipient level can be observed in

Figure 5.7. As explained previously, a higher peak-to-peak indicates less hydrated

skin comparatively. Thus, in all cases there is a significant increase in hydration after

the patch has been applied for 30 minutes. This hydrating effect drops off between

the 30 minute and 2-hour measurements, as there is only a small decrease in peak-to-

peak which is generally within the error of these results. Therefore, by considering

the 24-hour results too, we can conclude that the majority of the hydrating effect

of the patches occurs within the first 30 minutes of their application and lasts for

at least 24 hours, if the patch remains on the skin. A very big difference between

the average peak-to-peak results for the film backed patches and the woven backed

patches can be seen. As explored in Section 5.4.1, the THz measurements for these

patches look very different. Specifically, a larger optical delay and smaller amplitude

for the woven patch reflection as compared to the film patch. This smaller reflection

amplitude causes the sparse reconstruction for this reflection to also have a lower

peak-to-peak. However, this does not signify that the skin under the woven patch is

less hydrated than the skin beneath the film patch but highlights that the hydration

information is contained within how this amplitude changes over time. By observing

how the average peak-to-peak decreases for the woven data sets compared to the

film sets, we can see that there is a greater relative decrease in the film data. Thus,

these results agree with the film patches being more occlusive and so having a greater

hydrating effect, as found in the 24-hour data.

5.4.4 Patch Imaging

Though much information can be obtained from point measurements, as shown

throughout this thesis, some important features can only be extracted via imaging

measurements. For example, this would be necessary to map an area of diseased

tissue or to monitor a wound healing beneath a medical dressing. To explore the

potential for this sparse method to be used in such situations, a film backed TDD
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Figure 5.8: The marked region highlights the area of the arm imaged, which includes
a film backed patch applied to the skin. This region is 21 mm by 21 mm in size.

patch and the surrounding skin was imaged, with Figure 5.8 highlighting the imaged

region. The image was taken 2 minutes after the patch was applied to the arm, and

the measurement took around 5 minutes to complete. Other than the much longer

measurement time, the same measurement procedure was followed as for the point

measurements taken for this chapter. A total of 441 point measurements were taken

to form the 21 by 21 measured image, using a step size of 1 mm.

The measured image was processed in two different ways, one to obtain

the processed waveform peak-to-peaks, as shown in Figure 5.9 a), and the other

to extract the peak-to-peaks of the reconstruction from the sparse deconvolution

method, as shown in Figure 5.9 b). In both figures the patch region can clearly be

distinguished from the surrounding skin due to the relatively higher peak-to-peak in

the patch area. However, there is a key difference in the information being presented.

In Figure 5.9 a) the patch area contains the peak-to-peak of both the quartz-patch

and patch-skin reflections, as these reflections are overlapping, and the rest of the

image contains the quartz-skin reflection where the patch is not present. Contrary
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Figure 5.9: THz peak-to-peak images of a film patch applied to the skin, the imaged
region is shown in Figure 5.8. a) The processed waveform results for the patch and
surrounding skin. b) The sparse reconstruction results for the second reflection,
corresponding to the skin underneath the patch.

to this, Figure 5.9 b) contains only the peak-to-peak for the sparse reconstruction

of the second reflection. As there is only one reflection where the patch is not

present, the quartz-skin reflection, the peak-to-peak is near zero here. As for where

the patch is present, the peak-to-peak corresponds to the patch-skin reflection only,

thus gives a more accurate picture of the state of the skin beneath the patch. The

edges of the patch appears blurred for two reasons, one being the mechanism of

diffraction and the other being that the beam width (approximately 3 mm) was

larger than the temporal spacing for the image (1 mm). It can be observed that

there is significant variation in the skin beneath the patch, which is only apparent

in the sparse reconstruction results and not in the processed waveform results. This

variation could be due to the occlusion process not being uniform across the skin,

with areas becoming more hydrated faster than others, as the patch was only applied

2 minutes before the measurement began.

