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Abstract

Diabetic foot syndrome, a long term consequence of diabetes mellitus, is the
most common cause of non-traumatic amputations. Around 8% of the world
population su↵ers diabetes, 15% of diabetic patients present a diabetic foot
ulcer which leads to amputation in 2.5% of the cases. Currently, there is no
objective method for the detection of diabetic foot syndrome in its early stages.
Terahertz radiation is a highly sensitive, non-invasive, non-contact probe of the
water content of materials. Assuming the dehydration of the skin in the feet
of diabetic patients as a central element of their deterioration process, in this
thesis, Moisture MApping by Terahertz (MMAT) is proposed as a technique
for the evaluation of the diabetic foot deterioration as an early diagnostic test.
The image acquisition and data processing of the MMAT technique is presented
together with a first clinical trial and the diagnostic potential analysis for this
technique demonstrating that MMAT is a promising diagnostic technique.

The E↵ective Medium Theory (EMT), commonly used in the terahertz re-
gime for the signal processing in order to quantify water in biological tissue,
is a key element for the skin hydration evaluation of the MMAT technique. A
comparative analysis of three EMT models, namely Maxwell-Garnett, Brugge-
man and Landau-Lifshitz-Looyenga, for the determination of water content in
biological tissues from terahertz spectroscopic measurements is also provided
in this work. Binary controllable mixtures of biological tissues with di↵erent
water content were prepared. Optical properties of the mixtures were obtained
using terahertz time-domain spectroscopy. A quantitative analysis is provided
by calculating the error between experimental and theoretical data determined
by the EMT models, as well as by using least squares adjustments of the experi-
mental data by the three models concluding that the Landau-Lifshitz-Looyenga
and Bruggeman theories are the more suitable for modeling biological tissues in
the terahertz regime.
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Chapter 1

Introduction

Advances in medical imaging as diagnostic technique have helped in the preven-

tion and treatment of many health conditions during the history of mankind,

prolonging the life expectancy of human beings. Timely diagnosing a disease

increases the probabilities to overcome it, helping in the proper treatment for

preventing its consequences. With the first X-ray image in 1895, diagnostic ra-

diology was born as a medical speciality which uses imaging to diagnose or treat

diseases [1], paving the road for the introduction and improvement of imaging

techniques for the visualization of the human body.

Light and most of the radiation within the electromagnetic spectrum have played

an important role on medical imaging techniques for the diagnosis and treatment

of multiple diseases. For instance, radiography, which comprises the broad area

of x-rays, is used not only to visualize bones and organs inside the human body

as diagnostic technique but it is also used for the treatment of many diseases

and types of cancer. Other imaging techniques, as magnetic resonance imaging,

use magnetic fields and radio frequencies to visualize soft tissue contrast. Al-

though non-ionizing, this technique has the disadvantage that the patient has

to hold still for long periods of time in a noisy, cramped space while the ima-

ging is performed. High-frequencies sound waves, known as ultrasound, are also
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used to visualize soft tissue structures in the body. However, the quality of the

images obtained is compromised by the skills of the person performing the test.

Other approaches, as nuclear medicine, involve the administration of radioact-

ive tracers to the patient, and the radiation emitted, e.g. gamma rays, by the

tracer in the body is displayed as an image [1].

Yet and despite all the existing imaging techniques, there are many important

health conditions a↵ecting people in the world which are not properly diagnosed

and treated due to the lack of an objective and quantitative diagnostic test, such

is the case of diabetic foot syndrome. This condition causes ulceration in the

lower limbs of about 15% [2] diabetic patients which leads to amputation in

about 2.5% of diabetics [3]. Early stages of diabetic foot syndrome are either

subjectively or indirectly diagnosed.

The number of application of terahertz radiation in the biological and med-

ical fields has exploded in recent years, owing to its unprecedented sensitivity

to the water content of tissues [4]. In addition, this technique is non-invasive

and entirely harmless to living organisms, given that terahertz photons have

around three orders of magnitude less energy than that needed for ionization,

and that most terahertz time-domain spectroscopy sources operate in the sub-

1µW power regime [5]. Terahertz has been used to detect skin [6], breast [7],

colon [8, 9], and other types of cancer [10], as well as a tool to determine the

severity of skin burns [11,12], which is not always easy to diagnose clinically. In

this thesis, terahertz reflection imaging is proposed as a non-invasive and non-

ionizing technique for the objective and quantitative evaluation of deterioration

in the feet of diabetic patients as an early diagnosis of diabetic foot syndrome.
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1.1 The terahertz band

The terahertz (THz) band refers to the interval of radiation with frequencies

between 300GHz and 10THz (1mm to 30µm, or 1meV to 41meV). Located in

the electromagnetic spectrum in between microwave and infrared radiation, as

illustrated in Figure 1.1, this frequency breach, enclosed by the electronics and

optics limits, was inaccessible due to the lack of devices capable of emitting and

detecting terahertz radiation [13]. From the microwaves side, electric circuits

are not capable of oscillating at frequencies high enough to produce terahertz

radiation [14]. From the other side, given that the photon energy of terahertz

radiation is comparable to the thermal energy at room temperature, conven-

tional photo-detectors either have to be kept at cryogenic temperatures or have

a relatively poor noise performance for the detection of terahertz waves [15].

It was until the 1980s, with the invention of the ultrashort pulsed laser, that

the terahertz band was reachable and the radiation generation and detection

was achieved using photoconductive antennas (PCA) [16, 17]. Later develop-

ments, as terahertz sources and detectors based on optical rectification, led to

the introduction of the Terahertz Time-Domain Spectroscopy (THz-TDS) tech-

nique [18–20]. This technique records the temporal waveform of the terahertz

electric field and, by converting the data to the frequency domain, the amplitude

and spectral phase information of the waveforms are obtained simultaneously.

This allows direct measurements of optical properties of the probed materials.

Terahertz radiation has particular characteristics that allow a wide variety of

applications [21]. Terahertz waves can propagate through a number of dielec-

tric materials - paper, wood, cardboard, plastics, ceramics, clothing - but do

not penetrate liquid water nor metals [13]. Terahertz radiation is non-ionizing

and entirely harmless to living organisms, so it is of interest in biomedical ap-

plications [22, 23].
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Figure 1.1: The electromagnetic spectrum. The terahertz band is located in
between microwaves and infrared radiation. Bands of the spectrum are indicated
from radio frequencies to x-rays as a function of their frequency. Common
sources of radiation are shown for the di↵erent regions of the spectrum.

1.1.1 Terahertz applications

Due to the properties of terahertz radiation, terahertz waves have increasingly

been used to the study of materials and physical processes over the last few years.

The number of applications of the terahertz time-domain spectroscopy technique

is still growing in many di↵erent fields like security, telecommunications, cultural

heritage, biomedical imaging, industry applications and, physical processes, as

molecular dynamics and intraband transitions in semiconductor materials. A

brief description of some of these applications is listed below.

• Molecular dynamics. Compared to radio waves and infrared radiation,

terahertz are very sensitive to some molecule dynamics, particularly to

water collective motions. Some other spectral signatures of organic and

biological molecules in the THz region are associated with large amplitude

vibrational motions and inter-molecular interactions. THz spectroscopy

is capable of analyzing these molecular dynamics and has been applied

to the study of the hydration dynamics of aqueous solutions and to the

quantification of substances as glucose, alcohols and oils [24–29].

• Semiconductor materials. Time resolved studies have been performed

using terahertz time-domain spectroscopy in order to understand the car-

rier dynamics in semiconductor materials. This technique has allowed
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studying quasiparticle formation in photoexcited carriers and monitoring

the temporal evolution of their conductivity with sub-picosecond time res-

olution [30–32].

• Security imaging. Terahertz radiation penetrates into dielectric mater-

ials but metals are highly reflective at terahertz frequencies, furthermore,

several substances, such as aspirin and methamphetamine, have special

fingerprints in the THz frequency region [33, 34]. Therefore, terahertz

radiation has been used for the inspection of sealed packages and the de-

tection of weapons, drugs and explosives [35, 36].

• Communications. The THz frequency band o↵ers a great communica-

tions bandwidth. Although THz waves are strongly absorbed by water va-

por limiting their propagation through the atmosphere, data transmission

in this frequency range has been achieved [37]. THz sources, modulators,

components and devices are being explored for indoor high-speed wireless

communications [38–43].

• Cultural heritage. Wood, ceramics, fabrics and many pigments are

transparent to terahertz radiation. Terahertz time-domain spectroscopy

is a non-destructive technique to analyze the internal structure of di↵erent

artwork pieces. Terahertz waves have been used to retrieve thickness and

depth of painting layers for conservation and restoration purposes [44,45].

• Biomedical imaging. Since THz radiation is non-ionizing it does not

cause biological damage and can be safely used in living tissue [46]. Water

is highly absorptive in the THz region and a fundamental part in biological

systems, hence, conditions related to hydration changes can be studied

with terahertz waves. THz-TDS has been used to monitor hydration and

dehydration dynamics of biological samples [47, 48] and to characterize

living tissue for tumor detection [6, 10, 49], burns evaluation [11, 12] and

dental cavities diagnosis [50, 51].
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1.2 Objectives

The objective of this work is the exploration of medical applications of terahertz

radiation for the diagnosis and evolution of diseases. Particularly, proposing

terahertz imaging as an early diagnosis technique of diabetic foot syndrome.

Furthermore, given that terahertz biomedical applications are often based on

the e↵ective medium theory for the quantification of water content in living tis-

sue, it is of interest performing a comparative study on e↵ective medium theory

models.

In Chapter 2 an introduction to the fundamentals of terahertz time-domain spec-

troscopy is provided for the understanding of the diagnosis technique basis. A

typical terahertz time-domain spectrometer is presented, followed by the de-

scription of terahertz emission and detection by photoconductive antennas. The

terahertz time-domain spectroscopy technique is described for transmission and

reflection geometries together with a description of the terahertz time-domain

imaging technique, all three terahertz time-domain spectroscopy approaches

used to perform the studies presented in this work. Details on the THz systems

employed in this thesis are also provided. The interaction between terahertz

waves and biological tissue is reviewed by the end of the Chapter.

In Chapter 3 an empirical comparison between e↵ective medium theory models

for the dielectric response of biological tissue at terahertz frequencies is de-

veloped in order to determine the most suitable theory for modeling biological

tissues in the terahertz range. An introduction to the e↵ective medium the-

ory is given together with the description of the three most employed e↵ective

medium models in the terahertz regime. The terahertz spectroscopic meas-

urements performed on water-basil binary mixtures and the analysis of their

dielectric function with the e↵ective medium theory models are presented. The

biological relevance of the models in the context of our experimental data based

on their fundamental assumptions is further discussed.

In Chapter 4, the Moisture MApping by Terahertz (MMAT) technique is pro-

posed for the evaluation of the diabetic foot deterioration as an early diagnosis
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test and ulcer prevention tool. An introduction on diabetes mellitus, diabetic

foot syndrome and the existing diagnosis tests is provided followed by a brief

description of a proof-of-concept study using terahertz imaging as a potential

diagnostic technique for the diabetic foot syndrome. The MMAT scanner, the

data acquisition and the imaging processing for the water content retrieval are

described.

In Chapter 5 RYG-color-coded images are proposed for the easy identification

of foot sole areas in risk of ulceration. The data processing for the RYG-images

construction is described and a pixel statistical analysis is provided.

