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ABSTRACT OF THE DISSERTATION

Reflective Terahertz Imaging

for early diagnosis of skin burn severity

by

Priyamvada Tewari

Doctor of Philosophy in Biomedical Engineering

University of California, Los Angeles, 2013

Professor Warren S. Grundfest, Chair

The work presented in this thesis explores thergatl of Reflective THz imaging in
early detection of skin burns. In the past decdttz, imaging has gathered a lot of attention for
biomedical applications. Properties like sensiividb water; low energy, non-ionizing nature,
transparency to clothing and plastics, and lesstesoay compared to IR have led to the

exploration of THz radiation for imaging of biolagil tissues. Several investigators have



reported the application of THz imaging in idemdfiion and differentiation between tissues,
surface hydration detection and imaging of skinaabralities both ex vivo and in vivo. The
drawbacks with most of these findings are that @w@ypreliminary and lack a sufficient sample

size to make a significant claim.

The motivation for this research was provided laylyework done by our group at
University of California Santa Barbara, where thefl&tive THz system was developed.
Reflective THz systems’ sensitivity to change intevaconcentration, a parameter defined as
NEAWC was calculated as 0.054%. This provided indpmato image biological samples like
deli meats, teeth, cornea and skin. The major tthealkgh came when differences in hydration
among artificially prepared ex vivo porcine sampkesre shown. This study incorporated a
reasonable sample size and was shown to be refeafhle next step was the exploration of a
disease model that causes variation in surfaceahigds in skin. The answer was skin burns.
The first set of skin burn experiments were perfunon ex vivo porcine skin. It was
demonstrated that our system could visualize bhynsreating a contrast between burnt and the

surrounding unburnt region.

The next step was translation to in vivo settifigss thesis builds up from the discovery
to proof of concept to repeatability of imagingrskiurns with Reflective THz imaging system in
live rats. Immediate edematous response followed elglution of burn wound zones,
reorganization, redistribution and dissipation déma was captured in the Terahertz images of
burns in rats over a span of three days. Experahetgsign, modifications and an attempt to

guantify the findings are discussed. Statisticsisteevealed that distinction among partial and

ii



full thickness severities might be possible inyg@tases of injury. This gives THz imaging an
edge over other imaging modalities like Infra rédser Doppler imaging and Polarization
sensitive coherence tomography etc which are urtabdietect the injured area early on. In this
thesis we propose that early detection of skin $isrthe clinical killer application of Reflective

Terahertz imaging.
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CHAPTER -1: INTRODUCTION:

There has been tremendous development in the dielehedical imaging in the past
century. Imaging has now become an integral pamedicine with diagnosis relying heavily on
imaging. Medical decision-making is to a large pdependent on the diagnostic capabilities
rendered by different imaging modalities. The néwdspecificity and sensitivity in diagnosis,
low cost, ease of operation, non-invasivenessnaindnal discomfort to the patient continues to

motivate the development of new technologies.

One such emerging technology is Terahertz (THz)ginga THz imaging involves the
use of THz waves situated between microwave andred in the electromagnetic spectrum for
generating images. Properties of THz waves likesifigity to polar substances like water,
transparency to clothing and plastics, low enery (2 meV), non-ionizing nature and less
scattering compared to IR have led to the explonatf THz radiation for imaging of biological
tissues. Contrast in skin, adipose tissue, striatadcle, and nerve tissue has been observed in
the frequency range 0.5 — 1.5 THz demonstratingptitential ability of THz in differentiating
between tissues[1]. Studies have reported the saafeTHz in identifying inflamed regions of
skin, burns, psoriasis, basal cell carcinomas aathmomas[2-4]. These findings coupled with
recent advances in THz generation and detectioensel have opened doors for THz medical

imaging.

A very promising application of THz imaging fromchnical viewpoint seems to be the

detection of skin disorders. Hydration is a keytda@n determining the health of skin tissue.



Abnormal or diseased states in skin can be assdciaith an imbalance in hydration
levels. For instance skin cancers and edema acoeiatsd with increased hydration while skin
burns result in local dehydration[5, 6]. Theref@mre accurate sensing of skin hydration levels
could provide an early insight into diseased stakespsoriasis, eczema, basal cell carcinomas
and melanomas, detection of skin burns and wouadinge Not only this but monitoring skin
hydration levels can impact drug delivery and apson and qualitatively gauge the

effectiveness of various cosmetic appliqués.

At present there is no standard technique for esing skin hydration levels. While X-
ray, ultrasound and MRI have become gold standerdsone, fetal, brain imaging etc, these
modalities have not been very successful in diagnofsskin disorders. The use of X-rays for
skin has been hampered because of the invasiveenatithe radiation. Ultrasound has been
nascent in development due to lack of chemical iBpig and cost factor and inability to
resolve the first few micrometers has impeded the of MRI for skin. Even though terahertz
has poor resolution and lower penetration depttoagpared to these modalities, it is aptly suited
for skin imaging. Because of its extreme sensititd water, THz is able to capture slight
differences in water concentrations and transladse variations into contrast. Water being the
primary contrast mechanism in THz imaging obvidies need for any chemical or dye for
enhanced contrast as in Raman spectroscopy. Margaeseasy to read and interpret the images

and locate the areas of abnormal activity basetth@wgolor scale.

The THz research group at University of Leeds edrrout in vivo experiments to

ascertain skin hydration levels using reflectivezlikhaging. Stratum corneum-epidermal



interface was visualized on the arm of a volunteging their THz system. THz was able to
resolve the two layers due to inherent differerinesater concentrations between these layers.
The topmost layer stratum corneum is relativelyydesited as opposed to the epidermis thereby

giving a large fraction of reflection from the gtran corneum — epidermis interface[4].

This thesis explores the potential of THz in beamma clinical diagnostic tool for skin
disorders. The focus of the research work is usgfigctive THz imaging for early detection and
diagnosis of skin burns. Despite the decline indecce of burn injuries over the last few
decades, 1.25 million patients are still treatedbforns annually in the United States[7].Most
commonly used methods for estimating burn sevedhd depth is visual and tactile
assessment[8]. These methods are highly inaccanaténvasive. The feasibility of THz imaging
in detection of burn severity was originally regattusing chicken breast as model[9]. Circular
burns of varying severities were induced using agoA laser. The changes induced in the
optical properties of tissue by burns generatedrasnhbetween burnt and unburnt regions of
tissue visible in the THz reflection image. Our @rohad imaged severe burns on ex-vivo
porcine skin samples[10]. The burnt region in thrage was clearly distinguishable from the
surrounding unburnt region because of contrastpibeshese encouraging results obtained by
our group and other groups a very small sampletszeprevented from reaching any substantial

conclusions.

The above shortcomings were overcome in this reeeaork by employing a large
sample size and statistically analyzing the data dignificance. A reflective THz system

developed in our lab operating at 0.5 THz (0.12% Deindwidth) that raster scans the target was



used for all the experiments. The initial part o thesis reports the calibration and feasibility
experiments on biological tissues. Porcine skinoadgmimic of human skin was used for
hydration experiments whereby it was shown that T$i8ensitive to distinguishing between
different hydration states of skin. Ex-vivo skinrbuexperiments were based on the positive
results from the hydration experiments. A detasagbly involving a large sample size and four
different burn temperatures was carried out tavese the sensitivity of our system in imaging
skin burns. High-resolution images of specimensewatained where burnt and unburnt area
could be distinguished with a high SNR. The sucoéslse ex-vivo experiments motivated the in
vivo burn study. In a rat model superficial, pdraad full thickness burns were induced and
imaged with the reflective THz imaging system. Tiwiss the first in vivo study involving THz
for detection and monitoring skin burns. The bueagion was clearly visible and distinguishable

from the surrounding normal area.

The purpose of this thesis is to prove the capggholi reflective THz imaging in early
diagnosis of skin burns. Through ex-vivo and inevexperiments it has been shown that THz
imaging definitely holds promise in becoming a neatlidiagnostic tool for early detection of

skin burns.



CHAPTER — 2: BACKGROUND —-Why Terahertz for skin burn imaging

2.1 Terahertz (THayave:

2.1.1 What is THz?

Terahertz band occupies the region of electromagrsgectrum corresponding
frequencies between 0.110 THz (1 THz = 1'Hz). For the purpose of this thesis we \
define the frequency range from 3 THz, corresponding to wavelength range betweem
and 100um. Flanked on the lowdrequency endby microwaves and upper end Infrared, THz
waves hae a better resolution than microwaves and lowettestag as compared to |l
Properties of THz waves inclu sensitivity to polar substances like water, transpey to no-
metallic and norpolar media, low ionizing power (4 meV at 1 THzdamuch lower Rayleigh

scattering as in IR[11, 12].
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Fig 2.1: Electromagnetic spectrum highlighting THz gap
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Many biological and chemical compounds have beend to have characteristic spectra
in the THz range[13]. Fortuitously due to differerdn water concentrations, tissues seem to
have different THz reflectivity thereby permittinigfferentiation in the THz range[14]. A major
advantage of THz radiation is transmission throeggthing and fabric. This has important
implications in medical imaging where wound healoan be monitored through bandages and
casts. The energies of THz waves are in the orflere¥y, which is about a million times less
than X-rays ensuring no damage to cells or tisskasther because of longer wavelengths,
scattering probability, which is inversely proportal to the fourth power of wavelength, is

much more reduced.
2.1.2 Historical background:

THz band was considered elusive for a long timetduack of sophisticated technology
for generation and detection of THz waves. The aregivas identified as the band in the
electromagnetic spectrum where neither optical electrical mechanisms dominate acquiring
the name ‘THz gap’. Far Infrared as THz was traddily called was generated using either
thermal sources or bulky molecular vapor lasers pnaduced weak and incoherent radiation.
Detection schemes involved using liquid helium edabolometers that had very low sensitivity

and gave a poor noise performance[9].

The breakthrough came with the advances in lasnt#ogy, semiconductor and crystal
growth techniques and non-linear optics. The Austeitch developed in 1975 made generation
of THz radiation possible by optically gating theopoconductive emitter. THz spectroscopy has
been used extensively for security and astrononaipplications for the detection of explosives,

chemical agents and drugs for the past severasy&€blz imaging sparked interest in the
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biomedical community following the first real timmaging demonstration by Huss & Nu in
1995[15]. They were able to obtain water distribntwithin a leaf and fat distribution in a piece
of bacon using Terahertz time domain spectroscdpyz{TDS). Mittleman used a chicken
breast model to display the possible use of reflectHz imaging in estimating burn severity
and depth[9]. Since then many groups have ventumedbiomedical imaging with THz waves.
Further, the development of Terahertz pulsed in@@irPl) systems showed the potential of
THz in medical imaging. Dental caries were deteatsithg a TPI system with enamel, dentine
and pulp visible in the THz image[16]. Tera ViewdLiat Cambridge has employed THz for
early detection of basal cell carcinomas. Tumoes agsociated with higher water content and
this generates a contrast between the healthy armdnomatous regions in the THz range.
Experiments were done on both in vitro samplesiandvo. The same group was also able to
visualize stratum corneum epidermis junction on #mn of a volunteer and evaluate skin

hydration levels [2,4,17,18].