5.5 Discussion

In this chapter it was found that the THz sparse deconvolution and reconstruction

method introduced was able to monitor skin hydration levels through TDD patches
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and these results were verified by a comparison to a standard method. Two studies

were conducted, one to observe the short-term response of the skin to TDD patches

over 2 hours and one to observe the long-term response over 24 hours. It was dis-

covered that the majority of the hydrating effect occurs within the first 30 minutes

of patch application and persists for at least 24 hours given that the patch remains

applied. As a comparison between patch backing materials, occlusive film backing

resulted in greater skin hydration than the permeable woven backed patches. Dif-

fering percentages of propylene glycerol had a slight effect on the hydration, with

higher percentages resulting in less hydration, however further investigation into

this is required as the results were generally within or close to the error. The de-

sign of TDD patches includes the appropriate choice of backing materials and both

the choice and percentage of excipient used as a vehicle for the drug delivery. Fur-

thermore, the hydration level of skin can be closely related to the efficacy of drug

delivery, as the rate of drug absorption is strongly linked to the hydration level [106].

As such, it has been demonstrated that this THz sparse method has great potential

in aiding the development of TDD patches.

In the case of this study there was only slight variation in skin hydration for

the different excipient levels, but in situations such as a burn wound healing under

a bandage there are significant hydration level changes [116]. A further application

of this sparse reconstruction method could be for other situations where monitoring

how the hydration level of skin underneath patches or bandages changes over time,

without having to remove them, would be helpful. For example, observation of

skin hydration in general has been exploited in the research and development of

moist wound healing methods. Dry, moist and wet healing methods were compared

and contrasted by Junker et al. [117]. It was shown that, compared to standard

dry healing methods, a controlled wet environment promoted healing and reduced

scar formation. Emerging moist healing methods using various commonly available

dressings have been shown to effectively utilize the benefits of this healing method
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[118]. Silicone gel sheeting is used to occlude severely burned skin as a treatment

method, due to the increased water content helping with the burn healing process.

Wang et al. studied the occlusive effects of silicone gel sheets applied to skin using

THz measurements [58]. For many of these applications it would be necessary to

take image measurements for the region of interest. To demonstrate the ability

of this sparse deconvolution method to achieve this imaging through a layer, the

skin beneath a film backed patch was successfully imaged. It is proposed that the

method detailed in this chapter could be applied to aid in such research, especially

in the case of there being a layer over the skin as this method has been shown to

accurately extract skin hydration levels from underneath a TDD patch.

5.6 Summary

In this chapter, a sparse deconvolution method has been introduced and I have ex-

tended the method to include recreating individual sample reflections. This method

was successfully employed to in vivo THz measurements of various TDD patches

applied to skin. A verification via a comparison of sparse reconstruction results

with the patch applied to standard measurements in the same locations immedi-

ately before or after the patch was applied or removed, respectively, was conducted.

A significant difference in occlusion properties of patches with different backing ma-

terials was found, with a film backing proving to be much more occlusive than a

woven backing. It was discovered that the majority of the occlusion effects occurred

within the first 30 minutes of patch application and persisted for at least 24 hours

if the patch remained applied. A slight difference between excipient levels was ob-

served, with hydration decreasing with higher excipient concentration. However,

this was generally within error bars and thus further research into this effect is re-

quired. Moreover, by processing an image of a film backed patch applied to skin, it

was demonstrated that this method could monitor the whole area of skin beneath
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the patch. Further work could include using this method to observe wound healing

beneath casts or bandages, as the healing process is closely linked to skin hydration

levels. Additionally, moist and wet healing methods are gaining traction, as it has

been shown that wounds can heal better in moist conditions. This sparse recon-

struction method of THz-TDS data could be applied to help with THz research into

these healing methods by monitoring hydration levels noninvasively.

101



Chapter 6

Skin Product Testing using Real

and Artificial Skin

6.1 Introduction

Skin products are used for a wide range of reasons, ranging from the treatment of

various medical skin conditions to aesthetic improvements. However, before these

products can be made commercially available they must undergo vigorous testing

to ensure their efficacy and safety. With the interest of providing a new avenue

of research for such purposes, the use of THz-TDS on in vivo skin and hydrogel

artificial skin will be explored in this chapter. Skin phantoms and artificial skin

in general were introduced in section 1.2.3, where the uses and benefits of using

them were highlighted. In this case, hydrogel has been chosen to be used as the

artificial skin due to the high and controllable water content contained within them.

Furthermore, the other key ingredient is collagen which is a protein found in skin,

thus it could make an accurate phantom for skin.