Finally, a clinical trial of the MMAT technique is presented in Chapter 6 to ex-

plore the potential of the proposed diagnostic test. A normality study between

diabetic and non-diabetic subjects is provided together with a study for the

classification of diabetic patients according to the complications related to the

diabetic foot syndrome. The statistical analysis for the proposed technique as

a diagnostic test is performed. To conclude this thesis, in Chapter 7 the results

and conclusions of the studies presented are summarized.
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Chapter 2

Terahertz time-domain

spectroscopy (THz-TDS)

The possibility of generating and detecting terahertz radiation, together with

improvements in ultrashort pulsed lasers, and advances in semiconductor ma-

terials and electro-optic cyrstal growth, led to the development of the terahertz

time-domain spectroscopy (THz-TDS) technique [19,52–58]. Whilst most spec-

troscopic techniques are based on recording the intensity of radiation transmit-

ted through a sample as a function of the frequency or wavelength, THz-TDS

records the electric field transmitted through the sample. This converts THz-

TDS into a phase sensitive technique, allowing the direct measurement of the

complex dielectric properties of materials [59, 60].
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2.1 THz-TDS system

Spectroscopic studies with the THz-TDS technique are performed using a time-

domain spectrometer. The THz-TDS spectrometer consists of an ultrashort

pulsed laser, a delay line, a terahertz emitter, a terahertz detector, and a set

of optical components to drive the radiation along the system. A schematic

diagram of a time-domain spectrometer is shown in Figure 2.1.

Figure 2.1: Diagram of a terahertz time-domain spectrometer in transmission
geometry. The ultrashort pulse is divided by a beam splitter. One part is
guided by a mirror to the transmitter for the terahertz generation, the other
part is guided by a set of mirrors through the delay line and subsequently to
the receiver for the terahertz detection.

The near-infrared laser provides ultrashort pulses, each cycle of radiation is

divided into two optical pulses by a beam splitter. One of the pulses is driven

to the THz emitter, the generated THz radiation is collected, collimated, and

then focused onto a sample by a pair of lenses. A second pair of lenses are used

to collect the radiation after interacting with the sample and to refocus it onto

the detector. The beam path of the second optical pulse is varied by a delay line

for the detection of the THz radiation coming from the sample. The emission

and detection processes are further described in the next paragraph.
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2.1.1 Emission and detection of terahertz radiation

The emission and detection of terahertz radiation can be performed by many

di↵erent methods as photoconductive antennas (PCA) for photomixing, and

electrooptic (EO) crystals for optical rectification and phase matching [13,16,18].

The terahertz systems used for the development of the studies presented in this

thesis use photoconductive antennas for the emission and detection of terahertz

radiation.

Terahertz generation by PCA

A photoconductive emitter consists of a pair of metallic electrodes on top of a

semiconductor substrate [17,61]. An external biasing voltage is applied between

the electrodes. For the terahertz emission, an ultrashort laser pulse incides on

the gap between the electrodes, generating photocarriers. These electron-hole

pairs are accelerated by the external electric field giving rise to an electro-

magnetic transient that will be radiated with frequency components around

1.0THz [62]. The emission process is graphically represented in Figure 2.2.

Figure 2.2: Terahertz generation by a photoconductive antenna. The optical
pulse incides on the semiconductor substrate creating electron-hole pairs, the
voltage applied to the antenna accelerates the charge carriers emitting terahertz
radiation. An hyperemispheric lens is used to collimate the radiation generated.

10



Terahertz detection by PCA

Analogous to a photoconductive emitter, a photoconductive receiver consists of

a pair of metallic electrodes deposited on a semiconducting material. For the

terahertz detection, ultrashort laser pulses synchronised with THz transients are

focused with constant relative delay on the gap between the electrodes. The laser

pulse generates photocarriers which are accelerated from that instant following

the action of the THz electric field. This charge acceleration produces a current

between the two electrodes. Finally, since the optical pulses are approximately

a hundred times shorter than the THz pulse, the photocurrent between the

electrodes would be proportional to the integral of the electric field for each

value of the relative delay given by [62]

J(t) =

Z
+1

�1
ETHz(t

0)�(t� t0)dt0, (2.1)

where J(t) is the photocurrent, ETHz is the THz electric field, t is the relative

time delay between pulses and � is the conductivity of the antenna induced

by the ultrashort pulse. A graphical representation of the terahertz detection

process can be observed in Figure 2.3.

Figure 2.3: Terahertz detection by a photoconductive antenna. Optical pulses,
delayed in time, incide on the semiconductor substrate creating electron-hole
pairs, the charge carriers are accelerated by the terahertz pulse generating a
measurable photocurrent. An hyperemispheric lens is used to focus the terahertz
radiation onto the substrate.
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2.2 THz-TDS technique

In order to perform spectroscopic studies with the THz-TDS technique, an elec-

tric field is recorded as function of time using a time-domain system. Sub-

sequently, the recorded data is processed to retrieve the optical properties of

the material under study. Terahertz time-domain systems can be configured in

either transmission or reflection geometry as shown in Figure 2.4.

Figure 2.4: Terahertz time-domain system in transmission (a) and reflection
geometry, (b) and (c) . Terahertz radiation is collected from the transmitter
(Tx) and focused onto the sample. The radiation transmitted or reflected is
collected from the sample and focused onto the receiver (Rx).

In transmission geometry, the transmitter and receiver are facing each other

with four lenses forming a single optical axis that collects the terahertz radiation

from the transmitter, focuses it onto the sample, collects the transmission and

focuses it again onto the receiver, Fig. 2.4 (a). In reflection geometry, the trans-

mitter and receiver can either be placed facing two optical axes a certain angle

from each other, Fig.2.4 (b) or orthogonally aligned with a beam splitter and

a lens to form a normal incidence system Fig.2.4 (c). The optical components

collect and focus the terahertz radiation from the transmitter onto the sample

and then, collect and focus the reflected radiation onto the receiver.

The analysis of the recorded electric field depends on the THz radiation propaga-

tion throughout the emitter-sample-detector optical path. In the following, the

THz-TDS technique to extract the optical properties of materials is described

for transmission and reflection geometries.
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Transmission

The optical properties of a material can be investigated by studying the tera-

hertz radiation transmitted through the sample. At first, a reference electric

field Eref(t) is recorded in the absence of sample. Subsequently, the sample is

located in the optical path and an electric field Esam(t) is recorded too. The

reference and sample electric fields would be shifted in time with respect to

each other as a result of the delay caused by the refractive index of the sample.

Furthermore, the electric field transmitted through the sample Esam(t) would

be smaller in size and di↵erent in shape. The di↵erence in size is caused by the

Fresnel reflection at the faces of the sample and by the absorption throughout

the sample. The shape di↵erence could be attributed to dispersion and non-

uniform absorption as a function of frequency.

Both electric fields Eref(t) and Esam(t) are Fourier transformed in order to ob-

tain the spectral amplitude and phase as function of frequency. Let Ẽref(!) =

Eref(!)ei�ref (!) and Ẽsam(!) = Eref(!)ei�sam(!) denote the corresponding Fourier

transforms. The complex transmission through the sample T̃ is given by

T̃ (!) =
Ẽsam(!)

Ẽref(!)
=

Esam(!)
Eref(!)

ei(�sam(!)��ref (!)). (2.2)

The transmission can also be written in terms of the complex refractive index

of the sample ñ = n + i, and the Fresnel transmission t12 = 2/(ñ + 1) and

t21 = 2ñ/(ñ+ 1) at the surfaces of the sample as

T̃ (!) = t12(!)t21(!)e
i!d

c (ñ(!)�1)FP (!), (2.3)

where d is the thickness of the sample, and FP (!) is the Fabry-Perot term that

includes multiple internal reflections of the THz pulse in the sample given by

FP (!) =
1X

k=0


� (ñ(!)� 1)2

(ñ(!) + 1)2
ei(2ñ(!)!d)/c

�k
. (2.4)
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For thick samples, compared to the wavelength, it is possible to avoid the pres-

ence of internal reflections in the time domain electric field data, hence FP (!)

is neglected and by combining Eq. 2.2 and Eq. 2.3 the refractive index can be

extracted analytically as

n(!) = 1 +
c(�sam(!)� �ref(!))

!d
, (2.5)

(!) = � c

2!d
ln


1

t12(!)t21(!)

Esam(!)
Eref(!)

�
, (2.6)

In case of thin samples the refractive index can be extracted by solving Eq. 2.3

numerically [59, 63,64].

The process of the THz-TDS technique, from recording the terahertz signal to

extracting the complex refractive index of the material, is graphically represen-

ted in Figure 2.5. The transmitted electric field is recorded, Fourier transformed

to obtain the spectral information to finally extract the complex refractive index

of the sample.

Figure 2.5: Graphic representation of the method for extracting the complex
refractive index, ñ = n + i. (a) The electric field is recorded, (b) Fourier
transformed to obtain the spectral amplitude and phase to finally determine
the (c) refractive index, n, and extinction coe�cient of the sample, .
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Reflection

The THz-TDS technique in reflection geometry is useful when the materials

to be investigated are highly absorptive or the samples are thick enough for

terahertz transmission. In reflection configuration, the reference electric field

Eref(t) can be recorded by placing a reflector, for instance a metal mirror, in the

measurement plane. Subsequently, the metal mirror is replaced by the sample

and an electric field Esam(t) is recorded again. The electric fields Eref(t) and

Esam(t) are Fourier transformed in order to obtain the spectral amplitude and

phase as function of frequency. Being Ẽref(!) and Ẽsam(!) the corresponding

Fourier transforms, the complex reflectivity of the sample R̃ is given by

R̃(!) =
Ẽsam(!)

Ẽref(!)
. (2.7)

The reflectivity can also be written in terms of the Fresnel reflection rsam at the

surface of the sample as

R̃(!) =
Ẽin(!)rsam

Ẽin(!)
= rsam, (2.8)

where Ẽin is the incident electric field, and rsam is given by the complex refractive

index of the sample ñsam = n + i and the angle of incidence � as

rsam =

p
1� sin2��

p
ñ2
sam

� sin2�p
1� sin2�+

p
ñ2
sam

� sin2�
, (2.9)

The complex refractive index of the material can then be extracted by using

Eq. 2.7 and numerically solving Eqs. 2.8 and 2.9.

It is important to notice that this approach is very sensitive to the precise

placement of the reference with respect to the sample surface. Any slight dis-

placement between the reference and sample measurement planes might lead

into errors in the calculation of the materials’ optical parameters. Additionally,

some compensation in the analysis is required [65].
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Figure 2.6: THz-TDS in self-reference reflection geometry. (a) The sample is
placed in contact with a thick window. (b) The recorded signal consists of
two pulses, the first one reflected at the air-window interface, the second from
the window-sample reflection. The separation in time between the pulses is
proportional to the thickness of the measurement window.

A di↵erent approach to eliminate the need to replace the sample with a metal

mirror is placing the sample in contact with a thick transparent measurement

window, such as silicon, quartz or high-density polyethylene (HDPE) [66]. In

this method, known as self-reference reflection THz time-domain spectroscopy,

the reflected waveform as a function of time consists of both the reference and the

sample pulses separated in time. The reference pulse is given by the reflection

at the air-window interface and the sample pulse results as the reflection in the

window-sample interface. The geometry of this method and the corresponding

recorded signal is shown in Figure 2.6.