2.1.3 THz wave interaction with biological matesial

At the macroscopic level, the ability of the meditonbe polarized defined as electric
permittivity (€) and bulk conductivityd) which is the measure of the ease of movemert i
through a medium are two parameters that can be tasdescribe THz wave interactions with
tissues. Tissues can be considered to be a colteofi molecules like water and proteins. For
understanding THz tissue interaction at the miapgr level an insight into molecular and

guantum energy levels is required.
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Fig 2.2: Molecular transitions in the THz region

For diatomic molecules (atomic mass < 20), tnergy of separation between rotatio
states iSAE ~ 1.602 x 18% J corresponding to 0.242 THz and between low lyiifgational
levels is 1.6 x 18° J implying that the absorption of THz radiationdsdo changes in rotation
and vibrational modes gqdolar diatomic molecult. Another motion exhibited by polar diaton
molecules in the THz band is librations. Libratioase restricted oscillatory motion
molecules[11]All these molecular movements are more pronoungethse of polar moleculs
that forms inter anthtra molecular hydrogen bonds. The rotationalrational and translation:
transitions m the THz range are specific to the molecule areteflore many biologice

compounds have distinct THz spec

The most abundant polar diatomic molecule in bimlalgissues is wter. Because of this
abundancand extreme sensitivity to THz, signaturatures from other molecules in tissues

usually be ignored while studying the responseHa.TFor instanc, the refractive indices (



many tissues around to change in the frequency range-1 THz depending on their wat

content. These differensén water concentrations are a source of imageaas.

2.2 Skin Burns

2.2.1 Skin anatomy and physiolc

Skin tissue comprises the outer external coverinth® body forming the first line of defen

against toxins, physical insult and radiatit
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Epidermis —|

. T Stratum granulosum
Stratum spinosum
Stratum basale

i Papillary muscle

Sebaceons
(wily gland

Dermis —
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gland duct
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Subcutaneous (sweat) gland

layer — o ke
(Hyp odermis) 3 Y ‘;\'}_
T e Adipose tissue
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~
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Fig 2.3: Skin layers
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Skin consists of mainly two layel- the outer stratified epidermal layer and an ir
dermal layer. Subcutaneous or hypodermis lies bhernb& dermal layer. The components
epidermis are keratinocytes (95% of epidermis),amicytes, langerhans cells, merkel ce
inflammatory cells and lipids. Dermis comprisestwb fibrous protein- collagen (making up
the bulk of dermis) providing tensile strength atalstin, which provides elasticity. The prote
are embedded along wiflolysaccharides in a supporting matrix also cafjezind substanc

Cellular components of dermis are mast cells, blasts and macrophage

The average thickness of human epidermal laye0i$ mm. The epidermis can furtt
be divided into four lagrs: stratum corneum, stratum granulosum, andustrapinosum an

stratum basale.

Skin, thin H&E

stratumEgrE i oSt

SHatumSpinosum:

Fig 2.4: Hemotoxylin& Eosin stained longitudinal section of skin shogvitifferent layer
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Stratum corneum, the topmost cornified layer oflepnis maintains the barrier function
of skin. The thickness may vary from 18n in eyelids to 4Qum on the soles of feet. The
composition of the stratum corneum is 10-25 layd#rsorneocytes embedded in a lipid matrix.
Corneocytes are keratinocytes that have lost numhel cytoplasmic organelles upon their
migration from stratum basale. Keratin filamentsup these flattened cells. Lipid composition
of stratum corneum is formed from ceramides, chetesand fatty acids. It is the combination
of this unique lipid composition and keratin filamg that results in lower permeability to water
making stratum corneum relatively dehydrated aspaved to the deeper granular layers. A
water gradient has been found to exist in the wgtmatorneum .The effectiveness of stratum
corneum as a barrier is dependent on its waterenognivith healthy stratum corneum having
water content above 10% weight/weight (w/w). Belths level, skin loses its flexibility and
develops a rough scaly appearance. Hydration refibre a key factor in determining the health
of skin tissue. Burns, drug delivery, cosmeticsnces, and edema are examples where the
measurement of hydration levels is important. $kims result in loss of water from outer skin
layers whereas skin cancers and edema are assowitfelocal increases in hydration of the
skin surface[5, 6]. Cutaneous wound repair is alflaenced by hydration, with water content
varying with the stage of repair and the type otima[19]. Specifically, early acute wound scars
are more hydrated than normal skin, while olderonlr wounds have been found to be
drier[20]. Finally, hydration is critical to the smetics industry in testing the efficacy of
cosmetics, with many cosmetics intended to preaadtrepair skin damage by moisturizing the

outer layer.
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Depth resolution scales of THz and sensitivitglgtecting hydration changes make THz
ideal for imaging and monitoring moisture levelssofitum corneum. Since many skin disorders
result in a disruption of the barrier of stratumrmeum, THz imaging can give an early lead in

detection of diseased states.

2.2.2 Skin burns introduction

Despite the decline in incidence of burn injuriegrothe last few decades, 1.25 million
patients are still treated for burns annually ia thnited States. Of these approximately 50,000
require hospitalization[21, 22]. Mortality assoeidtwith burn injuries is the fifth leading cause
of unintentional injury-related deaths with the ardy of injuries caused by flame/flash
burns[23, 24]. Other causes of skin burns inclunlgact with hot objects; scald burns chemical
burns, electrical burns, and others. Accordindh®National Burn Repository Report 2009, men
constitute 71% of burn patients with a mean ag82ofHealth care for patients suffering from
skin burns is one of the most expensive aspectsupfhealth care system, with burn related
injuries accounting for almost 13% of all medicklim costs[25] and 31% burn patients having
no medical insurance[26]. A direct correlation Heeen reported between severity of burns,
length of hospital stay, and cost[27]. It has besported that mean length of stay for patients
suffering from thermal burns is nine days and ayerfaealthcare costs for a patient with thermal
burns ranges from $30,000 to $118,000[28]. In @oidito cost, burn injuries are associated with
physical complications due to muscle weakness[20], Jypertrophic scarring[31-35],

contractures[36], nervous system injury[37-39] asgichosocial problems. Burn wound
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management and rehabilitation includes daily mamege of pain, posttraumatic stress,

depression, and anxiety[40].

Clinically, burns are categorized by depth ofuessnvolvement. Superficial thickness
burns involve only the epidermis. Partial thickaibsirns involve the dermis and are subdivided
into superficial and deep partial thickness by rthevolvement of the papillary and reticular
dermis. Finally, full thickness burns are thosatthave completely obliterated the dermis and

involve underlying structures such as subcutané&tuascia, and muscle.

Superficial ”
burns I ’; Pore
Germinol layer

of epidermis
Sebaceous gland

Merve (Sensory)
Sweai Gland

Hair follicle

Blood vessel
# Subcutacous fat

Partial thickness
burns

Muscle fascia

Full thickness Muscle

burns

Fig 2.5: Skin burn classification

The burnt area usually comprises of three concentines — outer zone of hyperaemia,
middle zone of stasis and inner zone of coagulafitve zone of hyperaemia appears red due to
increased perfusion and is metabolically activen&Zof stasis is initially red but turns white

between third and seventh day post injury becatifee@avascularity and necrosis of dermis and
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hemolysis of red blood cells. The area of maximumd a@reversible damage is the zone of

coagulation characterized by a complete oblitenabiovessels[41].

S SURFACE

CUT SURFACE
Y OF SKIM

w SUBCUTAMN.
EQUS TISSUE

Fig 2.6: Burn zones (1) Zone of hyperaemia, (2)ezohstasis, (3) zone of coagulation[42]

Full thickness and deep partial thickness burms ganerally treated by skin excision
followed by skin grafting. It has been observed thighin a week following surgery, the zone of
stasis turns white in color making the zone of ctatipn and stasis indistinguishable. At this
stage both these zones may become necrotic andgdameversible. Zone of stasis is the region
of ischemia and vascular stasis. Upon reperfusios area can be restored[43]. Early

identification of the three burn zones can helmonitoring the zone of stasis. Further it can
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help guide the surgical excision process where naatiiyie’s viable tissue is lost due to excision
of a larger area. Terahertz imaging can be usdd footthe surgical treatment of burns and also

monitoring wound healing.

2.2.3 Burn severities

Severity of a burn in defined in terms of burn defdbtal surface area of the burned
region (a percentage value), location of the burd age. Burn depth is determined by the
anatomic thickness of skin involved in thermal dgmaBurns are classified as — superficial,
partial thickness and full thickness. A superfidaln is confined to the outer layer of epidermis
while a partial thickness burn involves epidermmsl part of inner dermis. Full thickness burns

involve damage to both epidermal and dermal layers.

Table 2.1: Burn severity, etiology and healing

Degree/dept | Etiology Layer of skin Appearance Healing time
involved
Superficial Sun exposure, hot Epidermis only Pink to red, moist, np 3—7 days
I° liquids with low blisters
viscosity and short
exposure
Superficial Hot liquids, chemical | Superficial (papillary)| Blister, red, moist, 1-3 weeks,
partial lla® burns with weak acid | dermis intact epidermal long-term pigment
or alkali, flash appendages, blanchegschanges
of pressure
Deep partial | Flame, chemical, Deeper layer Dry, white, non- 3—-6 weeks, with
lIb® electrical, hot liquids | (reticular) dermis blanching, loss of all | scars
with high viscosity epidermal appendages
Deep IlI° Flame, electrical, Full thickness of skin | Leathery, dry, white | Does not heal
chemical, self to the subcutaneous | or red with requires skin graft
immolation fat or deeper thrombosed vessels
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Superficial thickness burns are not consideredifsognt burns and heal within a week.
Partial thickness and full thickness burns on thigeio hand require medical attention. The

healing of these burns is highly dependent onrireat and wound management[44].

Partial thickness

Partial thickness burns involve destruction of épedermis and part of dermal layers.
Depending on the extent of damage partial thickrmesis can be further sub classified as

superficial partial thickness and deep partialkhess.

In superficial partial thickness burns entire epmdis and upper third of dermis is
damaged. Capillaries perfusing the region are égjtand become permeable leading to leakage
of large amounts of plasma. The burnt region agppauk, wet and may have blister formation.
Superficial partial thickness burns heal withiro12tweeks with no scarring. Treatment involves
cleansing the wound area and debridement of lopisieenis and removal of large blisters. Skin

substitutes are rarely required but can be useddond surface protection and healing.
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Fig 2.7: Representation of a superficial partiatkhess burn

Deep partial thickness burns involve destructibremidermis and most of the dermis.
Vascular perfusion is diminished and nerve endargsdestroyed. The burn wound is white and
dry in appearance with no blister formation. Coméid ischemia in the wound region can lead to
wound progression and conversion to a full thicknasrn. Healing of these wounds can take up
to 10 weeks. Scar formation is common. Treatmewblires eschar removal and debridement.