A key aspect in many skin products is their photoprotective ability. There

are many naturally occurring photoprotective compounds; examples span melanin,

flavonoids, polyphenols and mycosporine-like amino acids (MAAs) [119]. The latter
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Figure 6.1: Normalised UV-visible spectra, over the UVA and UVB regions, of the
crude extract (black) and common MAAs found in Palmaria palmata; palythine
(blue), porphyra-334 (red), usujirene and palythene (green) along with their struc-
tures.

are a family of molecules synthesized by many micro- and macroorganisms that

have the basic core structure of a cyclohexenone or cyclohexenimine [120]. MAAs

are differentiated by the various substituents at the imino position, with a recent

database reporting over 70 different structures [121]. The various substituents result

in a shift in the peak absorption spanning 310-362 nm; a broad range within both the

UVA (400-315 nm) and UVB (315-280 nm) regions [121]. This is significant given

that UVA and UVB is the highest energy radiation that reaches the Earth’s surface

and has damaging implications to nature and humans [122]. Figure 6.1 demonstrates

this broad band spectral coverage of a number of common MAAs found in Palmaria

palmata, in addition to a crude extract obtained from Palmaria palmata which will

be used in this study.

In this chapter an interesting sample of crude algae extract is introduced

103



and a THz experimental procedure for in vivo skin measurements, hydrogel mea-

surements and liquid transmission measurements for investigating skin products is

described. The THz response of skin and hydrogel were investigated, for before and

10 minutes after glycerol and commercial moisturiser application. It was shown that

hydrogel has a strong potential to be used as artificial skin for THz-TDS. The hy-

drating effect of the crude extract was investigated on hydrogel, finding that it could

provide a higher hydrating effect after 10 minutes when compared to commercial

moisturiser. Furthermore, the photostability of the crude extract was investigated

by comparing transmission measurements in frequency domain for before and after

irradiation with a solar simulator. This result was compared to the frequency do-

main results of glycerol being applied to skin, with the potential of THz being used

to assess the stability of products like this crude extract when applied to skin being

suggested.

6.2 Samples and Experiment

6.2.1 Samples

The first sample used in this study is pure glycerol, which is a well known compo-

nent of moisturisers and other skin products. The second sample is a commercial

moisturiser purchased for this study and produced by Liz Earle Beauty Co. Limited.

Both of these samples are completely safe to be applied to human skin. The last

two samples are a crude extract of different concentrations in glycerol, one of 0.05

g/L and the other of 0.84 g/L. The hydrogels used in this study composed of 60%

water, with the rest being a collagen mix.

This crude extract was obtained from a simple extraction process on dried

Palmaria palmata, which was commercially sourced from The Cornish Seaweed Com-

pany. Details on the extraction process can be found in the supporting information

of the paper declared for this chapter. Seven MAAs were identified in the sample; pa-
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lythine, asterina-330, palythinol, shinorine, porphyra-334, usujirene and palythene.

This group of MAAs are in line with previous literature that has investigated MAA

content in Palmaria palmata [123,124].

6.2.2 Skin Measurements

The Menlo system was used for measurements taken for this chapter, which was

introduced in Section 2.4.2. For the in vivo skin measurements the protocol outline

in Chapter 3.6 was followed, as to control external factors such as the pressure

between the skin and imaging window, occlusion of skin and the temperature of the

laboratory. Subjects remained in the laboratory for the duration of the experiment.

Written informed consent was obtained from each subject prior to their involvement

in the study. The study was approved by the Biomedical Scientific Research Ethics

Committee, BSREC, (REGO-2018-2273 AM03).

For each subject, the left arm was used as a control and the right arm had

the product applied to it. Initially, both arms were measured before any product

was applied. Immediately after the right arm was measured, 0.1 ml of the product

was applied using a micropipette. This was gently rubbed into the skin using a

finger covered by a glove to ensure the sample was not transmitted to the other

hand. After 10 minutes had passed, both arms were measured again.

6.2.3 Hydrogel Measurements

The experimental procedure began by taking a THz point measurement of the top

face for the hydrogel cubes, approximately 1 cm3 in size. An example of one of

the hydrogel pieces on the imaging window is shown in Figure 6.2. To ensure good

contact between the hydrogel and the imaging window, a slight pressure was applied.