The optical properties of the sample can be described by studying the terahertz

radiation reflected by the sample. The complex reflectivity of the sample R̃ is

given by

R̃(!) =
Ẽsam(!)

Ẽref(!)
. (2.10)

The reflectivity can also be described in terms of the Fresnel transmission and

reflection at the interfaces. As illustrated in Figure 2.7, an incoming terahertz

pulse Ein incides onto the measurement window, a part of the pulse is reflected

at the first surface and is given by

Eref = Einr12. (2.11)
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Figure 2.7: Ray schematic of the terahertz radiation path in THz-TDS self-
referenced reflection geometry. The input THz signal splits into a reference and
a sample signal. The output signals are described by the input THz signal, and
the transmission and reflection at the interfaces.

The transmitted part propagates through the window and reaches the window-

sample interface, in which the pulse is partly reflected; that reflection propagates

again through the window, and part of it is transmitted at the interface and

given by

Esam = Eint12r23t21exp(2in2!d/c). (2.12)

The electric pulses Eref and Esam are Fourier transformed in order to obtain

the spectral amplitude and phase as function of frequency and the complex

reflectivity of the sample is given by

R̃sam(!) =
Ẽsam(!)

Ẽref(!)
=

t12r23t21
r12

exp(2in2!d/c), (2.13)

where tij and rij are the Fresnel transmission and reflection coe�cients at the

interface between i-th and j-th material, and d is the thickness of the measure-

ment window.

From the beam propagation we can see that in this self-reference approach,

the sample pulse is slightly displaced with respect to the reference pulse. To

compensate this misalignment, an empirical calibration factor is considered in

the modeled reflectivity [26]. Introducing this frequency-dependent calibration
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factor, Acal(!)�cal(!), to the sample signal, the complex reflectivity would be

R̃sam(!) =
Ẽsam(!)

Ẽref(!)
=

t12r23,samt21
r12

Acalexp(i�cal)exp(2in2!d/c), (2.14)

where the calibration factor is determined by measuring air in contact with the

window on both sides and given by

Acalexp(i�cal) =
Ẽair(!)

Ẽref(!)

r12
t12r23,airt21

exp(�2in2!d/c). (2.15)

Inserting Eq. 2.15 into Eq. 2.14, the expression for the sample’s reflectivity would

be

R̃sam(!) =
r23,sam
r23,air

Ẽair(!)

Ẽref(!)
, (2.16)

where the Fresnel reflection coe�cients are given by

r23,air =

p
n2
2
� sin2��

p
1� sin2�p

n2
2
� sin2�+

p
1� sin2�

(2.17)

and

r23,sam =

p
n2
2
� sin2��

p
ñ2
3
� sin2�p

n2
2
� sin2�+

p
ñ2
3
� sin2�

, (2.18)

n2 is the refractive index of the window material and � the angle of incidence,

which in practice are known. Inserting these reflection coe�cients into Eq. 2.16,

results in an expression relating the ratio of the sample and reference signals

and the complex refraction index of the sample. Then, the sample complex

refractive index can be found by solving Eq. 2.16 with respect to ñ3 [64, 67].

Finally, the complex refractive index is related to the dielectric function of the

material through the relation "̃ = "0 + i"00 = ñ2 = (n + i)2
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2.3 Terahertz time-domain imaging (THz-TDI)

As part of the terahertz science evolution, new technologies have emerged to

further explore this radiation band and its variety of applications. A relatively

new technique, based on terahertz time-domain spectroscopy, is terahertz time-

domain imaging (THz-TDI) or T-ray imaging. THz-TDI is an imaging technique

that maps the interaction between terahertz waves and matter [68–71].

Taking advantage of using both amplitude and phase information contained in

THz waveforms, a plethora of applications have been already investigated with

THz-TDI. Since THz radiation penetrates deep into dielectric and nonmetallic

materials, T-ray imaging devices have been used in security imaging for the

nondestructive inspection of sealed packages [36] and, because of the spectral

fingerprints that several substances have in the THz frequency region, for the

detection and identification of weapons, explosives, and chemical and biolo-

gical agents hidden underneath covering materials [34, 35]. Tomographic T-ray

imaging, in which waveforms reflected from an object can be used to form a

three-dimensional representation, has also been explored for moisture mapping

in leaves [68,72], archaeological and ancient artifacts investigations [73], mater-

ials, buildings, and architectural art inspections [74–77], and for food [78–80]

and pharmaceutical [81–83] industry applications. Cultural heritage has also

been broadly studied using THz-TDI. THz images have been performed on art

paintings [45, 84–87], medieval manuscripts [88], mummies [89, 90] and even on

immovable cultural heritage objects [91] for the investigation of paint layers and

coatings, sub-surface air gaps, delaminations, and the detection and quantifica-

tion of pigments.

One of the most promising areas for terahertz imaging technologies is the med-

ical field. The big advantage of THz applications in medicine is that tera-

hertz radiation is non-ionizing and T-ray imaging devices are contactless and

non-invasive. Therefore, a medical imaging device based on THz radiation is

entirely harmless to the human body. Because water is highly absorptive in

the THz region, conditions related to the hydration of biological tissue can be
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widely investigated by terahertz imaging. THz-TDI has been applied to spot-

ting cancer tissues [6,9,10], characterizing burn injuries [11,12], studying dental

tissue [50,51,92] and, visualizing moisturizer and pressure e↵ects on skin [93,94].

A terahertz imaging system is basically composed by a THz-TDS system and

a moving platform for raster-scanning of a target at the focal plane. This tech-

nique can be configured, depending on the sample to be investigated, either in

transmission or reflection geometry, as seen in Figure 2.8.

Figure 2.8: Terahertz time-domain imaging in (a) transmission and (b) reflection
geometry. Terahertz radiation is collected from the transmitter (Tx) and focused
onto the sample. The radiation transmitted or reflected is collected from the
sample and focused onto the receiver (Rx). A moving platform is used for
raster-scanning the target at the focal plane.

The terahertz imaging technique provides 3D datasets from which spectro-

scopic information, depth profiles and cross-sectional images of an object can

be obtained. Time-domain data provide the possibility of recovering informa-

tion about the layers, such as thickness, that constitute an object by analyzing

the time of flight of the incoming terahertz radiation. In the frequency-domain,

T-ray images o↵er the possibility of identifying materials with particular absorp-

tion characteristics in the terahertz band within the imaged objects. THz-TDI

data are analyzed depending on the information of interest and the geometry

used. In this thesis, a technique based on THz-TDI for the study of the deteri-

oration in the feet skin of diabetic patients is proposed. The technique, set up

as well as the data processing are described in Chapter 4.
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2.4 Terahertz radiation and biological tissue

The interaction between an electromagnetic wave and a material medium can

be described by the optical properties of the material. In order to conduct

medical and biological applications with terahertz radiation, it is important to

understand the interaction between terahertz waves and biological tissue.

Biological tissue at terahertz frequencies has broadly been studied [4,95]. Hu et

al. [68], with the first terahertz image of a fresh leaf, showed that the attenu-

ation of terahertz radiation throughout a biological tissue largely depends on the

water within the tissue. Jördens et al. [96] presented a model of plant leaves to

describe their permittivity at terahertz frequencies. Fitzgerald et al. [97] meas-

ured the terahertz optical properties of freshly excised human tissue samples

of skin, adipose tissue, muscle, artery, vein, and nerve finding significant di↵er-

ences in the refractive index and attenuation coe�cient values of the samples.

Later, E. Pickwell et al. [98] and Gerald J. Wilmink et al. [99] measured the

complex refractive index of human skin at low terahertz frequencies (0.2 to

1.2THz). In vivo terahertz measurements were performed on the palm, the

ventral and dorsal forearm, demonstrating that both the refractive index and

the absorption coe�cient vary considerably with the water content in the skin.

Hernandez-Cardoso et al. [100] described the dielectric properties of human

skin at terahertz frequencies. Considering human skin as a mixture of water

and dehydrated skin, the dielectric properties of dehydrated skin at terahertz

frequencies were determined performing terahertz time-domain spectroscopy on

dehydrated human skin, and then, the optical properties of human skin for dif-

ferent hydration levels were calculated.

An important factor to take into consideration when studying living beings

with electromagnetic waves is the e↵ects of the radiation on biological tissue.

The energy of a photon at 1THz is equal to 6.6x10�22 J or 4.1meV. The ne-

cessary energy for ionizing an atom is a thousand times larger. Therefore, THz
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radiation is non-ionizing radiation, it does not cause biological damage [22].

Furthermore, given the low energy of THz radiation (0.4 - 40meV), the e↵ects

of THz in tissue are limited to thermal e↵ects [23], which due to the powers

typically used (1µm) are completely harmless.

With regard to the optical properties of biological tissue at terahertz frequencies,

given that water is a major ingredient in biological tissue and its complex dielec-

tric properties at terahertz frequencies are well known [101], hydrated biological

tissue can be seen as the combination of dehydrated tissue and water so the op-

tical properties of the composite system can be described by e↵ective medium

theory. The e↵ective medium theory is often used to determine the dielectric

function of a medium composed by two or more components, provided that the

dielectric function of the components is known, as well as the volumetric frac-

tion they occupy in the medium and, the inclusions in the medium are smaller

than the radiation wavelength so the scattering e↵ect can be neglected [102].

Depending on the assumptions about the components of the composite system

there are di↵erent e↵ective medium theory models. Some models are construc-

ted assuming small, spherical particles embedded in a material with relatively

small dielectric function contrast; others allow a great contrast between the

dielectric function of the components but are also restricted to spherical inclu-

sions and some more are made for mediums with irregularly shaped particles

but require that the components’ dielectric functions do not di↵er much from

each other. A further description of the e↵ective medium theory together with

an empirical comparison of some models for the dielectric response of biological

tissue at terahertz frequencies is provided in the next Chapter.
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Chapter 3

E↵ective Medium Theory

In order to describe and predict the optical properties of a medium consisting of

di↵erent components (e.g. guest particles embedded in a host), the individual

optical properties of the parts involved and their structural geometry should be

considered. These host-guest systems can be considered as optically homogen-

eous e↵ective medium materials, as graphically described in Figure 3.1. The

e↵ective medium theory (EMT) takes such an assumption to replace the in-

homogeneous composite by a homogeneous material with an e↵ective dielectric

function.

Figure 3.1: Graphic representation of the e↵ective medium theory. A host-guest
system can be assumed as an homogeneous medium with e↵ective dielectric
properties, "e↵ , given by the combination of the host’s (h) and guest particles’
(p) dielectric properties, "h and "p.
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3.1 E↵ective medium theory (EMT) models

EMT models provide an analytical approach to calculate the macroscopic com-

plex dielectric properties of materials by employing the dielectric properties of

their constituents and their volume fractions [102]. The models based on the ef-

fective medium theory provide analytical expressions for the optical properties of

the complex systems making some assumptions. Since there is a range of e↵ect-

ive medium models that, in general di↵er, a particular one has to be chosen in or-

der to analyze a given system. The frequently used models based on the e↵ective

medium theory in order to analyze a composite system at terahertz frequencies

are Maxwell-Garnett, Bruggeman, and Landau-Lifshitz-Looyenga [103–105].