Early excision and grafting can speed up the hgaglimcess and minimize scarring.
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Fig 2.8: Representation of a deep partial thickiess
Full thickness

Full thickness burns result in complete destructid epidermis and dermis. Thermal
insult leads to complete coagulation of blood vissaad sensory nerves. The wound appears
waxy white but may have a brown leathery appearaificthe wound extends into the
subcutaneous tissue. Treatment includes earlylrdebridement and wound closure with a

skin graft or skin substitute.
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Fig 2.9: Representation of a full thickness burn

2.2.4 Pathophysiological response to thermal injury

Local changes in burn wound

Temperatures in excess of°4Q cause denaturation of cellular proteins and lafss
plasma membrane. The resulting molecular structltatations and cellular necrosis cause the
burn wound. Toxic burn products; acidosis, poasuesperfusion, fluid loss and shifts are some
of the immediate local effects[45, 46]. Jacksomstfidescribed the correlation of the surface
appearance of the burn with the depth of necrdsis.burn wound can be divided in three zones
as per the extent of damage — zone of hyperemre abstasis and zone of coagulation. Local
disturbances and fluid shifts across these zonisedine extent of burn injury and further elicit
inflammatory and systemic response. The outer zmnéyperaemia, area of least damage
appears red characterized by increased circulaind high metabolism. This zone is
characterized by the loss of epidermis but fuliach dermis. Usually this zone is fully healed

within a week. The intermediate zone of stasis appeed initially but changes to white by day
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three. Metabolism is diminished and superficialitapes are dilated and packed with red cells.
By day seven, superficial dermis is necrotic andrdé vasculature has collapsed. The central
zone of coagulation takes the brunt of thermalrinjifhe region comprises of coagulated tissue
and obliterated vasculature and is beyond heaBygthe end of first week only two zones —

coagulation and hyperaemia are visible. Contingetdémia in the zone of stasis leads to further

tissue loss causing the region of stasis to coalesih the zone of coagulation[42].

2.2.5 Edema formation

The response of vascular tissue to local injurdaéined as inflammation. Thermal injury
elicits a rapid inflammatory response that wallstbé damaged area and kicks off a series of
wound healing processes. One of the early and prostinent signs of inflammation is edema
formation[47]. Edema is accumulation of fluid interstitial spaces. Thermal insult not only
causes physical injury to the capillaries but aldeases mediators like histamine or globulins,
which increase capillary permeability allowing ftnid leakage into interstitial spaces. This
fluid is rich in protein [48-50]. The pathophysiglioal response to burn injury causing rapid
edema formation are increased microvascular perifitgaasodilation, increased extravascular
osmotic activity along with the release of localdiaors like histamine, serotonin, bradykinin,
nitric oxide, oxygen free radicals, prostaglandirteyomboxane, TNF, interleukin etc.
Physiochemical alterations in the extravascular extdacellular matrix further increase wound
edema by forming osmotic and hydrostatic gradidgtspl]. Demling summarizes the different

pathophysiologic changes in burn tissue that leagtiema[52].
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* Marked immediate and sustained increase in ratduaf and protein crossing from
capillary to the interstitial space

» Early disruption of the integrity of the interstsitispace with disruption of collagen and
hyaluronic acid scaffolding

» Progressive increase in interstitial space compéaas edema forms

» Marked transient decrease in interstitial pressuamesed by the release of osmotically
active particles, causing a vacuum effect suckimiduid from the plasma space

» Marked and sustained increase in capillary pernigaln the burn wound

» Decrease in plasma proteins and oncotic pressutenarease in interstitial protein and
oncotic pressure due to increased capillary peritigyaio protein

» Inability to maintain a plasma to interstitial oticogradient

» Likely a transient increase in capillary hydrostgdiessure in the burn capillaries

» Marked and sustained decrease in the surface draheoperfused capillaries and
lymphatics

* Increase in the ease of fluid accumulation in tierstitium.

The rate and quantity of edema formation dependsborn severity. A critical

temperature of 55° C has been identified below Wwhiac edema forms.

Superficial thickness burns

Superficial burns are associated with minimal asis: Vascular perfusion is high

initially but decreases gradually. Edema formatgominimal.
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Partial thickness burns

Because of better vascular perfusion the rateqaiagtity of edema is found to be higher
in the partial thickness burns. Edema formatiorapd following partial thickness injuries with
almost 80% increase in tissue water content ay earl10 min post injury[53]. Peak edema
formation in a 10% partial thickness burn was nae@d hrs post injury in one study[54]. In
another study maximal edema was found at 6 hrsipjpsy for a partial thickness burn[55]. The
site of edema formation is the epidermal-dermatiiom. Fluid resorption begins nearly 24 hrs
after the burn and is nearly complete by day 4[38E rates of fluid resorption are also found to
be faster after a partial thickness burn. Bettescubar perfusion and intact lymphatics are

thought to be responsible for this.
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Fig 2.10: Edema formation in a partial-thicknessnbiEdema is measured by photon scanning. Timeseoof
edema formation and resorption in 10 hind limbshvaitpartial-thickness burn is shown, comparing megarsD of
percent fluid content over baseline against tinmterafurn. Maximum edema is present between 12 &nkoiirs,
with 94% of edema present at 6 hours. Resorptigamat 24 hours and is nearly complete by 4 days[52
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Full thickness burns

Full thickness burns involve necrosis and comptgibteration of dermal vasculature.
Vascular perfusion is significantly decreased lingtedema formation[56]. Maximum edema
was noted around 18 hrs following burn in one st{fs®]. The site of edema formation is
dermis. Fluid is sequestered in the subdermal spdtbea deep burn and resorption is slower.

Resorption begins at about 24 hrs. Dermal lymphatre destroyed impairing resorption.

% Maximum Edema
B

Time (Hours)

Fig 2.11: Edema formation in deep burn. Time cowfsedema formation and resorption in 10 hind limbth a
partial-thickness burn is shown, comparing meanS8-of percent fluid content over baseline agafimse after
burn. Maximum edema is present 18 hours, after lnjury. Resorption began at 24 hours and but 25t s
remained at 1 week [52].

2.2.6 Wound healing

The burn wound contains a variety of cell typesluding platelets, neutrophils,

lymphocytes, macrophages and fibroblasts. The ipahenolecular regulators controlling the
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evolution of burn wound include vascular endothefjeowth factor (VEGF), platelet-derived
growth factor (PDGF) and transforming growth fasfd6]. The three phases of wound healing
are —inflammation, tissue formation and tissue m@shiag. Inflammation involves infiltration of
neutrophils, macrophages and lymphocytes in thend@one. Macrophages perform two major
functions - initially they engulf and phagocytoseumd debris, clearing the way for growth of
new dermal matrix. Subsequently macrophages produnggogenic and fibrogenic growth
factors that promote the growth phase of repaftaimmatory phase is followed by tissue repair
and reepithelialization. The process involves migraand proliferation of epidermal cells,
macrophages, fibroblasts and blood vessels in thend space. Fibroblasts deposit the new
extracellular matrix while macrophages produce seag/ growth factors to induce fibroplasia
and angiogenesis. This supports cell ingrowth arstemance. Provisional extracellular matrix is
gradually replaced with collagen matrix[57]. Thewhe formed granulation tissue further
undergoes angiogenesis till the wound is compldigd with granulation tissue. The wound
undergoes contraction and extracellular matrix gaoization whereby granulation tissue

transitions into scar tissue.

2.2.7 Burn wound progression: Importance of eausnb detection

Thermal injury triggers a series of pathophysiatognechanisms that can result in
deepening of the burn wound, a phenomenon called Wwound progression. A time frame of
three to five days is estimated for the consolaatf burn depth. During this time the burn
wound is in a dynamic state under the influenc@rahary and secondary mediators resulting

from thermal injury causing more tissue loss[58].
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At the molecular level, the direct effect of héstds to disruption of cell membranes and
denaturation of proteins. This is followed by aatien of toxic inflammatory mediators and
byproducts like superoxides, hydroxides, and hydnogeroxide. Free radicals along with
oxidants and proteases enhance ischemic tissuesiedn the zones of stasis and hyperemia.
Edema and altered perfusion play a major role imvecsion of partial thickness to full thickness
injuries. Prostaglandins, histamine and bradykiaih products of inflammatory response
increase vascular permeability causing both locad aystemic fluid shifts that aggravate
hypoperfusion in the zones of stasis and hyperdb#fjiaElevated bradykinin levels have been
considered responsible for coagulation and stirmgamicrothrombosis in the zone of stasis
contributing to the progression of partial thickeés full thickness burns. Presence of vasoactive
and inflammatory mediators in higher than normailasmtration in and around the wound causes
vasoconstriction of microvasculature limiting pesifun in the partially burned tissue, advancing
to full thickness necrosis[60]. Local hyperemia alesiccation decrease perfusion via shifts in
intravascular and interstitial fluid volumes inhibg oxidative metabolism in vulnerable zones.
Finally nutritional and metabolic deficiencies, dasis etc may contribute to ischemia of viable

tissue causing eventual tissue death[58].

Burn depth and extent dictates treatment. Sup&irticickness burns can be treated with
topical therapy and do not often need supervisiginpartial thickness and full thickness burns
require immediate medical attention. The confougdiactor in treatment of severe burns is
wound progression. Accurately assessing, which fwiti convert, and determining how to
prevent burn wound conversion remain a clinicalllehge. The burn wound comprises of the

outermost zone of hyperaemia, which heals spontetgcand the intervening zone of stasis
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where blood flow is reduced and skin suffers frong@ng hypoxia. This ischemic skin can
readily convert to nonviable tissue without propestoration of flow resulting in the conversion
of a partial thickness burn to a full thicknessrband extension of burn size. As the extent of
wound advancement increases, so does the likelitbdduypertrophic scarring, contractures,
need for surgical excision and grafting, burn woumfdction, sepsis, shock and possibly death.
The goal of treating partial thickness burn woursdghus to promote healing while minimize
scarring and contracture. Current mainstays otristment of partial thickness wounds include
adequate fluid resuscitation, nutritional supparid local wound care, with an emphasis on
topical microbial agents and biosynthetic dressigsep partial thickness and full thickness
burns on the other hand are treated via excisioreschar followed by skin grafting. Full
thickness burns should be treated as soon aftescitgtion as is feasible by excision of eschar
and skin grafting since excision and skin graftarg bloody procedures if prolonged. Prompt
burn eschar excision with immediate wound closweanly has better cosmetic outcome but
also decreases mortality and shortens hospital Kt&g/often easier to excise the entire area of
burned skin and subcutaneous tissue to muscleafastithat may sacrifice significant amounts
of viable skin. To conserve surface and subjackimt guring surgery, areas of skin that will
spontaneously must be differentiated from areaswiianot heal within 2 weeks and therefore
require surgical excision and grafting. Early détecand monitoring of vulnerable zones can

help conserve tissue and speed the treatment groces

26



2.2.8 Current imaging modalities

Diagnostic techniques that have been applied éad#tection and quantification of skin
burns include green dye fluorescence, laser Doppéefusion imaging (LDPI), polarization
sensitive optical coherence tomography (PS-OCTgrntlegraphy, ultrasound and nuclear
magnetic resonance (NMR)[61]. Among these existechniques PS-OCT and LDI have
shown the most promise[62]. Both techniques hageattvantage that they are non-invasive and
are non-contact measurement techniques, but sfrfier various limitations. LDPI fails to
provide a resolved depth resolution and is affedtgdtissue curvature, pathophysiological
aspects of burns, and scanning distance. PS-OC3$ume=sachange in the optical polarization of
tissues resulting from thermal destruction of agla fibers by detecting only the direct-reflected
photons. It suffers from strong optical scatteramgl is unable to distinguish between degrees of
skin burns[63]. Therefore the clinical motivatiandevelop a non-invasive technique that would
be able to detect and diagnose skin burns, motitohealing process, and be user friendly and

cost effective is tremendous.