Before the measurement was taken, the hydrogel cubes were kept in a sealed bag to

maintain their hydration level. A 0.1 ml of each sample was then uniformly applied

to the top face of the different hydrogel cubes. After a 10-minute wait the THz
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Figure 6.2: A picture of one of the hydrogel pieces being measured by the Menlo
K15 system. The hydrogel cube is roughly 1 cm3 in size.

measurements were taking again, in the same manner as previously. Furthermore,

this procedure was carried out for a cube without applying any product, as to

ascertain how the surface of the hydrogel naturally dries out over a 10 minute

period.

6.2.4 Liquid Transmission Measurements

For the transmission measurements, the crude extract solution (0.84 g/L) was con-

tained in a liquid sample cell, which was formed with two quartz windows separated

by a 200 µm-thick Teflon spacer. The crude extract solution was measured before

and after 2 hours of irradiation with a solar simulator with 50 pulses acquired each

time, using the Menlo system in transmission geometry.
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Figure 6.3: a) An example of the processed waveforms for one subject’s volar fore-
arms, 10 minutes after glycerol was applied to one arm. b) The processed waveform
for the hydrogel immediately before the glycerol was applied, 10 minutes after appli-
cation and the initial hydrogel measurement scaled to account for the drying effect
after 10 minutes.

6.3 Results

6.3.1 Glycerol

To investigate the potential of this hydrogel as artificial skin for the THz region, the

effect of glycerol on skin and hydrogel is contrasted. Glycerol is a key component

in many skin products which is perfectly safe and tested to be used on skin. By

following the procedure explained in the Section 6.2.2, five subjects had in vivo

measurements of one volar forearm with glycerol applied and the other without any

product applied. An example of the processed waveforms for one of the subjects is

shown in Figure 6.3 a), where a clear reduction in the peak-to-peak is found when

comparing the control and glycerol arms 10 minutes after the glycerol was applied.

As explained throughout this thesis, the decrease of in vivo skin measurement peak-

to-peak indicates an increase in hydration for that skin. To account for the natural

variation of skin, and the difference of skin between different subjects, the average

NRC for these results along with the initial measurements will be presented. The

NRC is described in Section 3.7 and defined by Equation 3.2, with this case using

t as 10 minutes. For the data collected from the 5 subjects the resulting NRC was
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Figure 6.4: The refractive index of hydrogel and in vivo skin.

−(6.4± 0.2)%, with the error being the standard error in the mean.

To compare this skin result to, hydrogel measurements were carried out fol-

lowing the methodology explained in Section 6.2.3. Figure 6.3 b) shows the processed

waveforms for a piece of hydrogel immediately before glycerol application and for 10

minutes after application. Furthermore, a scaled version of the initial measurement

is included, to visually show how the hydrogel dries out when it is not in a sealed

environment. By measuring how a blank piece of hydrogel dries out over a 10 minute

period, we can scale the initial measurement based on this dehydration curve. In

terms of the NRC result, the effect from the hydrogel drying out will automatically

be accounted for. The resulting NRC was found to be (6.5± 0.1)%. The error was

estimated from the standard deviation of multiple blank hydrogel measurements.

This is an increase as opposed to the decrease seen in the skin measurements, which

initially is not promising. By comparing the refractive index of skin and hydrogel,

presented in Figure 6.4, and with the knowledge of the quartz imaging window hav-

ing a stable refractive index of 2.12, it can be seen that the refractive index of skin is

below that of quartz whilst the refractive index of hydrogel is above. The refractive
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indices were calculated using the theory outline in Section 2.3.2. The addition of

water increases the refractive index in both cases, thus results in a smaller reflection

amplitude from skin as the refractive index draws closer to that of quartz and a

larger one from hydrogel as it moves further from that of quartz. Fortunately, as

the refractive index of quartz is in the middle of the refractive indices of skin and

hydrogel the magnitude of the NRC can be comparable. Thus, when accounting for

this phase difference, it has been shown that hydrogel could be used to mimic the

THz response of skin for the case of glycerol.