Maxwell-Garnett

The Maxwell-Garnett (MG) is a traditional model based on EMT that estimates

the aggregate dielectric function of the complex system as

"e↵ = "h
2Xp ("p � "h) + ("p + 2"h)

(2"h + "p) + Xp ("h � "p)
, (3.1)

where "h is the dielectric function of the host material, "p is that of the guest

particles, and Xp is the guest’s volume fraction [106]. It is to be noted that

this formulation is asymmetric in such a way that if the host and guest ma-

terials are exchanged the e↵ective dielectric function "e↵ would be di↵erent.

The asymmetry enhances when the di↵erence in the dielectric functions of the

constituents is large [106]. In addition, as the volumetric fraction of the inclu-

sions increases, the assumptions are violated as the e↵ective dielectric function

changes. Therefore, this model is only valid for low solute concentrations [105].
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Bruggeman

The Bruggeman (BM) model is an improved version of MG model [106], and

consists of a two-component homogeneous system for the e↵ective dielectric

function "e↵ given by

"e↵ =
1

4

✓
� +

q
�2 + 8"h"p

◆
, (3.2)

where

� = (3Xh � 1) "h + (3Xp � 1) "p,

with Xh, "h and Xp, "p volumetric fractions and dielectric functions of the

individual components, and Xh + Xp = 1. The BM theory is also based on

spherical approximation for the guest (solute) but, in contrast to MG model,

it is symmetric [106] and allows a large contrast of the components dielectric

function for the complex system [105].

Landau-Lifshitz-Looyenga

The Landau-Lifshitz-Looyenga (LLL) model assumes a medium composed by a

host and a guest. The LLL equation is given by [107]

3
p
"e↵ = Xh

3
p
"h +Xp

3
p
"p (3.3)

where Xh(p) and "h(p) denote the volumetric fraction and the complex dielectric

function of the host and guest, respectively, and Xh +Xp = 1.

Unlike the models described above, this theory allows arbitrarily shaped particles

[108] but, it is, in principle, inappropriate to describe the optical properties of

a system in which its components have large dielectric contrast [104].
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3.2 Empirical comparison between EMT models

In the terahertz regime, particularly in medical and biological applications,

EMT has been used for the quantification of water content in biological tis-

sues [46, 47, 96, 100, 109–112]. However, owing to the di↵erences in conditions,

it is not clear which of the models is most appropriate, since it must be taken

into account that the biological tissue is composed, to a large extent, of water

whose dielectric function is much greater than that of any other component of

the tissue; in addition, for biological tissues it is hard to define the size or shape

of an inclusion, since biological tissues present mesoscopic (pores, vasculature,

etc.) and microscopic (cells, membranes, etc.) structure and water is distrib-

uted in between this plethora of structural features.

A comparative analysis of the Maxwell-Garnett, Bruggeman and Landau-Lifshitz-

Looyenga models, for the determination of water content in biological tissues

from terahertz spectroscopic measurements is provided in the following. A mix-

ture of Ocimum basilicum (basil) tissue and water was considered as a model

system with terahertz dielectric properties similar to a range of soft biological

tissues. The dielectric function of dehydrated basil at terahertz frequencies

was determined using THz-TDS. Subsequently, binary mixtures of dehydrated

and ground basil and water were prepared throughout the host/guest volumet-

ric fraction range (0.0 - 1.0). Terahertz time-domain spectroscopic measure-

ments were performed and the dielectric function of the mixtures was obtained.

Moreover, the water content on the mixtures was calculated. A quantitative

analysis is provided by calculating the error between experimental and theoret-

ical data.
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Determination of dielectric function of dehydrated basil

Basil leaves were dehydrated and ground to powder. The basil powder was

used to form five pellets under a pressure of 4MPa resulting in thicknesses

between 1.04mm and 1.79mm. With terahertz time-domain spectroscopy, the

transmittance of the basil pellet was measured in a nitrogen environment, in

order to avoid the water vapor contribution. The data were processed to obtain

the dielectric function as described in Chapter 2, Section 2.2. The (a) real and

(b) imaginary parts of the complex dielectric function are shown in Figure 3.2.

Figure 3.2: Complex dielectric function of dehydrated basil. Dehydrated basil
pellets were measured in a nitrogen environment. Second-order polynomials
were fitted to the data obtained from five di↵erent pellets. The error bars
represent the standard deviation of the five measurements. Figure reprinted
with permission from [113] c� The Optical Society.

Second order polynomials were fitted to both parts of the complex dielectric

function. The dielectric function of the dehydrated basil can then be approx-

imated by

"R = �0.15THz�2f2 + 0.16THz�1f + 3.16 (3.4)

and

"I = �0.01THz�2f2 + 0.17THz�1f + 0.03 (3.5)

where f is the frequency in THz.
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Complex dielectric function of water

For terahertz frequencies, the optical properties of water have been broadly

studied. The double Debye model describes the interaction between terahertz

radiation and water molecules by a complex dielectric function estimated as

"(!) = "1 +
"0 � "1
1 + i!⌧1

+
"1 � "1
1 + i!⌧2

(3.6)

where ⌧1 and ⌧2 refer to relaxation times, "1 is the high-frequency permittiv-

ity, "0 the static permittivity and "1 the dielectric constant that describes the

transition state between both relaxation processes. These parameters were de-

termined and complemented with two Lorentzian terms by Hans J. Liebe et

al. [101] as a model of the complex permittivity of water at THz frequencies.

In order to theoretically compare the EMT models, the calculated basil dielec-

tric function, and the water dielectric function given by the double Debye model

were used to determine the dielectric function of the water-basil medium for dif-

ferent hydration degrees as shown in Figure 3.3.

Figure 3.3: (a) Real and (b) imaginary part of the complex dielectric function
of water-basil mixture for various hydration degrees given by MG (black dashed
lines), BM (red dashed-dotted lines), and LLL (blue solid lines) models in the
frequency range from 0.3THz to 1.0THz. Figure reprinted with permission
from [113] c� The Optical Society.
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Water-basil mixture preparation

In order to compare the EMT models with experimental data, binary mixtures

of water and dehydrated basil powder were prepared by encompassing the en-

tire concentration range. A basil powder was prepared by dehydrating leaves

collected from living plants, and grinding them with a mortar and pestle into a

fine powder. The hydrated samples were prepared by mixing a known weight of

powder with a known volume of water taking into consideration the respective

densities. The mass fractions were calculated from volumetric fraction of water

by [110]

Ww =
Xw⇢w

Xw⇢w +Xs⇢s
, (3.7)

where

Xw = WwMt (3.8)

and

Xs = (1�Ww)Mt (3.9)

⇢w = 997 kg/m3 is the density of water and ⇢s = 1099.89 kg/m3 is the density

of the dehydrated basil, Wi denotes the mass fraction, Xi the volumetric frac-

tion, ⇢i the density, Mi the mass of the component and Mt the total mass of

the mixture. The su�xes w and s correspond to water and solid/dry tissue,

respectively.

Determination of complex dielectric function of water-dry

tissue mixtures

Measurements were made with THz-TDS in order to obtain the mixtures com-

plex dielectric function. A API TeraGauge THz-TDS was used in reflection

geometry with normal incidence. The mixtures were placed onto a high density

polyethilene (HDPE) window in a kinematic optical mount. A reference electric

field Eref(t) was recorded in the absence of sample. Subsequently the sample was

placed and the reflected electric field Esam(t) was recorded again. In reflection
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geometry, the recorded signals are composed of two pulses, the first E1 comes

from the reflection in the air-window interface, while the second E2 corresponds

to the reflection from window-sample interface. Then, the complex refractive

index was obtained as described in Chapter 2, Section 2.2. For normal incidence,

the expressions to determine the complex refractive index are reduced to

ñsam =
nwin(1� rsam)

1 + rsam
, (3.10)

whit

rsam =
Rsam

Rref

rair, (3.11)

nwin is the refractive index of the HDPE window,

rair =
nwin � 1

nwin + 1
, (3.12)

and Rsam(ref) is given by the ratio of Ẽ2,sam(ref)(!) and Ẽ1,sam(ref)(!) which

are the Fourier transforms of the electric pulses obtained from the sample and

reference as explained above. The theoretical dielectric function corresponding

to each sample concentration was determined by the MG, BM and LLL models.

Complex dielectric function vs. water volumetric fraction

The theoretical dielectric function was obtained as a function of the water volu-

metric fraction for each of the EMT models under consideration. In the Fig-

ure 3.4, these curves are shown as solid black, red and blue lines corresponding

to MG, BM and LLL theories, respectively. The grey dots represent the experi-

mental dielectric functions of the mixtures. In this single-frequency comparison

at 0.4THz is possible to see that BM and LLL models approximate the ex-

perimental data marginally better for most concentrations, which is consistent

with the di↵erences in the dielectric functions resulting from the three models

in Fig. 3.3, being BM and LLL closer to each other than MG. Yet, although

the experimental dielectric function shown in Fig. 3.4 coincides reasonably well

with the theoretical curves, they overlap each other, making it di�cult to define
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Figure 3.4: (a) Real and (b) imaginary part of the dielectric function of the
water-basil mixture as a function of the water volumetric fraction at 0.4THz.
The solid lines in black, red, and blue show the mixture’s theoretical dielectric
function given by the MG, BM and LLL models, respectively. The grey dots
represent the experimental data. Figure reprinted with permission from [113]
c� The Optical Society.

which of the models fits better the experimental data. Therefore, in order to

quantitatively evaluate the three EMT models, the deviation between the ex-

perimental and theoretical dielectric function at 0.4THz was obtained. The

real and imaginary dielectric function values are summarized in Table 3.1 and

Table 3.2, respectively, together with the corresponding deviations.

Transfer function for reflection measurements and fitting

of theoretical models

The quantification of water in the water-basil mixtures was performed via curve

fitting to the transfer function, which describes the response of the sample to

the terahertz signal. From the response of the sample, the experimental transfer

function Hexp can be obtained as

Hexp =

�����
Ẽ2,sam

Ẽ1,sam

�����. (3.13)

The corresponding theoretical transfer function can be calculated as

Htheo =
rmix

rair
|Hair| , (3.14)
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Xw Exp. MG � BM � LLL �
0.0 3.24 3.20 0.04 3.20 0.04 3.20 0.04
0.1 3.60 3.38 0.22 3.43 0.17 3.41 0.19
0.2 3.64 3.57 0.07 3.65 0.01 3.62 0.02
0.3 3.83 3.76 0.07 3.85 0.02 3.83 0.00
0.4 4.02 3.94 0.08 4.04 0.02 4.03 0.01
0.5 4.19 4.13 0.06 4.21 0.02 4.22 0.03
0.6 4.39 4.32 0.07 4.38 0.01 4.40 0.01
0.7 4.49 4.50 0.01 4.54 0.05 4.57 0.08
0.8 4.70 4.67 0.03 4.70 0.00 4.73 0.03
0.9 4.90 4.85 0.05 4.85 0.05 4.88 0.02
1.0 5.04 5.01 0.03 5.01 0.03 5.01 0.03

Average 0.07 0.04 0.04

Table 3.1: Real part of the water-basil complex dielectric function resulting
from the experimental measurements and the EMT models at 0.4THz. The
corresponding deviations are shown for the mixtures, as well as the average per
model.

where rair is given by Eq. 3.12, Hair is calculated using Eq. 3.13 in the absence

of sample [26], and rmix is the refraction coe�cient from the sample given by

rmix =
nwin �

p
"mix(Xw)

nwin +
p
"mix(Xw)

. (3.15)

"mix is calculated for each of the EMT models for the volumetric fraction Xw

that water occupies in the mixture. Least square method was used to fit Htheo

to Hexp in order to obtain the optimal value for Xw.