Infrared (IR) imaging has also been explored asom-invasive technique for burn
imaging. One study reported the successful us®amliaging in distinguishing between partial
and full thickness burns on the basis of tempeeatdifference on the surface of burn
wounds[64]. Surface temperature of burn wounds foaad to decrease with increasing burn
depth as time progressed. Another study demondtthgeuse of active-dynamic IR imaging in
distinguishing between repairable and irreparallen bwounds. A preliminary clinical study

using near infrared imaging (NIR) imaging with imganine green (ICG) as a contrast agent
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demonstrated a correlation between IR detectiopuof depth and histology[65]. However, IR
imaging suffers from scattering effects, limitechtrast between tissues and monitoring for long
periods of time[66]. Moreover prior studies have hmited sample sizes and therefore have not

yet clinically established the efficacy of the mbiya

2.3 Terahertz skin interactions

2.3.1 Terahertz sensitivity to skin reflectivity

Dielectric properties of a tissue are describegims of permittivity §) and conductivity
(o). For frequencies below 100 Hz relative permityiwf a tissue is in the order of &@r10’. At
frequencies higher than this, the relative permiiitidecreases in three stepsa; B andy
dispersionsa and3 dispersions are predominant at lower frequenanesaae associated with
ionic diffusion processes and polarizations at oeimbrane boundaries. Thealispersions are
found in the GHz region and arise from the rela@if water present in the tissue[67]. Since
the dominant polarization mechanism in tissuesgitdr frequencies is due to dipolar relaxation
of water molecules, the THz tissue interaction banunderstood by exploring the dielectric

behavior of water in the THz regime[68].

In the THz band, water is observed to fit a doubébye model with a slow relaxation
time (1) and a fast relaxation timeas,}. Dielectric relaxation for water incorporates Bl
rearrangement, structural rearrangement and ttsorsdéh and rotational diffusion[69]. The slow
relaxation mode can be attributed to structural ldfiabnd rearrangement that involves breakage

of H-bonds and reformation while the fast relaxatmiay be due to reorientation.
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The relaxation times and permittivity’s can be oédted using the equation

€s — €2 €2 —€x
: + .
l4+wn  14iwn

)

€(Ww) = €po +

where edsthe static dielectric constarg;is an intermediate frequency limi¢&is the limiting

value at high frequency.

Several groups Ronne et al, Kindt and SchmuttennSamye et al etc have published the
double Debye parameters for water. Relaxation tiarescalculated as ~8.2 - 8.4 ps and, ~

0.17 - 0.19 ps[11, 70, 71].

Water, which makes up 70% of skin by weight, ipented to dominate the dielectric
properties of skin. Pickwell et al modeled skinsp@nse to THz radiation[69]. Forearm skin was
chosen and treated as a homogenous layer. Simikdgkseev et al showed that forearm skin
because of thinness of SC could be modeled as ademous layer[72]. The permittivity values
obtained by their group were found to be similaexperimentally observed values. Pickwell et
al used finite-difference-time-domain to calculétte Debye parameters for both water and skin
at 298 K and correlated it with measured valuesggo&dd correlation was found (correlation
coefficient 0.97) between the simulated and measuedues. The relaxation times for water

wereT;~ 10.6 ps and; = 0.18 ps and for skin werg~ 10 ps and, = 0.20 ps. The permittivity

values of water and skin wege= 78.8,6,= 6.6£,= 4.1andks = 60,e,= 3.6£.= 3 respectively.
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This property can be exploited for diagnosing assel states of skin where imbalances in

water concentrations can generate contrast.

2.3.2 Primary contrast mechanism

Contrast in THz range is due to slight variatiamsvater content. The refractive index of
water is around 80 at 1 GHz but drops to 2 betw@énto 1 THz. Absorption coefficents for
water are high in the THz range leading to sigaificdielectric losses[73]. Further because of
variations in water content biological tissues afeund to have different THz
absorptivities[74].Absorption coefficents of tissuare highly dependent on their water content
with lower attenuation coefficents for tissues wikver hydration levels. For instance adipose
tissue has a lower attenuation coefficent tharatei muscle. The water content of striated
muscle ranges from 73 to 77.6 wt% while its betwgea 20 wt% for adipose tissue. Fitzgerald
et al explored optical properties of excised huntigsues in the range 0.5-2.5 THz and
discovered different refractive indices and absomtoefficents for skin, adipose tissue, striated
muscle, vein and nerve. However because of verly Algsorption coefficent THz is unable to
pennetrate deep into tissues making reflective intagnd spectroscopy more feasible than

transmission mode.

Taylor et al defined a parameter noise equivaleitth water concentration (M&VC) for
their reflective THz imaging system that was usadlie experiments reported in this thesis[12].
This metric defines the minimum change in watercemtration by volume that the imaging

system is able to detect. This parameter defireséhsitivity of a THz imaging system to
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variations in water concentrations and can be densd analogous to ttnoise equivalent

temperature ifference (NETD) for Infrared thermometric imag[75].

The parameter was experimentally calculated by oreaschange in THz reflectivitof
fully saturated lean room wipes (polyester/cellulose ble with time as their weiht dropped
with subsequengvaporation of wat. The sample was dried over a sjof 87 minutes with a
drop in weight from 130 mg to 40 mg. A mean dnopveight of 1.42 mg between measuren

points and a constant drop of 0.02% per min ireagiiVity wes observed during the 87 min tir

period between 4.65% and 2.85% reflectiv
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Fig 2.12:Change in THz reflectivity as a function of dropwater concentratic

A near linear relationship was found between THiectvity and water concentratio
From the reflectivity and weight data a noise eglaat delta water concentration (N&/C) was

calculated to be 0.054%. This implies that theaxiye THz imaging system would be able
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generate contrast between regions differing in watecentration by as little as 0.054% by

volume.

2.3.3 Imaging skin abnormalities with THz waves

The growing popularity of THz imaging has led maegearch groups to venture into
medical imaging. The properties of THz waves malaptly suited for imaging skin. Cause and
effect of skin abnormalities can be attributed tdbalances in water content, which can be

captured by THz imaging.

Toshiba Research Europe Ltd at Cambridge did dribeoinitial in vivo skin imaging
experiments. A reflective imaging system was usethte measurements off normal skin on the
arm of a volunteer. The experiment involved takingasurements from the forearm before and
after hydration to gauge the systems sensitivitgitanges in water concentrations. The stratum
corneum-epidermal junction was visualized for ndrekin. Also stratum corneum water levels
were deduced from the reflected THz waveforms. Wiaod et al used Terahertz pulsed
imaging to image in vitro basal cell carcinoma spens and showed that they could be
distinguished from normal skin. Tumors are assediatith higher water content which
translates to contrast in the THz range therelywnatig differentiation of normal regions from
cancerous regions. Teraview Ltd reported contrastvéen normal skin and carcinomatous

lesions both in vitro and in vivo.

The above results are very encouraging for eatgalion and monitoring of skin burns
and cancer, conditions like psoriasis, eczema, diig) evaluation of cosmetics etc for which
hydration profiling of SC could provide an insight.
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2.3.4 Promise of THz imaging in skin burn detection

The proficiency of reflective THz imaging in vidizang burns was first reported by
Mittleman[76]. A contrast between burnt and unbueagions was observed in chicken breast. A
series of circular burns of increasing severityevieiduced in the chicken breast with an argon
laser. The THz image resolved all zones of burrestes by generating a contrast between
them. The contrast was attributed to variationsvater contents between each circular region.
Dougherty et al used chicken skin as a model fon Istudies. A sever burn was inflicted by a
branding tool heated to 35@[77]. The burnt region was clearly visible in tfélz image.
Taylor et al employed porcine skin, a close minfibman skin for imaging burns[10]. A brass
brand heated to 316 was pressed against ex-vivo pig skin for ~3 mficct a severe burn. A
clear distinction between burned and surroundifdguumed was apparent from the THz image. A
75% drop in reflectivity was recorded between thie tegions giving a high SNR. The primary

contrast mechanism was identified as local vamatio water caused by burning.
2.3.5 Comparisons with other imaging techniques

Clinically established techniques like X-ray, M&1d ultrasound could never establish a
foothold in skin imaging due to several reasongay-s highly invasive with intensity levels
nearly a million times as compared to terahertz.| K&s previously been used for detecting and
determining the extent of malignant melanoma, lyogg#trma and squamous cell carcinoma [78-
80]. However because the thickness of skin is endtder of millimeters, current MRI systems
sensitivity and resolution does not do justice esalving different layers of skin. Especially

disorders involving stratum corneum (thicknesg)1®RlI fails to provide any information due
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to its inability to resolve this layer. High-resbbn ultrasound imaging has been successful in
evaluating epidermal thickness and resolving tlffer@int skin layers[81, 82]. Despite having a
good penetration depth, the lack of chemical sprtgifand spatial resolution has prevented the

use of ultrasound as a diagnostic tool for skiomdisrs.

1.25 million patients are still treated for burasnually in the United States. Of these
approximately 50,000 require hospitalization[22,].B8&rly detection of skin burns and
estimation of extent and severity still remains talienge in clinical settings. The most
commonly used methods for estimating burn depthviseal and tactile assessménhese
methods are highly inaccurate despite being peddriny experienced medical personnel with
successful prognosis only in 50-70% of cd8es84] Biopsy of wounds followed by
histopathology is the gold standard, but not comerformed because of being local and

invasive[85].

Diagnostic techniques that have been applied éad#tection and quantification of skin
burns include green dye fluorescence, laser Doppéefusion imaging (LDPI), polarization
sensitive optical coherence tomography (PS-OCTgrntiography, ultrasound and nuclear
magnetic resonance (NMR)[86]. Among these exidi@afpniques PS-OCT and LDI have shown
the most promise[87]. Both techniques have the @dge that they are non-invasive and are
non-contact measurement techniques, but suffer ffamous limitations. LDPI fails to provide a
resolved depth resolution and is affected by tissuevature, pathophysiological aspects of
burns, and scanning distance. PS-OCT measures ehamdghe optical polarization of tissues

resulting from thermal destruction of collagen fibby detecting only the direct-reflected
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photons[88]. It suffers from strong optical scattgrand is unable to distinguish between

degrees of skin burns[89].

Infrared (IR) imaging has also been explored asos-invasive technique for burn
imaging. One study reported the successful us®amlaging in distinguishing between partial
and full thickness burns on the basis of tempeeatdifference on the surface of burn
wounds[90]. Surface temperature of burn wounds feaad to decrease with increasing burn
depth as time progressed. Another study demondttheeuse of active-dynamic IR imaging in
distinguishing between repairable and irreparabie ltvounds[84].A preliminary clinical study
using near-infrared imaging (NIR) imaging with imyanine green (ICG) as a contrast agent
demonstrated a correlation between IR detectiopuof depth and histology[91]. However, IR
imaging suffers from scattering effects, limitechtast between tissues and monitoring for long
periods of time [84, 90, 92]. Moreover prior stuggave had limited sample sizes and therefore

have not yet clinically established the efficacytttd modality.

There exists a need for a non-invasive modalitt th able to accurately quantify the
extent or severity of burns. Such a technique nmapke improved management of burn injuries
by providing a highly accurate quantitative measafeburn severity and extent, therefore
allowing for more accurate triage and improved rtwimg of burn injuries. Cost effectiveness

and ease of operation are additional clinical nagions.