6.3.2 Moisturiser

To further investigate the use of hydrogel as artificial skin, the same experiment as in

the previous section is conducted but for the application of a commercial moisturiser

in place of glycerol. An example of the processed waveforms from the data of one

subject is shown in Figure 6.5 a), where a clear reduction in the peak-to-peak for

skin which had moisturiser applied can be observed. The average NRC in this

peak-to-peak for the 5 subjects measured was found to be −(8.4± 0.3)%, where the

standard error in the mean is presented. The hydrogel processed waveform results

for the application of moisturiser is shown in Figure 6.5 b). Here, an increase in

peak-to-peak for the hydrogel with moisturiser applied as compared to the expected

result without any moisturiser being applied can be clearly seen. The resulting

NRC was calculated as (8.7 ± 0.1)%, with the error estimated from the standard

deviation of multiple blank hydrogel measurements. As for the glycerol results, when

accounting for the phase difference the magnitude of the NRC between in vivo skin

and the hydrogel results closely agree, indicating the potential for such hydrogel to

be used as artificial skin.
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Figure 6.5: a) An example of the processed waveforms for one subject’s volar fore-
arms, 10 minutes after commercial moisturiser was applied to one arm. b) The
processed waveform for the hydrogel immediately before the moisturiser was ap-
plied, 10 minutes after application and the initial hydrogel measurement scaled to
account for the drying effect after 10 minutes.

6.3.3 Crude Extract

The two samples of crude extract introduced in Section 6.2.1 were applied to different

hydrogel cubes and measured as outlined in Section 6.2.3. As this crude extract is

newly developed, it has not passed the regulations for application to in vivo skin, as

such only the application to hydrogel will be investigated. The NRC in the processed

waveforms for the first sample (0.05 g/L) was (6.7±0.1)% and for the second sample

(0.84 g/L) it was (12.4±0.1)%. By comparing this to the hydrogel moisturiser result

of (8.7± 0.1)% it can be seen that the lower concentration of crude extract has less

of a hydrating effect on the hydrogel, however the higher concentration has a much

larger hydrating effect. As the close relationship between the hydrogel results and in

vivo skin results have been demonstrated in the previous two sections, it is indicated

that this crude extract has a high potential for keeping skin hydrated.

Here we show the future potential for monitoring the stability of the crude ex-

tract once applied onto skin. Figure 6.6 a) shows the THz transmission spectroscopy

results for the crude extract in glycerol (0.84 g/L) before and after irradiation. This

irradiation was designed to mimic the power and spectrum of the Sun’s light on the
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Figure 6.6: a) Mean normalised THz spectrum of crude extract in glycerol before
and after 2 hours of irradiation with a solar simulator. b) Mean normalised THz
spectrum of the volar forearm before and after applying glycerol to the skin. Insets
of a) and b) are magnifications of the THz spectra at the peak. The error bars
represent the standard deviation.

surface of the Earth. There is only a very small amplitude change of 0.82% between

the measurements indicating that the extract is stable. Figure 6.6 b) shows the

THz reflection spectroscopy results of the volar forearm before and after applying

glycerol to the skin, averaged over 5 subjects. We see a clear difference in the THz

spectrum of the skin due to the presence of glycerol. Therefore, THz reflection

spectroscopy could be used to determine the stability of the extract when applied

to the skin as part of a skin product and potentially evaluate other products within

surface applications in the future.

6.4 Discussion

The potential of using hydrogel as artificial skin for skin product testing in the THz

region was explored by contrasting measurements of glycerol and moisturiser on in

vivo skin and hydrogel. The magnitude of the NRC in the processed waveforms

for before and 10 minutes after the application of the skin products were found

to closely match for the in vivo and hydrogel results, indicating the strength of

this hydrogel as artificial skin. However, the sign of these NRCs were opposite,
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with a decrease occurring in the skin measurements and an increase in the hydrogel

measurements. This was due to the refractive index difference between the two,

crucially with the refractive index of the quartz imaging window being between the

two. For the frequency range used, the refractive index of quartz was close to being

exactly midway between skin and hydrogel, contributing towards the magnitude of

the NRC being the same between the two. The hydrogel could be improved by

creating a version which has the same refractive index profile as skin. Furthermore,

the hydrogel did dry out quickly when in an unsealed environment, as such a further

improvement could be in ensuring a better hydration retention for the hydrogel.