Theoretical curves of the transfer function for each EMT model were obtained,

as well as the experimental transfer function for all the measured mixtures.

In Figure 3.5 we can appreciate the experimental data as grey points and the

theoretical curves as solid black, red and blue lines for the MG, BM and LLL

models, respectively. The data is presented only on the 0.3THz to 0.4THz band

since this is the part of the spectrum in which our TDS system has the best

signal to noise performance.

From the comparison of the three models and the experimental data across

the spectral band from 0.3THz to 0.4THz presented in Fig. 3.5 it is noticeable

that the di↵erences among the three models and, also, the experimental data
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Xw Exp. MG � BM � LLL �
0.0 0.37 0.10 0.27 0.10 0.28 0.10 0.28
0.1 0.43 0.41 0.02 0.37 0.06 0.38 0.04
0.2 0.70 0.75 0.05 0.68 0.02 0.70 0.01
0.3 1.05 1.10 0.05 1.03 0.02 1.04 0.01
0.4 1.43 1.47 0.04 1.40 0.03 1.41 0.02
0.5 1.79 1.87 0.08 1.80 0.02 1.80 0.02
0.6 2.22 2.28 0.06 2.23 0.01 2.23 0.00
0.7 2.71 2.73 0.02 2.69 0.02 2.68 0.03
0.8 3.15 3.19 0.04 3.17 0.02 3.16 0.01
0.9 3.63 3.69 0.06 3.68 0.05 3.67 0.04
1.0 4.34 4.21 0.13 4.21 0.13 4.21 0.13

Average 0.08 0.06 0.05

Table 3.2: Imaginary part of the water-basil complex dielectric function resulting
from the experimental measurements and the EMT models at 0.4THz. The
corresponding deviations are shown for the mixtures, as well as the average per
model.

are small. The measured transfer function shows some oscillations around the

theoretical curves, most likely caused by spurious reflections in the spectroscopy

setup that introduce Fabry-Perot spectral oscillations.

Quantification of water in biological tissue: the inverse problem

In order to obtain the hydration degree of a biological medium from the THz

measurements, a relationship between the hydration level of tissue and its tera-

hertz optical properties is built as shown in Figure 3.3. Since the biological

tissue is considered as the combination of dehydrated tissue and water, and

given that the complex dielectric properties of both components are known, the

water content in a sample is found by fitting a theoretical function dependent

on Xw to the experimental data.

In this study, with the purpose to fully evaluate the three EMT models, a least

squares fit algorithm was used to measure the water content in the prepared

mixtures. The theoretical transfer function, given by Eq. 3.14, was fitted to its

corresponding experimental transfer function. The optimal value for Xw, such

that Htheo fits Hexp best, determines the hydration degree in the sample. The
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Figure 3.5: Experimental (grey dots) and theoretical (solid lines) transfer func-
tion of mixtures across the spectral band from 0.3THz to 0.4THz. Figure
reprinted with permission from [113] c� The Optical Society.

values predicted by MG, BM and LLL models in all the mixtures are shown in

Table 3.3.

Mixture MG � BM � LLL �
1.0 1.01 0.01 1.01 0.01 1.01 0.01
0.9 0.92 0.02 0.92 0.02 0.92 0.02
0.8 0.81 0.01 0.81 0.01 0.81 0.01
0.7 0.71 0.01 0.71 0.01 0.71 0.01
0.6 0.60 0.00 0.60 0.00 0.60 0.00
0.5 0.47 0.03 0.47 0.03 0.47 0.03
0.4 0.38 0.02 0.38 0.02 0.38 0.02
0.3 0.27 0.03 0.27 0.03 0.27 0.03
0.2 0.21 0.01 0.20 0.00 0.20 0.00
0.1 0.09 0.01 0.08 0.02 0.08 0.02
0.0 0.00 0.00 0.00 0.00 0.00 0.00

Average 0.01 0.01 0.01

Table 3.3: Water volumetric fractions resulting from the least squares fitting
of the MG, BM and LLL theoretical curves to the experimental data. The
corresponding deltas are shown for the mixtures.

The results shown in Table 3.3, demonstrate that the outcome of all three

models for the inverse problem are comparably good and acceptable with an

average deviation of about 1%.
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Model Dielectric function Guest particles shape Symmetry
MG Low contrast Spherical Asymmetric
BM High contrast Spherical Symmetric
LLL Low contrast Arbitrary Symmetric

Table 3.4: Key aspects of the MG, BM and LLL e↵ective medium theory models.

A characteristic of biological tissue in the terahertz regime is the high con-

trast between the dielectric functions of water and the rest of the tissue, besides

the variability in shape of the particles considered as background tissue. These

factors together complicate the decision to select one model over another for

the analysis of the optical properties for biological tissues. As summarized in

Table 3.4, the MG theory restricts the particles to be spherical in shape, in ad-

dition it is asymmetric. BM model allows higher contrasts between dielectric

functions of the components but it also restricts the particles to be spherical in

shape. LLL model is a good choice if the mixture consists of irregularly shaped

components, however, it is only, in principle, applicable if contrast in dielectric

function of the components is limited, therefore biological tissue does not fully

comply with the construction assumptions of any of them. The high contrast in

the dielectric functions contradicts the hypothesis of the MG and LLL models,

unlike the BM model that allows great di↵erences in the permittivity. However,

the shape of the dry tissue particles is irregular, this contradicts the hypotheses

of the MG and BM models that are restricted to spherical particles, being the

LLL model the only one among the considered models that allows arbitrarily

shaped particles.

Overall, from the results shown in this comparison study, in spite of not fulfilling

the construction hypothesis of the models, the three of them behave empiric-

ally well, fitting adequately the experimental data. Based on the fitting to the

transfer function, all the three models are appropriate for the hydration quan-

tification. From the calculation of the dielectric function error, the LLL and

BM models are found to be more suitable for modeling biological tissue in the

terahertz range.
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Chapter 4

The Moisture MApping by

Terahertz technique

Diabetes mellitus is nowadays considered a global pandemic owing to its high

prevalence worldwide, a↵ecting around 8% of the world population [114]. The

prevalence of diabetes is rising alarmingly and figures in certain countries of the

world have gone above 20% [115].

Diabetic foot syndrome is a long term consequence of diabetes mellitus. This

condition causes ulceration in about 15% of cases [2] and such deterioration

leads to amputation in about 2.5% of diabetic patients [3], diminishing their

quality of life and generating extraordinary costs for patients and public health

systems. Currently, there is no objective method for the detection of diabetic

foot syndrome in its early stages. In this chapter, terahertz imaging as a method

for the evaluation of the deterioration of diabetic foot syndrome is presented.
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4.1 Diabetes and Diabetic Foot Syndrome

Diabetes occurs when the pancreas does not produce enough insulin or the in-

sulin it produces is not used e↵ectively by the body [116]. Insulin is a hormone

that regulates blood sugar levels. Over time, high sugar levels cause severe dam-

age to various organs and systems, especially the nerves and blood vessels [117].

The combination of microvascular and neurological deterioration causes diabetic

foot syndrome. A patient with diabetic foot presents dehydration and loss of

sensation in his/her feet [118]. Dehydrated skin becomes more fragile which

favours the formation of ulcers than can become infected. Due to the loss of

sensation, the capacity to notice the lesion is compromised and, if is not prop-

erly and timely treated, results in the partial or total amputation of the a↵ected

limb. This is the most common cause of non-traumatic amputations [119].

Due to the complexity and prevalence of this condition, an early diagnostic

test to avoid these consequences is highly desirable. At present, the only strict

definition of diabetic foot is that of “a foot a↵ected by ulceration that is asso-

ciated with neuropathy and/or peripheral arterial disease of the lower limb in a

patient with diabetes” [120]. Unfortunately, this definition does not allow much

room for early diagnosis, and is the consequence of the lack of an objective and

quantitative screening method that allows preventive actions; at the same time

such lack of an objective screening method has also made the assessment of

preventive treatments di�cult. The most used podiatric evaluation of diabetic

patients before they present ulcers is a subjective test known as the monofil-

ament that assesses the neurological deterioration [118]. This test consists of

poking the feet of a blinded patient with a flexible tip and asking the patient to

report when he/she feels the pressure, when the patient fails to report a number

of pokes, the outcome of the test is considered to be positive [121]. Another

indirect test is the ankle-brachial index, which uses Doppler ultrasound to com-

pare the blood flow in arteries in the arm and ankle, which is an indicator of

vascular deterioration [122].
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4.2 Moisture MApping by Terahertz (MMAT)

Terahertz radiation is a highly sensitive, non-invasive, non-contact probe of

the water content of materials. Assuming that deterioration of the skin of

the feet of diabetics is a central element of their deterioration process, the

Moisture MApping by Terahertz (MMAT) technique is proposed as a potential

diagnostic tool for the diabetic foot syndrome. This technique consists of an

imaging system, which we call MMAT scanner, and provides images of the water

content in the feet soles as an objective indicator of skin deterioration and of the

probability of developing ulcers. The MMAT technique, including the imaging

scanner and the data processing is described in the following sections.

4.2.1 MMAT scanner

Most of the ulcers experienced by diabetic patients occur on the sole, in either

the big toe, the metatarsal area or the heel area; therefore it is important to

image the entire feet soles. Moreover, in order to extract the water content of

tissue, spectral information is required. The MMAT scanner uses a terahertz

time-domain imaging system that produces terahertz images of the foot sole.

The MMAT scanner consists of an elevated surface where a high-density poly-

ethylene window, which is transparent at terahertz frequencies, is used to place

the feet of the patient. A chair is also provided in order to maintain the pa-

tient comfortably in position and avoid motion of the feet during the image

acquisition. The space under the patient sitting area is used to place a tera-

hertz time-domain imaging system, which is used to produce the image from

underneath.
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MMAT scanner v1

An appropriate equipment for the acquisition of feet sole images was designed

and implemented as a first version of the MMAT scanner, shown in Figure 4.1. A

platform was built to maintain the subject in a sitting position, while his/her feet

rested on two high-density polyethylene windows. The terahertz time-domain

imaging system consisted of a Menlo TeraK15 spectrometer interfaced with a

couple of linear translation stages. The terahertz spectrometer was based on an

Er:fiber laser which produced 90 fs pulses at a repetition rate of 100MHz. The

THz-TDS emitter and detector were placed on a mount to keep them forming a

12.5o “pitch-catch” geometry. The mount was placed on the pair of orthogonally

aligned translation stages which were in turn positioned on a plate parallel to

the polyethylene windows. One polyethylene window was scanned to produce

a terahertz image of the right foot sole. The terahertz image consisted of a

collection of terahertz waveforms taken across a 22 x 54 points area spaced by

5mm. The scanning time was of approximately 40 minutes for one foot.

Figure 4.1: MMAT scanner v1. (a) Platform setup design considering a chair,
two polyethylene windows and a platform for the imaging system. (b) Terahertz
images acquisition during the MMAT technique proof-of-concept study.