Terahertz has the potential of becoming a clinttagnostic tool for early detection and
diagnosis of skin burns. Properties of THz waveddigsussed earlier are conducive to the

surface and sub surface skin imaging. Preliminasylts obtained by other research groups and
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our group have shown promise in the ability ofeefive terahertz imaging in detecting burns via
contrast. This thesis further explores the feagbibf THz imaging modality in not only
detecting skin burns early on but also differemitbetween superficial, partial and full
thickness burns. Chapter 6reports the ex-vivo lexperiments on porcine skin using a reflective
terahertz system. A large sample size was incliddedhe reproducibility, repeatability and
statistical significance of the data. The reswlése very encouraging in imaging different burn
severities and the results were found to be sStatlit significant. Further chapter 7 discusses the
in vivo skin burn experiments. Male SD rats weredufor the study in line with previous burn
models. We were successful in imaging and distsigng between burn severities on live rats.
To our knowledge these were the first in vivo e@kpents that utilized terahertz imaging
for visualization of burns. Also the potential dfiZ imaging in burn monitoring was explored by
imaging burns over a time period of three days. @wivo and in-vivo experiments have been
instrumental in substantiating our claim about tagpability and potential of our system in
detecting and diagnosing skin burns and other digorders for the detection of which no

standard techniques exist!
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CHAPTER - 3: TERAHERTZ GENERATION AND DETECTION

3.1 THz generation and detection schemes

The THz region of the electromagnetic spectrum emassidered evasive for a long time
due to lack of efficient generation and detecticgchanisms. With technological advancements,

rapid progress has been made in THz generatiodetedtion in the past decade.

3.1.1 THz sources

Broadband THz waves can be produced by eithereofwib schemes

I) Photoconductive emitters: This method of generainvolves creating carriers (e-hole pairs)
in a semiconductor material with an optical laselsp. The photoconductive material instantly
changes from being an insulator to a conductor.ediide influence of an electric field these
carriers accelerate generating a photocurrent. répel rise and fall of photocurrent produces
electromagnetic waves in the THz frequency rang®A% InP and InAs are popular materials of
choice for photoconductive emitters. The constarctof GaAs photoconductive switch is
discussed in detail in the next section. Metal teteles are patterned onto the semiconductor
substrate in the form of an antenna with a few ameters between them.The laser pulse excites
the electrons across this band gap, which is uadeas voltage. The photon energy of the laser
pulse has to be comparable to the band gap of rtiitee for THz generation. Femtosecond
lasers like mode locked pulsed Ti:sapphire lasexsrast commonly used for excitation. These
lasers have wavelengths short enough to accel#ratmovement of electrons across the band

gap, low average power and high repetition ratez ptlse bandwidth depends on the fast and
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efficient rise and fall of photoconductor. Driftleeity and breakdown field are other material
properties that determine THz intensity and bantwidBandwidths of 1 THz are easily

achievable but may reach up to 4 THz.

II) Optical rectification: In optical rectificationo bias voltage is applied. An ultrafast lasespul
from a Femtosecond laser passes through an opticah-linear material. The material
undergoes polarization at high optical intensitiedz waves are produced as a result of these
rapidly changing electrical polarizations in thetemel. LINbO; and LiTaQ are non-linear
crystal materials of choice. Phase matching betwbenlaser pulse and THz pulse from the
crystal, duration of laser pulse, non-linear casfiit and thickness of crystal dictate the
efficiency and bandwidth of resultant THz waves.ddsnpared to photoconductive generation,
the THz waves generated via optical rectificati@venh lower output powers. The conversion

efficiency is also lower though the bandwidths mrech larger reaching up to 50 THz.

3.1.2 Detection schemes

THz sensors range from superconductor bolometerseterodyne sensors. Coherent
detectors are best suited for biomedical imagirdyspectroscopy. The two most commonly used
schemes for coherent detection are photocondudétextion and electro-optical sampling. Both
detection schemes involve mixing the THz pulse wétlpart of the original laser pulse. An

optical delay line ensures the simultaneous aroValoth pulses.

I) Photoconductive detection: The mode of operattoantithesis to photoconductive emission
and is generally used in conjunction with photoeariive sources. Photoconductive antennas
are used for this detection scheme. Electric fél@iHz pulses generates a bias across the
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antenna, giving rise to a transient current. Thigent is amplified and the detected current is
representative of the THz field strength. It hagrbeeported that photoconductive antennas
based on low temperature grown GaAs are capahl#rahigh bandwidth detection (frequencies

in excess of 60 THz).

II) Electro-optical sampling: The principle behimdectro-optical sampling is pockels effect.
Bifringence is induced in a crystalline materiah(Ze crystals) by the electric field of the THz
pulses. The change in the optical polarizationhaf detection pulse caused by bifringence is
proportional to the electric field strength of THzurther amplitude and phase information can
be derived from the polarization of the beam. Lgndse duration and crystal thickness affect
the bandwidth of detection with reported detectionexcess of 100 THz when thin sensors are

used.

3.2 Terahertz imaging systems

3.2.1 Pulsed systems

Terahertz pulsed imaging and spectroscopy has bsed for biomedical applications
like tissue differentiation, disease detection €lerahertz pulsed systems comprise of a
Femtosecond laser, THz source, pair of opticakttaners and a detector. The laser pulse is split
in two components — pump and probe. The pump id tsexcite the THz source, which could
either be a photoconductive antenna or a non-liogatal. Generally photoconductive antennas

are used. The generated THz pulse after scanngnigutet is fed into a detector where it mixes
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with the probe beam from the laser. Parabolic msraye used to focus and collimate the THz
beam onto the target and then into the detectar.sigmal is amplified, down converted to radio
frequency range and detected. Pulsed THz systewss tigh bandwidths, high signal to noise

ratios (SNR’s) and can provide depth information.
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Fig 3.1: Pulsed Terahertz imaging system[93]

3.2.2 Continuous wave systems (CW)

Unlike pulsed imaging systems, continuous wave inmggsystems do not require
complicated optical arrangements making them simghel cheaper as compared to the pulsed
systems. Two tunable laser sources operating #&reiit wavelengths are photomixed to

generate THz radiation. By selecting the operatiagelengths and line widths of the two lasers,
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desired frequency in the THz range can be produd&drow frequency ranges or even
monochromatic THz waves can be generated withstisup. The resultant THz waves have a
higher spectral power density at a particular fesguy as compared to the pulsed generated
waves. Both photoconductive and electro-optic detechas been demonstrated. A major
requirement for continuous wave THz generation detéction is that the two laser sources have
to be coherent. Ti:sapphire lasers are most comynosed as laser sources. LT-GaAs is the
popular photomixer though some continuous wave rgeioe schemes do not require emitters.
As mentioned earlier, CW systems are much less boatgd and cheaper. Image formation is
fast due to lack of long delay lines. For appliocas requiring resolution of narrow spectral
details like molecular signatures, CW imaging armmkctroscopy is suited. However for
biomedical imaging, pulsed systems are preferredesihey can provide depth information and

broadspectral details.
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Fig 3.2: Continuous wave THz imaging system[93]
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3.3 Pulsed THz imaging systems:

Pulsed terahertz imaging systems can be operatiedr en reflection or transmission

mode. The construction varies in the placementhefdetector.
3.3.1 Transmission THz imaging

In transmission mode the detector is placed bertbatisample under investigation. The
radiation propagates through the material andrdresimitted THz waveform is measured. Phase
as well as amplitude information is captured arnbegior both can be used to generate images.
Transmission mode has been used to determine diosoigoefficients, refractive indices of
materials including tissues. Applications of systeoperating in transmission mode have also
been in security like detecting explosives and igualontrol. Transmission of THz radiation
through a material is dependent on absorption db age attenuation characteristics of the
material. Crawley et al used pulsed terahertz ing@ transmission mode for detecting carious
lesions in teeth. THz attenuation spectra of tedtbwed a higher absorption for caries as
compared to healthy enamel[94]. Contrast betweaittheand carious regions was apparent in

the images generated from the absorption data.

Transmission set ups are limited by the thicknefsthe specimen. Materials that are
absorptive to THz radiation also attenuate it thgnendering them less meaningful to reflective
imaging. This is particularly relevant in case obrbedical imaging. Transmission imaging
requires preparation of very thin specimens in otdebtain transmitted waveforms. This could

be done for investigating biopsied or ex-vivo spemis but is not possible for in vivo imaging.
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Fig 3.3: (a) Transmissn THz imaging system ( An image of toottgenerated by plotting the change in intensit
the terahertz pulse as it passes through the sanhgdifferent x and y values, corresponding to @ wiaterahert:
absorption in the sample. Note that the (s lesions are easily detected. A false cot@ge generated by p- ting
the change in time of flight of the principal teeatz peak as it passes through the sample atelifferand y value:
This corresponds to refractive index chai[95].
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3.3.2 Reflective THz imaging

The detector is positioned on the same side ohthterial under investigation so as to
capture reflections off the sample. A pair of patabmirrors is used to focus the reflected THz
radiation into the detector. The reflected wavefooontains both amplitude and phase
information and can be used to generate imageded®@ice depends on index of refraction,
surface roughness, polarization and other geomkiciors. Even though clearer images can be
obtained in transmission mode reflective systems more popular. Bulky samples are
impossible to image with transmission systems.dRéfte THz imaging has gained popularity in
security screenings because they are more apmiaaid practical for standoff detection. By
studying reflected waveforms it is possible to wisze several layers in an object and also
predict thickness of each layer. This has implaaiin security screenings where detection of
explosives or weapons beneath several layers diictpis desirable. Materials that are highly
absorptive to THz radiation cannot be imaged wiéimgmission set ups due to high attenuation.
These include biological tissues. Human body isua@®% water. Tissues have been found to
have different THz absorption characteristics madue to differences in water concentrations.
These characteristics are captured in reflectiodenshere a contrast is created between areas
differing in water contents. Reflective THz imagirgystems are thus more practical for

biomedical imaging.

Crawley et al[95] also imaged teeth in reflectimode. THz pulses reflected from the

surface of the teeth were used to generate an intagas observed that enamel was more
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reflective than dentine due to a higher refractindex appearing lighter in the image. This le

differentiation between enamel and den
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Fig 3.4: a) Mounting of the samgd for reflectiorimaging b)An example pulse in reflection. The strongest fiez
(indicated by the arrow) would dictate the timeagelised to plot reflection images. The height efghlse at thi
chosen time delay would be used to make up theation imag§95].
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The work presented in this thesis is with the aba reflective pulsed THz imaging
system developed in our lab. The potential of @almology and our system is in early detection
of skin burns is demonstrated through a seriexxpéments. The construction and working of

the system is described in the next section.

3.4 System design

Reflective THz imaging system comprises of a Feedond laser, source, off axis

parabolic mirrors and a detector.