Measurements were taken for 24 hours after application of the skin products, however

by this point the hydrogel had significantly dried out and became fairly hard, so good

contact between the imaging window and hydrogel could not be made. Regardless,

it was shown that THz measurements can effectively judge the hydrating effect of

skin products in both in vivo skin and in hydrogel.

As the crude extract introduced in this chapter has been recently developed,

it has not yet been sufficiently tested to be used on human subjects. This is precisely

the kind of situation in which artificial skin can be very useful, as it allows for

the study of how the product could interact with real skin without any risk to

subjects. Again, the NRC of the processed waveforms for before and 10 minutes

after the application of the crude extract to the hydrogel were calculated. The

lower concentration of crude extract (0.05 g/L) had less of a hydrating effect than

the commercial moisturiser on hydrogel did, however the higher concentration (0.84

g/L) had a significantly higher hydrating effect. The NRC results for the crude

extract, glycerol and moisturiser are summarised in Table 6.1.

Many skin products, especially sunscreens, must have strong photostability.

The crude extract was found to be very stable, as only a small frequency domain

amplitude change of 0.82% was found after 2 hours of irradiation with a solar sim-

ulator. By comparing these frequency domain results to that of the application of
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Sample Skin NRC (%) Hydrogel NRC (%)

Glycerol -6.4 6.5
Moisturiser -8.4 8.7

Crude Extract (0.05 g/L) - 6.7
Crude Extract (0.84 g/L) - 12.4

Table 6.1: A summary of the NRC results from the studies conducted for this
chapter.

glycerol to skin, it was proposed that THz could be used to judge the stability of

crude extract, or similar products, when applied to skin. Further work could include

the use of hydrogel as artificial skin to predict the photostability of products on real

skin, by applying the product to the hydrogel and taking THz measurements, then

irradiating the hydrogel and finally measuring it again.

6.5 Summary

This chapter explored the use of THz light for the assessment of skin products

on both in vivo skin and hydrogel, as well as the efficacy of hydrogel as artificial

skin in the THz region. The products investigated were glycerol, a commercial

moisturiser and a crude extract taken from Palmaria palmata. The NRC in the

THz processed waveforms for the application of glycerol and moisturiser closely

matched for results on in vivo skin and hydrogel, once the sign difference had been

accounted for. This indicated that hydrogel could be used as artificial skin which

accurately mimics real skin. A concentration of crude extract in glycerol (0.84 g/L)

was found to have a significantly higher hydrating effect on hydrogel when compared

to the commercial moisturiser. The NRC results for this chapter are summarised

in Table 6.1. Furthermore, the photostability of the crude extract was shown to be

very stable when using frequency domain THz results. It was proposed that THz

could be used to assess the photostability of skin products when they had been

applied to skin, or when applied to hydrogel to predict the response on real skin.
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Chapter 7

Summary and Future Work

7.1 Summary of the Thesis

In this thesis, THz imaging and spectroscopy methods are combined with sparse

deconvolution and FRI methods to study skin in vivo. This work also contains a

study of different variables which affect in vivo skin measurements to create a robust

protocol for studies on the skin, and an investigation into using hydrogel as artificial

skin.

In Chapter 1 THz spectroscopy is introduced, including THz light in general,

the equipment involved in THz-TDS and the generation and detection of THz. Fur-

thermore, many applications of THz research are described with a heavy emphasis

on biomedical research. The general wave theory used for this thesis is explained

in Chapter 2, with wave propagation and the basic processing of THz transmis-

sion and reflection geometry measurements being covered. Additionally, the specific

THz-TDS systems used to collect the data presented in this thesis are described.

Chapter 3 presents studies into many factors which affect in vivo THz skin

measurements. Two significant factors, occlusion of the skin by the imaging window

and the pressure between the two, have their mechanisms explained and their effect

on the THz response of skin investigated. Many patient dependent factors were

114



also studied, with my key findings including no significant difference between a

patient’s left and right volar forearms and a significant difference found between

male Caucasian and male Asian subjects. An in vivo skin measurement protocol

is presented, which accounts for the factors presented to ensure accurate results

during such studies. Finally, the NRC is introduced, which helps to account for

patient dependent factors and the natural change of skin over time by, for example,

using one of the patient’s volar forearms as a control for the other.