39



This first version of the MMAT scanner was used to perform a proof-of-

concept study of the MMAT technique [100]. Terahertz images of the right

foot of diabetic patients and non-diabetic subjects were acquired, Fig.4.2. Sub-

sequently, the data were processed and images were formed with the information

of the skin hydration pixel by pixel. The results reported demonstrate that there

are significant di↵erences between the hydration of the feet of subjects in the

control and diabetic groups. Nevertheless, this study was initially proposed as

a technical test of the equipment and, therefore, many formal requirements of a

clinical trail were not met in the acquisition of the data presented. For instance,

the size of the sample was insu�cient, the subjects in the control group did not

undergo a reference test, and finally there was a significant di↵erence in the

average age of the control and diabetic groups, which could result in statist-

ical bias of the observations. Yet, the results were encouraging and provided

key elements for the design of a clinical trial, which is presented in Chapter 6.

Moreover, the data acquired from this study were used to form an additional

image display to show areas with risk of ulceration. This approach is further

described in Chapter 5.

MMAT scanner v2

Having performed the proof-of-concept study, a second scanner, Figure 4.2 (a),

was designed to improve the platform and the imaging capabilities. The tera-

hertz time-domain imaging system, placed below the measurement window,

Fig. 4.2 (b), is an API TeraGauge spectrometer coupled to an API Imaging

Platform. The terahertz time-domain spectrometer is based on a Yb:Fiber laser

which produces ultrashort pulses at a repetition rate of 1KHz. The THz-TDS

transmitter and receiver are coupled with a collinear adapter to form a normal

reflection transceiver, Figure 4.3 (a). The collinear adapter is mounted on the

imaging platform which consists of rails and motion controllers to perform ras-

ter scans. The full polyethylene window is scanned to produce the terahertz

image which consists of a collection of terahertz waveforms taken across a 240
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x 245 points area spaced by 1mm. Both feet soles are imaged in the same scan

in approximately 10 minutes.

Figure 4.2: MMAT scanner v2. (a) Platform with an elevated surface, a high-
density polyethylene window (white) is used to placed the patient’s feet, the
chair maintains the patient in position. (b) The terahertz imaging system scans
the window from underneath. (c) The transmitter (Tx) and receiver (Rx) are
coupled by an adapter to perform as collinear reflection transceiver.

4.2.2 MMAT images

The MMAT technique provides quantitative information of the water content

in the skin displayed as hydration- and color-coded-images. Hydration-images

provide a water content mapping as a quantitative indicator of the deteriora-

tion in the feet. The color-coded-images provide objective identification of areas

with low hydration and higher ulceration risk. In addition, a number of quant-

itative and punctual parameters can be obtained from the images such as the

average hydration of the feet, the hydration at certain regions of interest, and

the low/high risk areas fraction on the feet. The raw data of each terahertz

image is processed in order to obtain the water content of the skin at each point

of the image as described in the following section. The data processing for the

color-coded-images will be further described in Chapter 5.
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Figure 4.3: Ray schematic of the terahertz radiation path in THz-TDS normal
reflection geometry. The input THz signal splits into a reference and a sample
signal. The output signals are described by the input THz signal, and the
transmission and reflection at the interfaces.

In order to obtain the water content in each pixel of the terahertz image,

the reflected terahertz radiation is analyzed by comparing the experimental

reflection transfer function with the analogous theoretically modeled reflection

transfer function.

Following the analysis provided in Section 2.2 for the terahertz radiation

propagation illustrated in Fig. 4.3 (b), the experimental reflection transfer func-

tion is obtained as

Rexp(!) =

�����
Ẽsam(!)

Ẽref(!)

�����. (4.1)

Subsequently, the theoretical reflection transfer function is described in terms

of the Fresnel reflection coe�cients considering the calibration factor and given

by

Rtheo(!, ⌘) =
r23,sam(!, ⌘)

r23,air
Rair(!), (4.2)

where r23,sam(!, ⌘) is the Fresnel reflection from the skin as a function of the

water content ⌘, r23,air is the reflection coe�cient when air is in contact with

the measurement window, and Rair is the air reflection transfer function given

by

Rair(!) =

�����
Ẽair(!)

Ẽref(!)

�����. (4.3)
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For normal incidence, the Fresnel reflection coe�cients are given by

r23,air =
1� nHDPE

1 + nHDPE

(4.4)

and

r23,sam(!, ⌘) =
nHDPE � ñskin(!, ⌘)

nHDPE + ñskin(!, ⌘)
, (4.5)

where the refractive index of the polyethylene window nHDPE is constant and

known in practice, and the complex refractive index of the skin ñskin is given by

ñskin(!, ⌘) =
p
"mix(!, ⌘) (4.6)

where "mix(!, ⌘) is the dielectric function of human skin determined by the LLL

model of e↵ective medium theory [107] considered as a combination of water

and dry skin,

3
p
"mix(!, ⌘) = ⌘ 3

p
"water(!) + (1� ⌘) 3

q
"dry skin(!), (4.7)

the dielectric function of water, "water, is well known for terahertz frequen-

cies [101] and the dielectric function of dry skin, "dry skin, was obtained from

Ref. [100]. Finally, the water content at each measured point is determined by

minimizing the di↵erence between the experimental and theoretical reflection

transfer functions by varying the parameter ⌘ in a least square fitting algorithm

and, “hydration images”, are formed with the water content information.
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Chapter 5

RYG-color-coded images

The proposed MMAT technique provides hydration images which map the water

content in the feet soles of diabetic patients as an objective indicator of the skin

deterioration. Nevertheless, although significant di↵erences can be observed re-

garding the water content, it is still necessary to define indicators to perform

a better diagnosis of the syndrome, follow up the treatments given to the pa-

tients, and help in the prevention of injuries. Moreover, the hydration images

are relatively hard to interpret, with the exception of extremely dehydrated or

extremely well-hydrated feet soles. In order to overcome these limitations and

simplify the interpretation of the images, a new form of image display is pro-

posed that shows the clearly distinguished areas of the foot sole in three di↵erent

colors depending on the degree of hydration: red for low hydration, yellow for

medium hydration, and green for good hydration which, in turn, indicate the

degree of deterioration as high-, medium-, and low-risk, respectively.
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5.1 RYG-image construction

The right foot of a group of 38 diagnosed diabetic patients from the Hospital Re-

gional León of the Instituto de Seguridad y Servicios Sociales de los Trabajadores

del Estado was imaged with one exception, which was a patient that already had

undergone right-foot amputation, in that case, the left foot was imaged instead.

Of the images taken, 26 were discarded because they were unsuitable for ana-

lysis, mainly because the patient moved during the data acquisition. In addition,

33 volunteers were recruited among students and employees of the Centro de

Investigaciones en Óptica A. C.; none of them was diagnosed diabetic, however,

no control test was applied to this group. Of those images, 12 were discarded

following the same criteria as for the diabetic patients. The terahertz images of

the diabetic and control subjects were acquired using the MMAT scanner v1,

and the pixel-by-pixel water content was determined by least square fitting on

the reflection transfer function as described in Section 2.2 and Section 4.2.2.

The proposed RYG-color-coded (red yellow green) images are constructed based

on the sensitivity and specificity values of the diagnostic test. Sensitivity indic-

ates the probability of correctly identify the diseased subjects, and is defined

as

Sensitivity =
True positives

True positives + False negatives
, (5.1)

whereas specificity, which identifies the non-diseased subjects, is given by

Specificity =
True negatives

True negatives + False positives
. (5.2)

True positives, false negatives, true negatives and false positives values are de-

termined in a 2x2 contingency table, Table 5.1, according to the results given

by the diagnostic test and a golden standard.
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Golden standard result

Diagnostic test result Diseased Non-diseased
Positive True positives False positives
Negative False negatives True negatives

Table 5.1: 2x2 contingency table. Diagnostic test result in relation to the golden
standard result. Subjects with diagnostic test values less than the threshold are
classified as positive and subjects with diagnostic test values greater than or
equal to the threshold are classified as negative.

Currently there is not a proper golden standard for early diabetic foot syndrome,

therefore all the diagnosed diabetics were taken as true positives, as a first ap-

proximation. The threshold values to consider the test as positive were found

by plotting sensitivity and specificity as a function of the threshold value used

to separate negative and positive outcomes of the test, as shown in Figure 5.1.

Since the population shows a normal distribution, and therefore the sensitivity

and specificity show an error-function-like behaviour, such functions were fitted

to the datasets and are shown in the plots.

In order to determine the threshold values that guarantee both a sensitivity and

a specificity larger than 0.95, the lowest threshold that gives such specificity

(47.0%, (d) in Fig. 5.1) and the highest threshold that gives that sensitivity

(55.8%, (f) in Fig. 5.1) were found. The RYG images were constructed in such

a way that pixels with water volumetric fractions below 47.0% were colored in

red, pixels with water volumetric fractions above 55.8% were colored in green,

and pixels with a water volumetric fraction in between were colored in yellow.

RYG-color-coded images of diabetic and non-diabetic subjects are represented

in Figure 5.2.
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Figure 5.1: Sensitivity (blue circles) and specificity (red squares) values for the
tests of average humidity across the sole of the foot (a), humidity in the big toe
(b), and humidity in the center of the heel (c) with respect to the variation in
the threshold (humidity percentage). Zoom in 95% for sensitivity (blue) and
specificity (red) in order to define a hydration threshold from the three tests:
average humidity (d), humidity in the big toe (e), and humidity in the center of
the heel (f). Figure reprinted with permission from [123] c� Springer Nature.

Figure 5.2: RYG images show the foot of (a) diabetic patients and (b) non-
diabetic subjects in three di↵erent colors: red for hydration below 47.0%, yellow
for hydration between 47% and 55.8%, and green for hydration above 55.8%.
There is a clear distinction between the two groups. Figure reprinted with
permission from [123] c� Springer Nature.
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From Figure 5.2 it is noticeable that the di↵erences between both groups are

significant, a large proportion of the control group has mostly green pixels with

relatively small areas in red, and in comparison, almost all diabetics show a

relatively small fraction of green pixels, and some of them have very significant

fraction of the sole classified as red. Furthermore, it is easy to identify that some

diabetic patients in Fig. 5.2 (a) present a proportion of the feet surface with a

deterioration larger than the rest of the diabetic group. With a careful analysis

of the RYG images it is also observable that almost all diabetics show red

areas in their heels and toes, which is consistent with the areas where diabetics

commonly develop ulcers; therefore, it is possible to foresee that a scheme similar

to this one could have the potential in order to predict areas at risk of developing

ulcers before they actually appear.

5.2 Pixel statistical analysis

In order to have a more quantitative idea of how the RYG-color scheme separates

the control and diabetic groups, statistics of the fraction of pixels that meet each

of the three hydration conditions were performed to identify if this could provide

an additional quantitative indicator to help the diagnostician. The percentage

occupied by each of the colors (red, yellow, and green) in the sole of the foot

of the diabetic and non-diabetics subjects was obtained. The values are shown

in Figure 5.3. While there is a clear di↵erence in the proportion of red and

green pixels between the two groups, the fraction of yellow pixels seems to be

statistically similar between the two groups. It is worth pointing out that all

non-diabetics have under 45% of red pixels, while two thirds of the diabetic

patients have over 45% of red pixels. Analogously, all non-diabetic images have

more than 18% of their pixels in green, while over half of the diabetics’ images

have lees than 18% of their pixels classified as green.
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Figure 5.3: The percentage of occupation of each color in the sole of the foot
of the diabetic and control (non-diabetic) subjects is shown in each of the three
graphs. It can be seen that diabetic patients present, statistically, higher per-
centage of red pixels (a) and lower percentage of regions of green pixels (c)
than non-diabetics. Both groups show similar percentages of yellow pixels (b).
Figure reprinted with permission from [123] c� Springer Nature.