3.4.1 Photoconductive switch

Our reflective THz imaging system employs a photaective switch for the generation
of terahertz. Since the development of photocondeigwitch by Austin in 1984, these have
been used for the broadband generation of teraHetas been shown that GaAs is the popular
material of choice for photoconductors due to highistivity, high carrier mobility and high
breakdown field. The addition of ErAs nanopartiddlesGaAs further increases the breakdown
voltage and decreases the carrier lifetime. Thertspolses arising in the semiconductor-

nanoparticle assembly give rise to broadband THizesu

The construction of our photoconductive switclassfollows. A layer of GaAs serves as
the substrate and is overlaid with an AlAs:AlGaAgdr acting as a reflector. The heat spreader
layer of AlAs is laid on top of the reflector. Aithlayer of GaAs:ErAs with patterned metal

follows this. ErAs nanoparticles are introduceatigh molecular beam epitaxy leading to the
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formation of single crystaErAs islans in GaAs. A thin layeof silicon nitride caps off th

asserbly. Silicon nitride prevents oxidaticand provides anti reflection coatir

Photoconductive gap

SiN

Bi [ L]

100 um 1as GaAs/ErAs

[P — Pad
:[ E |_r E AlGaAs Heat Spreader
54 um
H — 9 um
9 um —
Si Hyper-

Hemisphere

243 uym

Fig 3.5: Schematic (left) and picture of the Austin switcBed for THz generatic. GaAs:ErAs is the
photoconductive active layeGold is patterned onto this layer in tBbape of a planar antenna. The antenna
three-turn square spirat the end of which extend two bilines that are used for electrical biasing and ¢
The THz pulse emitted from the switch is nearlyiowted with a divergence FWHM of °.

The performance of the photoconductive switch wassoea using a Golay ce(NEP
~2x10-10 W Hz1/2, responsivity = 10 m'uW). Theaverage THz output power wfound to be
103 uW while achieving an optic-to-electrical conversion efficiency of 1... The peak power
wascalculated at 2.2 W for a limited pulse width o2 s.The spectrum was measured wit
Michelson interferometer using a fum Mylar beam splitter and a -cooled, composite
bolometer. Water lineare observe at 557 GHz and 752 GHz in theeasured spectra. The
broadband output is the result of short elec-hole recombination time (~0.25 ¢

and efficient radiative coupling through the lensumted spiral antenr

47



3.4.2 Construction and working of Reflective THzigng system

The active imaging system developed in our lalrates in reflection mode at 0.5 THz
with ~125 GHz bandwidth. A 780 nm mode locked |lgaemps the photoconductive switch at a
repetition frequency of 20 MHz to generate THz a#idn. The photoconductive switch is
coupled to a silicone hyperhemisphere for produeimgarly collimated beam with a FWHM of
~8. This directive beam is collimated and focusga Iset of parabolic mirrors to strike the target
at 45. The target is raster scanned in both horizomtdheertical directions using stepper motors
at a defined step size. The reflected beam isncatkd and focused by another set of mirrors into
the feed horn of a zero-bias Schottky detector.afed microwave receiver comprising of a
double balanced mixer and an integrator followsSbhottky detector. The reflected THz beam
is rectified, amplified (BW=10 GHz, G=+40 dB) aretif (passed) into a double balanced mixer
where it interferes with the reference pulse frdma kaser. To synchronize the two pulses, the
reference pulse is passed through a RF delay kodowing the mixer, a digital voltmeter
(DVM) with a 16 ms time constant and an integrafiactor of ~3.2 x 10discretizes the signal
to a digital output with 40 dB post detection SNRs ensured that the target remains at a 45
incidence with respect to incident and reflectedr@vdmage acquisition time depends on the

dimensions of pixels that can vary from 0.1 mm tor.
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Fig 3.6:Visible pic (left) of the imaging head and (rigetthematic oreflective THz imaging syste

An effective center freuency of 525 GHz (0.5 THz) witbandwidtl of 125 GHz is
calculated by superimposing the spectral respagsofi Schottky diode detector with pow
spectrum of the photoconductive switThis bandwidh is sufficient to overcome speckle frc
standing waves between source and detector ammititen frequency is high enough to ¢

provide good spatial resolutio

Normalized Responsivity (dB)

Fréq uency (Ti-lz)

Fig 3.7 Normalized power spectral responsivity of bias Schottky detector sujpmposed on the power spectr
of photoconductive switch
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Even though information lies in the phase of teflected signal, the system receiver
must be considerably more complex to extract tlaelsktional spectral features. In our system
and the applications under consideration we havermned that the additional information
embedded in the phase does not justify the addssives complexity hence we do not acquire
the phase with our system. Though details of aetaage contained in the phase of the reflected
radiation, it is complicated to retrieve this infaation. For complex morphologies like skin, a
reference reflector would be required at the saositipns for a precise measurement. Thus for
biomedical imaging applications for which our systeas been designed we only take amplitude

information into account.
3.4.3 Why 0.5 THz?

Bennett et al have identified the 400 GHz - 700 GHz range as the optimal band for

effective system operation[96]. Key factors that were taken into consideration were
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Fig 3.8: a) Approximate skin dielectric constantakulated with Bruggeman effective media theory atratified
media theory. b.) Power percent reflectivity oinséts a function of water concentration and fregyeassuming a
specular surface. c.) Hydration sensitivity cadted as a % change in power reflectivity per % gkan water
concentration by volume.
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Skin is 70 to 80 % water. Dielectric propertiesséiin are dominated by that of water.
This was shown by using double Debye relaxationehadd Bruggeman dielectric theory. Skin
with thin SC can be modeled as a homogenous |ayer.effective complex dielectric constant
of skin was calculated for water volume concentragiof 70%, 75%, and 80%. The frequency
and water concentration dependent skin reflectigishown with a 100 GHz to 1 THz frequency
range on the x-axis, a 70% to 80% water conceatrdiy volume range on the y-axis, and the
power reflectivity in % represented by the colorbéuere blue corresponds to lower reflectivity
and red corresponds to higher. As is expecteddylielectric properties of water, skin displays
a higher reflectivity at lower frequencies. Takitgrivative of the figure performed a sensitivity

calculation. The calculation shows a clear advant#gperating at lower frequencies.

N
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~
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a) b) c)

Fig: 3.9: a) Scattering simulation using typicalues measured for skin. The figure shows the deing
specularity for increasing frequency b.) Penetratiepth in the cornea c) Spatial resolution assgraigaussian
beam profile and a 25 mm focal length, 25 mm diamptimary objective lens.
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Surface roughness and curvature lead to scatt€éHmimages. Bennett et al modeled
skin roughness as a Gaussian distribution of heightl slopes. The received power dropped 4

orders of magnitude from 100 GHz to 1 THz.

In single pixel whiskbroom imaging systems, sgatesolution is dictated by the spot
size on target. Bennett et al explored this conbgpcomputing a spot size on target using a
high numerical aperture, 25 mm effective focal tangff-axis parabolic mirror with a 25 mm
clear aperture 90% filled by the THz beam. Thaeiltssare displayed in (blue) and represent a
practical bound on THz beam focusing assuming anration free mirror and perfect THz beam
gaussianity. As expected, higher frequencies predumaller spot size for a given optic with

100 GHz illumination providing a 3mm spot size dn@iHz providing ~ 350 um a spot size.

Considering the pros and cons of both, we canladacthat for biomedical imaging

operating frequency of 0.5 THz is optimum.

3.5 Calibration results

3.5.1 Spot size characterization and depth of focus

It has been shown that if the exciting laser pulas a Gaussian intensity profile, the
emitted THz pulse in the far field follows a simildaussian beam pattern. The beam waist is

dependent on the spot size of the pump laser [@7s6B].
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Gurtler et al confirmed this Gaussian behaviathefpropagating THz beam by fitting the
frequency dependent experimental spot size withspied size of an ideal Gaussian beam[99].

The ideal spot size of the THz beam was calculased

Wfocuset(v) = fC/V TW,

w is the frequency dependent spot size, f is thalflength of the lens used to focus the beam,

and w is the spot size of the laser pulse at beam v88ist[

For our reflective imaging system, spot size easulated experimentally using the
knife-edge method and fit to a TEMaussian beam profile. Knife-edge scanning is allaop
method of choice for experimentally determiningtsgpe of a Gaussian beam. In this method,
beam is swept perpendicular to the knife-edge hadéam intensity is measured. Since the
spatial profile of the THz beam is Gaussian, ddferating the signal gives the beam

diameter[100]. \

The irradiance function of a Gaussian beam hittivegtarget at an incidence angle

with respect to optical axis is described by

E%(x,y,2,0) wi exch (—2::?2 sin? 6 — Qyz)
E? - w?(z —xcosh) w2(z — xcosf)

The beam hits the target at®4B6cidence for our system so we substifite 45and z=0

(location of Gaussian waist) in the above equation.
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E?(z,y,2,0) w } —a? = 2
B T2V (wﬂt—:r-/@)

The above expression describes the detectors depemdn electric field.

A metal edge target was translated in a direcpierpendicular to the THz beam and

reflected power as a function of distance d wasitaced.

d oo
P(rf):/ E*(z,y,2,0) - cos 8 - dydz.

y being >> than the spot size permits the integnatif the variable resulting in

1
; 2

P(d) :fl*/ m(m}(wz(j;/ﬁ))rhr

—_—

wherea=0.51,"Es20,2VIIcod)

The experimental data was fit to the above exprassind spot size (10%-90% power points) for

1", 2" and 3" mirrors was calculated.
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Fig 3.10: Knife edge response of the system fot sjze determination in long axis (left) and sheds (right) for
1", 2" and 3” focal length mirrors

Table 3.1: Characteristics of 1”, 2" and 3” mirrors

OAPEFL | wy | q(deg) | 10%-90% | DOF
(mm) (mm) (mm) (mm)
25.4 9.3 30 | 0.61x0.60 0.8
50.8 36.5 14 12x13] 4.0
76.2 62.4 9 2.1x2.6] 11.7
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The depth of focus is evaluated by reconstructiregariginal Gaussian profile.
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Fig 3.11: Depth of focus evaluation by reconstircidf original profile
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3.5.2 Spatial resolution

B B
. ke

ene (Dielectric)

Fig 3.12: Letters U,C,S,B in both metal and digiedtop) and THz image of the target under a lafedenim

The practical spatial resolution of the system wagermined by scanning a metal on
dielectric target covered with denim. The targe$ tetters ‘U’, ‘C’, ‘'S’, ‘B’ written both in
dielectric and metal. Polypropylene is the dieieatf choice because of its transparency to THz

radiation. The target was covered with a 1 mm tliekim cloth having fiber pitch of 1.4 mm.
The metal part being highly reflective to THzaasilyvisualized in the image. The fiber pattern

of denim can be resolved in the top part of the THage. The above image was taken with 2”
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focal length mirrors having a spot size of 1.2 niihis experiment affirms that the resolution

our system is around 1.2 m
3.5.3 Signal taoise and signal tnoise clutter ratios

SNR of the system was estimated by another meteledric target. Letter
“U’,'C’,’S’,’B’ in dielectric were etched in a 2 mnthick copper clad G10 printed circuit bos
2.0 cm x 5.5 cm. Each letter covered oximately 0.8 cm x 1.0 crarea. SNR was calculated

~47 dB for 1” bcal length, 42 dB for 2” focal length and 34 férf@cal length mirror

a) b)

A

UCSB

B

UCSB

C

UCSB

Fig 3.13: aJ, C, S, B metal dielectric tar¢, b) UCSB target imaged with A) 1B) 2" and C) 3" focal lengtl
mirrors
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Table 3.2: Signal to noise ratio calculations faee mirrors

OAP EFL Wq (Mmm) ~SNR(dB)
(mm)
25.4 9.3 47
50.8 36.5 42
76.2 62.4 34

Another advantage of imaging with THz waves isrthidherent transparency to non polar
and non metallic mediums[101]. It has been repotted in the frequency range 100 to 500
GHz, THz waves readily pass through clothing wittkel attenuation [102]. This has led to the
development of active and passive THz imaging systéor security applications, detection of

chemical impurities and biological hazards[103].