A FRI method for the low sampling of THz measurements is described in

Chapter 4, including my creation of a sampling kernel to mimic a THz pulse. FRI

has not been applied to experimental THz measurements in published research be-

fore my work. This method is verified with both simulated and simple experimental

results. The low sampling of skin measurements is shown to be accurate, by com-

paring to fully sampled results, and a study on an adhesive dressing applied to

the skin is conducted. This chapter demonstrates that the FRI method presented

produces accurate results for THz in vivo skin studies at very low sampling rates.

Furthermore, in the case of the adhesive dressing study, it was shown to be able to

discern hydration levels beneath the dressing which was linked to the presence of

antiseptic cream.

Chapter 5 uses my reconstruction technique from a THz sparse deconvolu-

tion method to monitor the hydration of skin underneath TDD patches. To verify

the method presented, a comparison of sparse reconstruction results with the patch

applied and standard processing results for immediately after the same patch was

removed is included. Key results of the studies conducted included that the film

backing for the patches was much more occlusive than the woven backed patches,

resulting in a higher hydration of the skin. Additionally, it was found that the

majority of the hydrating effect occurred within the first 30 minutes of patch appli-

cation and persisted for at least 24 hours with the patch remaining applied. This

work demonstrates the potential of THz technology to aid with TDD patch research
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and development.

Finally, Chapter 6 contained our studies investigating skin product testing

using THz measurements on in vivo skin and hydrogel, which was being used as

artificial skin. By comparing measurements of glycerol and moisturiser applied to

hydrogel and in vivo skin the high potential of hydrogel for use as artificial skin is

shown. A crude extract obtained from Palmaria palmata was studied by applying

it to hydrogel, where it demonstrated a higher hydration effect when compared to

a commercial moisturiser. Furthermore, the photostability of the crude extract was

shown to be very stable when observing the frequency domain THz results for before

and after irradiation with a solar simulator.

7.2 Future Work

The key advantage of the THz FRI method is the low sampling rate it enables,

which in turn provides quicker measurement times. This provides the potential

of in vivo imaging of an area of skin, which would be required for the diagnosis

of diseases such as skin cancer. As the skin is effected by occlusion, very fast

measurement times would be necessary for this factor to not significantly effect

the data during the measurement. Therefore, this method could enable rapid THz

image acquisition, especially if it were to be combined with other methods such as

single-pixel imaging [100]. In this work, Stantchev et al. were able to acquire a

32x32 pixel image at a rate of six images per second. By combining this with the

FRI method introduced in this thesis, even faster image acquisition rates could be

obtained.

The effectiveness of the THz sparse reconstruction method at measuring the

hydration of the skin beneath a layer was demonstrated in the TDD patch study

conducted. There are many other cases where monitoring the hydration of skin

through a layer would be highly valuable, such as in the study of moist and wet
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healing methods. Much research has shown the great potential of these healing

methods [117, 118], which usually require some form of layer to be applied to the

skin to create the wet environment. By using the sparse method the hydration level

of the skin during these treatments could better be monitored. As hydration levels

of the damaged skin have been closely linked to wound healing processes [116], this

method could also be employed to monitor how a wound is healing beneath a layer

such as a bandage, without having to remove the bandage.

Both the FRI and sparse deconvolution methods presented in this thesis

heavily rely on the quality of the reference used. This reference should be a single

pulse which closely resembles one reflection of interested from the sample, such as

the patch-skin reflection for the TDD patch study. Therefore, obtaining a better

quality reference could significantly improve the results produced by these methods.

To do this, a reflection measurement using a metal mirror to capture the whole pulse

could be edited using a model in order to closely mimic a reflection from the sample.

Another option to improve the reference would be to find a homogeneous artificial

skin option with a refractive index closely matching skin for the THz region, and

measuring the reference reflection from this.

Hydrogel was effectively used as artificial skin, however there was a mismatch

between the refractive index of the hydrogel and that of real skin. Therefore, an

improvement would be to create a version of this hydrogel with a refractive index

closer to that of skin, thus no further interpretation of the results would be required.

Furthermore, creating hydrogel samples with better hydration retention would allow

for longer studies using this as artificial skin. This hydrogel could also be used

to predict the photostability of products on real skin, such as the crude extract

investigated in this thesis.
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