An additional indicator of the level of deterioration is the di↵erence of the

fraction of green and red pixels defined as

G� R = %Green pixels�%Redpixels. (5.3)

Such di↵erence is presented in Figure 5.4 for all subjects of both groups. The

plot shows that all non-diabetics have a G� R di↵erence higher than -18%;

taking this as a threshold, 82% of the diabetics show a G� R di↵erence below

that.

Together, these studies indicate that terahertz imaging is a potential screen-

ing method for early stages of feet deterioration in diabetic patients. From the

amount of water in di↵erent regions of the sole of the foot, quantitative indic-

ators of the degree of deterioration of the skin can be determined and with it,

the risk of developing an ulcer. The RYG images allow a better visualization of
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Figure 5.4: G� R di↵erence obtained by subtracting the percentage of red pixels
from the percentage of green pixels. Non-diabetic subjects (circles) present
G� R values between -18% and +65% while diabetic patients (squares) are all
bellow +30% and more than 4/5 of them are below -18%. The dashed line is
located along the -18% level to visualize the separation between groups. Figure
reprinted with permission from [123] c� Springer Nature.

regions of interest, that is, areas on the sole of the foot with larger risk level.

In addition, they help the diagnostician to determine the severity and extent

of the diabetic foot problem. The statistics of the number of red, yellow, and

green pixels in conjunction to the absolute hydration values serve as quantitat-

ive measures of the problem and can therefore be used in the evaluation of the

patients’ evolution and the assessment of new treatments. While encouraging, it

is worth mentioning that these RYG images resulted from the proof-of-concept

study and therefore are limited by the lack of a golden standard for early dia-

betic foot deterioration, the age di↵erence between the groups of subjects and

the sample size. Notwithstanding these limitations, this color-coded images

concept is proposed to be implemented, together with the hydration images, for

the early diagnosis of diabetic foot syndrome by terahertz imaging.
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Chapter 6

MMAT clinical test

A first test was realized using the MMAT technique following the formal re-

quirements of a clinical trail. Terahertz images of the feet soles of diabetic and

non-diabetic subjects were acquired. Golden standard tests were performed

to assure the presence/absence of diabetes. Moreover, diabetic patients were

tested for neurological and microvascular deterioration. A comparison between

diabetic and non-diabetic subjects is presented as a normality study of the pro-

posed diagnostic test. Subsequently, considering the golden standard tests and

the MMAT results, diabetic patients are classified according to the complica-

tions related to diabetic foot syndrome. Finally, an analysis on the test potential

is presented and the sensitivity, specificity and threshold values of the MMAT

technique are defined.

Subjects imaging

A total of 80 diabetic and 100 non-diabetic (control) subjects were studied. Dia-

betic patients were recruited from the “DiabetIMSS” program at the “Instituto

Mexicano del Seguro Social” (IMSS). The control group was recruited among

patients and relatives from a waiting room at the “Unidad Médica de Alta Es-

pecialidad” (UMAE) IMSS-T1. All control subjects underwent a quick glucose
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test with a commercial glucometer to verify the absence of diabetes. Of all the

diabetic patients, 60 were tested for peripheral diabetic neuropathy (PAD) with

a Semmes Weinstein monofilament (SWM) and 59 for peripheral artery disease

(PAD) by the ankle-brachial index (ABI). All diabetic patients were requested

in advance not to apply any moisturizing products before the image acquisi-

tion. This same instruction was not given to the control subjects since they

were chosen randomly, yet, information about the application of moisturizing

products on the feet was collected for future consideration. The terahertz im-

ages were acquired with the MMAT scanner v2. The measurement window was

cleaned up with isopropanol before both feet were placed for the image acquis-

ition. Both feet soles of all subjects were scanned with terahertz time-domain

imaging and, additional personal and clinical data relevant to the study were

collected. The scanning time was approximately 10min. The raw data from the

terahertz images were analyzed as detailed described in Chapter 4, Section 4.2.2

to retrieve the water content in the skin at each measured point. The procedure

of the study is illustrated in Figure 6.1.

Figure 6.1: MMAT clinical study procedure. All subjects were informed about
the study and, personal and clinical data were collected, golden standard tests
were performed, and finally, the terahertz image was acquired.
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Hydration evolution with age

As part of the conclusions of the MMAT technique proof-of-concept study, it

was suggested that age might play an important role on the skin hydration and

hence in the di↵erences between diabetic and non-diabetic subjects [100]. To

overcome this bias, the volunteers of this clinical test were recruited to meet a

wide age range. The age of the control subjects ranged from 20 to 85 years,

whereas the diabetic patients were within 40 and 85 years old. The evolution

of the water content in the skin with age was analyzed. Control subjects were

divided into two age groups, older than 20 years and older than 40 years. The

relationship between hydration and age is shown in Figure 6.2. Data points

represent the hydration averaged over each and all the soles of the subjects.

Linear fits to the data are represented by solid lines. The confidence intervals

of the fits, which in turn denote the trend uncertainty, are represented by the

shaded areas.

Figure 6.2: Average foot sole hydration evolution with age on (a) control sub-
jects above 20 years (red circles, n = 98, r = �0.4235, p = 1.39e�5) and above
40 years (blue diamonds, n = 83, r = �0.4409, p = 3.03e�5), and on (b) diabetic
subjects above 40 years old (black squares, n = 79, r = �0.0875, p = 0.4434), n
denotes the number of subjects per group and p the p-value of the data sets.
Linear fits to data and confidence intervals are represented by solid lines and
shaded areas, respectively.
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The large slope uncertainties, suggest that a lineal model is only indicative

but perhaps is not the most appropriate. Nevertheless, it is noticeable that

young (below 40 years) non-diabetic subjects present higher hydration values

than older control subjects and diabetic patients. To determine the relationship

between age and the skin water content, the Pearson correlation coe�cient r

was calculated for each data set, together with the corresponding correlation

Student t-Test (p-value) considering a significance value of ↵ = 0.05. It is

worth mentioning that the p-value should be smaller than the significance value

in order to consider the correlation to be valid. The calculated p-value of the

diabetic patients data, p = 0.4434, is much greater than the significance value,

denoting that there is no correlation between age and the water content in the

skin of diabetic patients. On the other hand, the p-values of the control subjects

above 20 and 40 years, p = 1.39e�5 and p = 3.03e�5, respectively, are smaller

than the significance level, indicating that although moderate there is tendency

of the skin to dehydrate with age.

6.1 Normality study: non-diabetic vs. diabetic

subjects

From the total of volunteers, 53 control and 40 diabetic subjects in the age

range from 40 to 60 years were considered for a normality study. The water

content averaged over the foot sole, at the center of the big toe and at the

center of the heel was obtained. The hydration values from both feet of each

volunteer were averaged. Figure 6.3 shows the hydration distribution for diabetic

and non-diabetic subjects (a) averaged over the foot sole, (b) at the center of

the big toe and (c) at the center of the heel. The box represents the middle

50% of the data, 25% of the data are below the lower bar (Q1), the middle

bar represents the median (Q2) and 75% of the data rely below the upper bar

(Q3). The variability of the data or interquartile range (IQR), is measured

by the di↵erence between the upper and lower bars as IQR = Q3�Q1. Data
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values smaller than Q1� 1.5 IQR or greater than Q3 + 1.5 IQR are considered

as outliers. The data significance was determined by performing an analysis of

variance (ANOVA test) to calculate the p-value. The smaller the p-value the

more significant the data.

Figure 6.3: Skin hydration distribution (a) averaged over the foot sole
(p = 5.90e�4), (b) at the center of the big toe (p = 4.30e�4), and (c) at the
center of the heel (p = 8.70e�6) of control (n = 53) and diabetic (n = 40) sub-
jects. The dark grey crosses indicate the outliers and the statistical significance
is denoted by black asterisks displayed over the boxplots (* for p  0.05, ** for
p  0.01, and *** for p  0.001).

From Fig. 6.3, we can see that, control subjects’ hydration values are above

diabetics’ hydration values. The largest separation between groups is given by

the hydration at the center of the heel (Fig. 6.3 (c)).

6.2 Diabetic subjects’ classification

Diabetic patients were classified according to the complications associated to

the diabetic foot syndrome. Since diabetic foot is defined as “a foot a↵ected

by ulceration that is associated with neuropathy and/or peripheral arterial dis-

ease of the lower limb in a patient with diabetes” [120], diabetic patients with

neuropathy and/or ulceration- and/or amputation- record were considered as

diabetics with complications, being diabetic patients without neuropathy nor
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ulceration nor amputations considered as diabetics with no complications.

In order to evaluate neuropathy, the monofilament test was performed in 60 dia-

betic patients. Neuropathy was diagnosed in patients who scored less than 8 out

of 10 monofilament points. Taking these tests results and the ulcers/amputation

records, from all the 80 diabetic patients, only 45 were considered in the “diabet-

ics with no complications” group and 21 in the “diabetics with complications”

group. In Figure 6.4, a terahertz hydration image of (a) a diabetic patient with

no complications and of (b) a diabetic patient with complications can be ob-

served. The terahertz hydration image in Fig.6.4 (b) corresponds to a diabetic

patient with an ulcer in the right metatarsal area, indicated by a red arrow.

During the terahertz scanning, the ulcer was covered by a patch, therefore the

water content information was not obtained for this region. The skin hydration

Figure 6.4: Hydration image of (a) diabetic patient with no complications and
(b) diabetic patient with complications. An ulcer, covered by a patch (indicated
by the red arrow), is noticeable on the right metatarsal area of the diabetic
patient with complications which, in turn, presents lower hydration along the
foot sole compared to the diabetic patient with no complications.

is represented as a greyish color map ranging from 40% to 60%. For water

content below 40% the color map is fixed to white in order to highlight highly

dehydrated skin. For water content above 60% the color map is fixed to black

to highlight skin highly hydrated.
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It has been established that terahertz hydration images give information of the

water content pixel by pixel along the foot sole, but if the water content of the

skin is color-coded and Red-Yellow-Green (RYG) images [123] are formed, it is

possible to easily visualize areas with high risk of ulceration. Analogously to the

analysis described in Chapter 5, Section 5.1, hydration thresholds were defined

to color-coding water content information. RYG-images were formed in which

pixels below 51.7% were colored in red, pixels above 52.9% were colored in green

and pixels with values in between were colored in yellow. In Figure 6.5, RYG

images of (a) a diabetic patient with no complications and (b) a diabetic patient

with complications are shown as examples. We can notice that even though the

Figure 6.5: RYG-images of a (a) diabetic patient with no complications and a
(b) diabetic patient with complications. Red pixels, colored for hydration values
below 51.7% indicate high ulceration risk. Green pixels, colored for hydration
values above 52.9%, denote low ulceration risk. Yellow pixels are colored for
hydration values in between. Diabetic patients with complications present more
high-deterioration-risk areas than the diabetic patients with no complications.

diabetic patient with no complications presents high ulceration risk areas, they

represent a significantly smaller fraction of the foot-sole area than those of the

diabetic patient with complications feet. Furthermore, we can observe that the

area surrounding the ulcer in the right metatarsal of the diabetic with complic-

ations is highly deteriorated and so colored in red.
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The average hydration and the green pixels and red pixels distribution over

the foot sole of the diabetic subjects in both groups were obtained from the

hydration- and RYG-images. The values of feet with ulcers and/or amputa-

tions were not considered, i.e., if a diabetic patient had had an ulcer or had

already undergone an amputation on one of his/her feet, the opposite-foot val-

ues were taken into account for this study. The distribution of the hydration and

pixels fraction values can be observed in Figure 6.6 (a)-(c). The data distribu-

tion and outliers are displayed as described in Section 6.1. The data significance

was determined performing an ANOVA test to calculate the p-value.