USCB target was covered with a layer of gauze smashned with the three focal length
mirrors consecutively. The thread pattern was frdlgolved in the image taken with
length mirrors. The image was observed to be degbpeckle, clutter, and other detrimental

effects characteristic of narrow-band imaging systeThe letters were clearly visible in all three

images affirming the previous reports.

Signal to noise clutter ratio was calculated fotted three images.
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Fig 3.14 UCSB target under layer of gauze imaged witt1”, B) 2" and C) 3" focal length mirrot

Table 3.3 Signal to noise clutter ratio calculation for theee mirror

OAP EFL Wg (Mmm) ~SNCR(dB)
(mm)
25.4 9.3 29
50.8 36.5 25
76.2 62.4 20

60




This opens up the possible application of THz imggsystems in wound healing
monitoring and management. We have explored tlospact by imaging burned porcine skin

through layers of gauze. The results of the expamirare discussed in later chapters.
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CHAPTER-4: PRELIMINARY BIOLOGICAL TISSUE IMAGING
RESULTS

The sensitivity of Reflective THz imaging to swréahydration was explored by imaging

biological tissues.
4.1 Deli meats

Our first step towards skin surface imaging wasgmg deli meats — salami and
prosciutto. Both these deli meats are high in fattent and are composed of lean and fat meat.

Fat content of salami is 38-39%[104, 105]and tligirosciutto is about 23%.

a)

X jim (Mm)

b)

Fig 4.1: (a) Visible pic (left) and THz image @flami (b) Visible pic (left) and THz image of progto
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A contrast between muscle and fatty tissue ismisein the THz images of deli meats
where lighter areas are representative of musaledank areas correspond to adipose tissue.
Water content of adipose tissue is around 15%[&0@] that of muscle tissue is 76%[107] The
response of biological tissues to terahertz fregesnis largely dominated by water. Higher
content of water in muscle hence the regions cpomding to muscle appear lighter than the
surrounding fatty areas. Arnone et al (1999) presiip found different THz signals from muscle,
fat and kidney in pork specimens[16]. At terahdrefjuencies, areas of higher water content
tend to be more reflective due to a high effectivelectric constant. The difference in water
content of muscle and adipose tissue translatectottrast in the THz range allowing
visualization of each in deli meat slices. Thessulte indicate that our reflective THz imaging
system can distinguish between regions differingveter concentrations. Further the above
results can be extrapolated in identifying diseastdes in biological tissues resulting from

hydration imbalances.

4.2 Tooth

The ability to discern changes in hydration in b@tal tissues was extended to ex-vivo

tooth and cornea specimens.

Adult human beings have 32 permanent teeth tletlassified into three categories---
molars, canines and incisors. The structure of ahta@onsists of an outer layer of highly
mineralized enamel covering dentine followed by ertum and the soft pulp cavity in the
center. Dental caries is a disease in which thesralized layers enamel; dentine and cementum
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undergo demineralization and decay leading to paifection and tooth loss. According to
statistics, dental caries is the most common déesefshildhood[108]. About 80% people by the
age of 18 years are found to have dental cariesy Hatection of caries can be very useful in
preventing and treating tooth decay. Visual inspacand x-ray bitewing radiography are most
commonly used for detecting caries[109]. Sincerdugarly stages of enamel erosion no visible
signs are apparent, visual inspection is not anrate way for identification and quantification
of caries. X-ray radiography on the other hand @arsensitive and is also able to detect buried
lesions [110-114]. However because of the ioniziature of x-rays and inability to accurately
detect demineralization at primary stages; it isanpreferred method of choice. For evaluating
lesion depths and demineralization of enamel, trésson microradiography is considered to be
a gold standard[115]. But TMR is suited only fonitro studies as it requires cutting teeth into

thin sections prior to microradiography[116].

Terahertz imaging has shown promising resultbénfield of dentistry [16, 94, 117-119].
Enamel and dentine have different refractive inglicEhis difference in refractive indices has
been able to generate contrast between enamelantthel both in reflection and transmission
mode [16, 94, 118]. Enamel-dentin junction was idiedl in 91% of cases in one study[120].
Enamel thickness was accurately calculated whieldipred the rate of enamel erosion. Dental
caries have been successfully detected in variectsoss of human teeth[121]. Size and location
of dental cavities, composition of tooth, interpalp cavity and external cavities were visualized
using terahertz imaging[120].Another advantagesifig THz for in vivo detection of caries and
tooth decay is that it is non-ionizing. This givEldz a strong edge over radiography for in vivo
detection of demineralization.
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A tooth sample investigatewas a horizontal crossection of a molar with a ring
enamel encircling dentin. An island of enamel weesent within the dentin as well as two v
thin areas of dentin where two pulp horns are clas¢he imaged surface. The tooth v

prepared hydtad and encased epoxy resin and imaged tooth.

Fig 4.2:(Left) Tooth sample encased in epoxy, and (Rigbtyesponding THz imay

A contrast between enamel and dentin is evidemh filoe imaging results. The yellc
region in the 2D image corresonds to the thin ring of enamel surrounding thetiden Darker
regions within the red area can be mapped to enafaeld with thin areas of dentine. Ev
though the pulp horn shape in the tooth sampletxactly replicated in the image, enamel
dentine regions in the sample can be differentiatuidies have shown that THz is able
generate a contrast between enamel and dentinarting wf difference in refractive indice
Higher THz reflectivity is obtained from enamelXB.which is found t have a higher refractiv

index than dentine (2.6) [14].

The THz image obtained delineates enamel from dentggesting that our system ¢

be used to image enanu#ntine junctions. Previously most of THz imagiegults have bee
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obtained from dry samples. The tooth sample wasdtgd at the time of encasing to account for

the moistness of teeth in vivo.

4.3 Cornea

Cornea is the transparent outermost layer of yleeresponsible for most of its focusing
power. The five layers of cornea are epitheliumyiman’s layer, stroma, descements membrane
and endothelium. A hydration profile exists in cesrwith hydration increasing from the anterior
to the posterior region of cornea[122]. Cornealltheand function is highly dependent on its
hydration state. Normally cornea contains 76.2%ewdly weight[123]. Maintenance of this
constant hydration level is important for corneednsparency[124, 125]. There exists a
correlation between corneal hydration and cornéa@dkhess. Corneal edema leads to the
opacification of cornea thereby causing loss ofownd 26].In case of glaucoma, evaluation of
intraocular pressure can help in early diagnosithefdisease and prevent its progression[127].
Corneal hydration is also found to influence thesefa ablation rate during refractive
surgery[128]. An inverse relationship exists betwemrneal hydration and tissue ablation.
Monitoring of corneal hydration can provide insighbto corneal health in cases of trauma,

inflammation, dystrophy, diabetes, glaucoma, syrgéc.

Among the various techniques explored for thentieation of corneal thickness,
Confocal Raman spectroscopy and optical computetbgoaphy have shown some promise.

The disadvantage with Raman spectroscopy is thaes high doses of green light, which are
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beyond the safety thresholds for cornea and 1[129, 130] OCT on the other hand is r

sensitive to slight variations in thickness of a#[131, 132].

A nondinvasive imaging modality that can be used to measarneal hydration would t
very useful in early detection of diseases feedback during surgery. Due to its -ionizing
nature and acute sensitivity to water, THz imagmay be a useful tool in the evaluation ¢

guantification of corneal hydratic

The following experiment was done to see whether TiHaging could play irole in
hydration detection and monitoring in corr

Pig eyes were obtained and corneal flaps ~ 130 iene sliced from the eyes usin¢
microkeratome. Flaps were placed on the polypromyl@ount with an Al strip on one side
calibrate the system. Theeight of stage was adjusted to point of maximufiece&nce on thi
top surface. Setting the maximum as the origire beans were taken across the corneal
with a step size of 0.5 mm at a bias of 30 V. Hawh scan crossed over polypropylene,cine

cornea, and aluminum.
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Fig 4.3: (Left) 2b image of cornea, (Middle) horizontal cut, andgiR) vertical cut through middle of corr
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A radially varying hydration profile is evidentofn line scans of the corneal flap. The
point of maximum reflectance was found to be calant with the center of cornea. Reflectance
decreased from the origin to the edges, suggestatgcenter of cornea was more hydrated than
the edges. The edges were found to have simill@ctifities, indicating symmetry in the corneal
structure[133]. Though the results are obtainedfdrging a curved corneal flap onto a flat
scanning surface they are promising, and in conaéntprevious experimental observations. We

expect improved accuracy with the development sfesyis for imaging curved surfaces.
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CHAPTER 5: SKIN HYDRATION

5.1 Importance of assessing skin hydration

Hydration is a key factor in determining the headthskin tissue. Burns, drug delivery,
cosmetics, cancer, and edema are examples wherenghsurement of hydration levels is
important. Skin burns result in loss of water frooter skin layers[134], whereas skin cancers
and edema are associated with local increases uoratign of the skin surface[135-
137].Diffusion of drugs has been observed to irseethrough the stratum corneum with
increasing hydration[138]. Cutaneous wound repmai@lso influenced by hydratiomith water
content varying with the stage of repair and the type of wound. Specifically, early acute wound
scars are more hydrated than normal skin, while older chronic wounds have been found to be
drier[139]. Finally, hydration is critical to the cosmetics ustiry in testing the efficacy of
cosmetics, with many cosmetics intended to preaadtrepair skin damage by moisturizing the
outer layer [140-142]. Clearly, accurate sensingyafration levels in the skin, and specifically
the stratum corneum, may have broad impact not tmlgiseased states of the skin, but in
monitoring wound healing, trans-dermal drug delyeslanning treatment, and evaluation of

cosmetics[2, 4, 143].

The health of skin tissue is maintained by a netwaf tightly packed cells, namely

corneocytes, in the stratum corneum, the 1@s#CGhick outermost layer of skin. Corneocytes
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contain within them hygroscopic compounds knowrNasural moisturizing factor (NMF) that
retain moisture and keep corneocytes hydratediftbecellular lipid bilayer matrix provides the
other line of barrier. The SC lipid composition qmses of ceramides, cholesterol and frees
fatty acids and is organized in a series of pdrddlmellar membranes with no free water
between the lamellae [144-146]. The hydrophobiaitg arrangement of lipids not only prevents
trans-epidermal water loss but also entry of exdesubstances into skin. A water gradient has
been found to exist in the stratum corneum witlinaer cell layer that is more hydrated than the
outer cell layer. The effectiveness of stratum eam as a barrier is dependent on its water
content, with healthy stratum corneum having watentent above 10% weight/weight
(Ww/w)[147, 148]. Below this level, skin loses itgeXibility and develops a rough scaly

appearance[149].