Figure 6.6: (a) Hydration averaged over the foot sole (p = 0.0016), (b) green
pixels (p = 0.0011) and (c) red pixels (p = 0.001) distribution of diabetic sub-
jects with no complications (n=45) and with complications (n=21). Diabetic
patients with complications present the less hydration values and green pixels
fraction and the more red pixels fraction than diabetic patients with no complic-
ations. The dark grey crosses indicate the outliers and the statistical significance
is denoted by black asterisks displayed over the boxplots (* for p  0.05, ** for
p  0.01, and *** for p  0.001). The (d), (e), and (f) ROC curves indicate
the ability to discriminate between both diabetic patients groups accordingly to
(a), (b), and (c), respectively.
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From Fig.6.6 (a) we can see that the average hydration in the foot sole of

diabetic patients with no complications is higher than of diabetic patients with

complications. Additionally, the fraction of green pixels (Fig. 6.6 (b)) and red

pixels (Fig. 6.6 (c)) is larger and smaller, respectively, in diabetic patients with

no complications than in diabetic patients with complications.

The potential of a test to diagnose a disease is represented by a Receiver Op-

erating Characteristic (ROC) curve [124, 125]. A ROC curve is constructed

from the sensitivity and specificity values of the diagnostic test. Sensitivity and

specificity are determined by Eq. 5.1 and Eq. 5.2, respectively. Subsequently,

sensitivity and specificity curves as function of the threshold are calculated as

described in Chapter 5, Section 5.1 and the ROC curve is given by plotting sens-

itivity against (1-specificity). The area under the ROC curve is determined as

an indicator of the overall potential of the test, the larger the area under the

ROC curve, the better the diagnosis potential of the test. Consequently, con-

sidering the hydration values and the green- and red-pixels distribution over

the foot sole, ROC curves were determined to represent the potential of the

MMAT test to discriminate between diabetic patients with complications and

diabetic patients with no complications. These ROC curves can be observed in

Fig. 6.6 (d)-(f). The areas under the corresponding ROC curves, indicate that,

the averaged hydration, and the green pixels and red pixels distribution values

have the potential to classify diabetic patients according to the complications

associated to the diabetic foot syndrome.
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Peripheral arterial disease and hydration in the skin

As previously mentioned, currently diabetic foot is partly diagnosed evaluating

the vascular deterioration or peripheral arterial disease (PAD) by the ankle-

brachial index (ABI). During the MMAT clinical trial, 59 diabetic patients were

tested for PAD by ABI. Subsequently, the ABI results were compared to the

water content averaged over the feet soles of the diabetic patients, as shown in

Figure 6.7.

Figure 6.7: Water content averaged over the foot sole with respect to the
ankle-brachial index (ABI) for diabetic patients with complications (red squares,
n=22) and diabetic patients with no complications (blue circles, n=32). The
grey shaded area indicates ABI “borderline” values (0.91 to 0.99), ABI values
 0.90 are considered abnormal, the ABI normal range is defined from 1.0 to
1.40.

Peripheral arterial disease is diagnosed for ABI values  0.90 [126]. From

the Pearson correlation coe�cients r and p-values (t-Test) displayed in Fig. 6.7,

it can be observed that there is no correlation between the vascular deterioration

and the skin hydration in the foot in either the diabetic patients with complic-

ations and the diabetic patients with no complications. This suggests that the

skin dehydration in diabetic patients is not related to a vascular deterioration

but to a nervous one. The nervous system, particularly the sympathetic nervous

system, regulates the sweating [127]. Therefore, dehydration of the skin could

be due to alterations in the sympathetic nervous system’s control of sweating.

Given this observation, ABI results were not considered for the MMAT analysis.
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6.3 Diagnostic test analysis

The diagnosis potential of a medical test is measured by its sensitivity and spe-

cificity values. These values can be determined by defining a threshold value to

consider the outcome of the test as positive or negative and diagnosing the sub-

jects under study into diseased and non-diseased. Together with the golden

standard test result, the subjects are classified in a 2x2 contingency table,

Table 5.1, as true positives, false positives, false negatives and true negatives

as follows. True positives : diseased subjects correctly identified as diseased.

False positives: non-diseased subjects incorrectly identified as diseased. True

negatives: non-diseased subjects correctly identified as non-diseased. False neg-

atives: diseased subjects incorrectly identified as non-diseased. Finally, once

all the subjects are classified, sensitivity and specificity values are determined

by Eq. 5.1 and Eq. 5.2. This procedure is true when the threshold value is well

defined. If it is of interest finding the optimal threshold value in order to get

the highest sensitivity and specificity of the diagnostic test at the same time,

an analysis on the ROC curves may be performed.

In order to evaluate the capability of the MMAT diagnostic test to accurately

classify diabetic patients as diseased or non-diseased, a ROC analysis was per-

formed as detailed in Refs. [124, 125]. It is worth recalling that the aim of this

study is to diagnose diabetic foot syndrome which is characterised by ulceration

associated with neuropathy, therefore, 2x2 contingency tables were built consid-

ering as golden standard the results from the monofilament test together with

the ulcers/amputations record. Three threshold values for the diagnostic test

were defined in terms of the water content in the skin and, the red and green

pixels fraction over the foot sole. The threshold values were varied within 0 and

100 percentage points, contingency tables were constructed for each threshold

value, and sensitivity and specificity values were calculated to plot the corres-

ponding ROC curves. The area under the ROC curve was determined. Finally,

for each diagnostic test, the optimal threshold value was found by minimizing
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the Euclidean index [128] given by

d2 = (1� sens.)2 + (1� spec.)2, (6.1)

and then by optimizing the resulting threshold value for a higher sensitivity

value.

From the 2x2 contingency table, positive and negative predictive values can

also be obtained. The positive predictive value (PPV) denotes the probability

of the disease to be present when the test is positive and is given by

PPV =
True positives

True positives + False positives
. (6.2)

The negative predictive value (NPV) is the probability that the disease is not

present when the test is negative and is defined as

NPV =
True negatives

True negatives + False negatives
. (6.3)

It is worth mentioning that PPV and NPV are dependent on the prevalence of

the disease among the subjects under study [125].

Together with the sensitivity, specificity and threshold values, the PPV and

NPV for the average hydration, and green- and red-pixels fraction tests were

calculated. The MMAT diagnostic values are summarized in Table 6.1.

Average Green Red

Sensitivity 81% 76% 76%
Specificity 69% 73% 78%
PPV (*) 55% 57% 62%
NPV (*) 89% 87% 88%
Threshold 47.6% 32.5% 61.5%

Table 6.1: Sensitivity, specificity, positive and negative predictive values, and
threshold values of the MMAT diagnostic test regarding the average foot sole
hydration and, green pixels and red pixels distribution. (*) These values are
dependent on the disease prevalence.
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Overall, the MMAT test for diagnosing diabetic foot shows that,

• MMAT hydration-images diagnose diabetic foot syndrome with a sensitiv-

ity of 81% and a specificity of 69% according to the average water content

over the foot sole. The hydration threshold to be tested as positive or

negative is 47.6%.

• MMAT RYG-images diagnose diabetic foot syndrome with a sensitivity of

76% and a specificity of 73% according to the green pixels fraction which

threshold value is set at 32.5%.

• MMAT RYG-images diagnose diabetic foot syndrome with a sensitivity

of 76% and a specificity of 78% according to the red pixels fraction which

threshold value is set at 61.5%.

These diagnostic test analysis results suggest that the MMAT technique

has the potential to identify diabetic patients with complications related to the

diabetic foot syndrome. The sensitivity and specificity values estimated in the

range from 76% to 81% and 69% to 78%, respectively, are encouraging for an

early, non-invasive, objective and direct diabetic foot diagnostic test.
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Chapter 7

Conclusions

This thesis reports on the medical applications of terahertz radiation, particu-

larly the introduction of a terahertz-imaging technique for the early diagnosis of

diabetic foot syndrome named Moisture MApping by Terahertz. Furthermore,

an important part of this work is the comparative study of e↵ective medium the-

ory models, used for the quantification of water content in biological tissue. The

results obtained indicate that the three models compared qualitatively fit the

experimental data. A quantitative analysis was made by calculating the error

between experimental and theoretical data, as well as by using least squares ad-

justments of the experimental data by the three models, from this we concluded

that the Landau-Lifshitz-Looyenga and Bruggeman theories are quantitatively

the more suitable for modeling biological tissues in the terahertz regime.

The Moisture MApping by Terahertz (MMAT) technique was presented as a

potential tool for the early diagnosis of diabetic foot syndrome. Two MMAT

prototypes were developed, the most advanced version could acquire high res-

olution terahertz images of both feet soles in approximately 10 minutes. The

terahertz images processing to map the water content in the foot sole as an

objective and quantitative indicator of the skin deterioration was described.

Additionally, RYG images were proposed to color-code the hydration informa-
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tion for the easy visualization of high ulceration risk areas along the foot sole.

A statistical analysis on the RYG-color-coded pixels was performed suggesting

that the fraction of red and green pixels are potential deterioration risk indic-

ators. In addition, a first clinical trial of the MMAT technique as diagnostic

test was performed finding a correlation between the complications related to

the diabetic foot syndrome (neuropathy, ulcers and amputations) and the hy-

dration in the skin. The red and green color-coded pixels were also found to be

strongly related to the deterioration in the foot of diabetic patients. Moreover,

it was found that there is no correlation between ABI values and hydration of

the skin suggesting that the dehydration observed in diabetic patients is due

to alterations in the sympathetic nervous system which controls transpiration,

rather than to a vascular problem. The sensitivity and specificity values of the

MMAT technique were estimated in the range from 76% to 81% and 69% to

78%, respectively. We can therefore conclude that, this study demonstrates

that the Moisture MApping by Terahertz technique has the potential to early

diagnose diabetic foot syndrome by evaluating the skin hydration in the feet of

diabetic patients. Yet, this technique could be further improved by performing

a wider clinical trial, for example, considering young diabetic subjects to study

how the skin hydration evolves with age once the disease is present. Moreover,

exploring image processing and artificial intelligence techniques such as machine

learning, could help in the improvement of the data analysis which might lead

to better sensitivity and specificity values. Finally, given the evidence found

on the relationship between neurological alteration and skin hydration, it is of

interest investigating other neuropathies not related to diabetes mellitus.
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Compliance with Ethical Standards

RYG-color-coded images. The protocol for measurements on human sub-

jects presented in the RYG-color-coded images analysis derived from the proof-

of-concept study was approved by the Ethics Committee of the Hospital Re-

gional León of the Instituto de Seguridad y Servicios Sociales de los Traba-

jadores del Estado. All subjects signed an informed consent form.

MMAT clinical study. The MMAT clinical test was approved by the Ethics

Committe of the Unidad Médica de Alta Especial (UMAE) from the Instituto

Mexicano del Seguro Social (IMSS) T1 in León, Guanajuato. The volunteers

were informed about the procedures and signed an informed consent form.
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