5.2 Porcine skin model

5.2.1 Similarities to human skin

Porcine skin is one of the closest mimics to husian. The two share many anatomical
similarities. It has been observed that the thisknef human and porcine epidermis is
comparable. The stratum corneum of porcine skie lkuman skin displays sex and age
variability. Further the epidermal-dermal ratio pig skin is close to that in human
skin[150].Porcine dermis and human dermis both ctapof a well-defined papillary dermis
with delicate collagen fibers and a dense reticdiermis. Even though pig skin has a lower
elastic fiber content than human skin, it stillkamighest amongst other mammalian
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species[151]. The vasculature — size, orientatiwh @distribution of blood vessels in pig skin is
also similar to human skin. Both human and porskies bear a lower, a mid-dermal and sub-
epidermal vascular plexus[152]. The subcutaneouyar is responsible for insulation in both
humans and pigs unlike fur in other animal specié® hair follicular pattern arrangement on
porcine skin is very similar to human skin in besgarse and progresses through a hair cycle

independent of neighboring follicles[150, 151, 153]

Biochemical and functional semblance has beenddigtween porcine and human skin.
Oxidative enzyme activity and endogenous epideriipalse activity is found to be high in
porcine epidermis like human epidermis. Surfaceléipn porcine skin are composed mainly of
triglycerides and free fatty acids[154].Epidermabliferation and turnover in pigs follows a
similar trend as compared to humans. The epidetamabver is 30 days which is close to 28
days in humans[155]. Pigs have been recognizedkeallent human wound healing models
because of much physiological likeness betweentwloe Wound healing is achieved in both
through reepithelialization. Antigens like keratih6 & 10, collagen IV, fibronectin; vimentin
and filaggrin have been found in porcine skin. Aiddially organ functionality and physiology
of humans and pigs is also similar[156]. Basedhenabove listed similarities, cost, availability
and ease of handling porcine skin is a good in \d@uad in vitro model for dermatologic and

wound healing studies.

5.2.2 Ex-vivo porcine skin model

Ex vivo and in vitro models are generally used fiostotypes and preliminary studies.

Models are easily available, less expensive andtallle to experimental conditions. Porcine
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skin is a well-established model for human skin had been used in both in vivo and in vitro
settings. A good correlation of biophysical proptike SC barrier function, diffusivity, water
permeability, skin impedance has been observeddesgtwn vitro porcine skin and in vivo
human skin[157, 158].Stratum corneum thickness lgsid composition of human skin and
porcine skin is comparable. Porcine and human diane also been found to have similar water
permeabilities [159, 160]. The barrier functionaldf a full thickness ex-vivo porcine skin is
comparable to in vivo human skin. Ex-vivo porcirkenshas been widely used for absorption,
penetration and topical distribution studies ofrpieceuticals[157]. The barrier function of skin
is compromised in many disorders like eczema, d&fisjaburns etc. For exploring the
applicability of THz radiation in imaging these clitions ex vivo porcine skin model is a good
choice. It has been demonstrated that ex vivo perskin model is vital up to 24 hrs. Besides
availability and cost, large sample studies cardreéied out under controlled conditions giving

experimental consistency and uniformity.

5.3 Current modalities for measuring skin hydration

Electric properties of skin like conductance amgbacitance have been shown to vary
with the hydration state of skin. Non-invasive mgament of these electrical properties and

correlation to water content in the stratum corndomms the basis of commercial devices that
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are being used to determine hydration levels im.skiorneometer 820-825, a capacitance
measuring device; Nova DPM 900, an impedance mieasand Skicon 200, conductance
measuring are some of the popular commercial devitese. All these devices require a probe
in contact with the skin and give a hydration vabugput. Though inexpensive and easy to use,
there are disadvantages that have restricted Hpplication as diagnostic tools. Electrical
properties of skin are susceptible to changes in skmperature, presence of other polar
molecules, surface roughness, and contact pres$ymbes. Therefore electric approaches to
guantifying water content are not an absolute nreasfi hydration and cannot be used in

identification of diseased states.

Infrared spectroscopy has shown some promise in-igrdzing and non-contact
guantification of skin hydration. Infrared wave® grimarily absorbed by water in tissue and
this absorption can be linearly correlated to thecentration of water in the tissue. Reflectance
spectra of skin are recorded across few wavelebgtids and at multiple locations. Mapping
these absorption bands across several points giestion with respect to location. Studies
have reported the feasibility of IR spectroscopg anaging in determining skin hydration both
in vitro and in vivo. In vivo studies have reportenl the sensitivity of IR spectroscopic imaging
in differentiating between varying hydration stabéskin. The hydration states were varied with
topical application of a moisturizer and a clean&mspite the encouraging results, limited in

vivo sample size and effect of electrolytes, terapere, composition and other environmental

factors on water spectrum have hampered the p®m@felR in becoming a standard hydration

measuring tool.
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5.4 Experimental set up

5.4.1 Skin grafts

Porcine skin was obtained (Sierra for Medical Soé=n Whittier, CA) and the subcutaneous
tissue layer was removed. Skin specimens of diftetieickness were cut using the automated
dermatomal depth gauged blade (Padgett, Integm &diences Corp., Plainsboro, NJ). The
thicknesses of the grafts were as followsuég 130um, 250um, 380um, 640um and 76Qum.

The skin specimens were immediately placed an@dtor normal saline to prevent degradation

and osmotic intumescence of samples

Prior to scanning, the specimens were placed aplypropylene sample mount, with the
outer epidermis of the skin placed face-down onntleeint. This arrangement allowed the inner
layers of the skin to be scanned directly, witletagepths corresponding to the graft thicknesses.
The difference in heights of the skin grafts wasoaited by placing the specimens on glass
microscopic slides covers of varying thickness sdaabring all the samples at the same level
relative to the THz beam.

The specimens were divided into two groups, wébhegroup scanned separately. Group
A included specimens of thickness @, 250pm and 640um, and Group B included the 130
um, 380um and 760um samples. 11 line scans each were taken of GroapdAGroup B. In
some cases, duplicate line scans were taken ahengaime line. Within Group A and Group B,
each line scan was taken an average of 15 s apiint,a maximum time of 12 min taken

between the first and last line scan to minimizaperation effects during the experiment.
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Fig 5.1: Micrograph of bottom side of Gn skin graft specimen at 10X magnification (leéthd (right) image of
the 65um sample prior to placement on the sample mount.

Fig 5.2: Sample mount with Group A skin graft speens (65um, 250um, and 64Qum)placed on microscope
cover slides and separated by aluminum tape, atat)iTHz system during scanning of Group A specime

5.4.2 Hydrated and Dehydrated states

Porcine skin, a good mimic of the human skin, wssdufor the hydration experiments
and was acquired from Sierra for Medical Scienoe,[161] 24 specimens were prepared by
sectioning the skin into 2” x 2" pieces and remgvihe subcutaneous fatty layer from each

specimen with a blade. Three different dehydralémels, 3 samples per level, were prepared by
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immersion in each of a series of graded alcohotentrations (30%, 50%, 70%, 90%, 100%
alcohol) for 30 min (fully dehydrated), 15 min, aBdmin (i.e. for the fully dehydrated state,
samples were immersed in each of the five alcotsmlations for 30 min each). Five different
hydrated levels were prepared by placing the sasnipl®.1 M phosphate buffer saline solution
(Sigma-Aldrich), for durations of 30 min, 2 hr, 6 Bnd 12 hr (fully hydrated). Unprocessed skin
was used as the normal samples. All of the sangfleliffering hydrations were stored in a
refrigerator except during preparation and imagiigght representative samples are shown in

Fig 5.3

Fig 5.3: Representative porcine skin specimens faoh of the eight hydration levels,
with hydration decreasing from left to right.

To measure hydration levels using the THz systidi®,samples were placed on a flat
polypropylene stage that was attached to an XYiZstedion stage. The translation stage featured
two high-speed screw driver slides (Thomson Med#ninc), allowing XY translation up to 10
cm x 20 cm and a manual Z stage (Zaber Technolpgigs up to 6 cm of travel. A piece of
aluminum tape was placed in the center of each lsarapd the system was calibrated prior to

each scan by setting the maximum reflectivity tor@hum and minimum reflectivity to
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polypropylene using the Z stage. Multiple line scéat least 5 per sample) were taken across the
specimens, in both the X and Y directions, withnescan crossing over polypropylene, porcine
skin, and aluminum. The scan time for each scan 3tas, and the sampling rate was 75
samples/second. The THz reflectivity was normaligedh that O referred to full absorption and
1 corresponded to the maximum reflectivity from thetal strips. The average THz reflectivity
of each state was calculated by taking a meanflietctevities for all three samples per hydration

level.

A conductance measuring device (Moisture Metemniaéab) was used to verify the
hydration level of each sample prior to imagingthwskin conductance values expected to
increase exponentially with increases in water eatfit62, 163] Three measurements were taken
from each sample by lightly pressing the Moistureté probe against the skin samples, and a
numerical reading corresponding to electrical cataluce were recorded. The device operates at

a single frequency (100 kHz) with a measuremergedh999S (Siemens) and a resolution of

1uS.
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5.5 Results

5.5.1 Skin Grafts:

Skin Graft Data , Skin Graft Data
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Fig 5.4: Line scans across skin grafts (left), and (right) mean reflectivities plotted against graft thickness

A representative scan of the skin graft specimens is shown in Fig 5.4. The scans
were taken with the samples upside-down. Thinner grafts correspond to epidermis while
the two thicker samples 640 um and 760 um represent dermis. The maximum reflectivity
results from the 3 mm wide aluminum tape between samples (Fig.), and the minimum
reflectivity results from the 1 mm wide polypropylene surface between the tape and skin
graft specimens. The skin graft samples had non-uniform reflectivity primarily due to the
variable surface topography, likely due to rete pegs in the subsurface skin layers being
unevenly sectioned (Fig. 1a). The average reflectivity for each specimen was plotted in Fig.,
and showed that the reflectivity increased with increasing skin graft thickness (and skin
depth).

78



5.5.2 Hydrated and Dehydrated states:
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Fig 5.5: Representative line scans from the THesySor a fully dehydrated specimen, a normal speai, and a
fully hydrated specimen
The average reflectivity across three sampleset@ry level was calculated to give a
mean reflectivity for each hydration state. MoistiMleter measurements resulted in a range of
conductance’s between 15 and 17,080 The moisture meter values increased with hyatvaif
skin. On the basis of these conductance measursnveatconfirmed the hydration states of our

prepared samples.
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Moisture Meter Readings THz Measurements
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Fig 5.6: Aggregate average terahertz reflectivityht), with error bars corresponding to the staddeviation.

The aggregate average THz reflectivity for eactratjon level is provided in Fig 5.6,
with error bars corresponding to the standard dieviaf each data set, with an average standard
deviation of 3.93 %. A t-test revealed that themsva significant difference (p<0.05) between
each combination of hydration levels, with the etimmn of the normal/30 min hydrated levels
(p=0.36).The system accurately measured hydragieeld of the skin samples over a relatively

small area, with a spot size of 1.2 mm. This rasalta much finer sampling of hydration levels

over a given area.

5.6 Discussion

The above two hydration sensing experiments detraiasthe sensitivity of our
Reflective THz system to changes in water contanskin.In the case of skin grafts, THz

reflectivity was found to increase as the thicknefsthe skin graft increased, despite the uniform
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height of the samples relative to the THz beam. €kposed skin on the thinner grafts
corresponds to upper layers of the epidermis, whileker grafts represent the dermis. Previous
findings have indicated the presence of more wetethe deeper layers of skin[164].Under
normal conditions, the stratum corneum remaingtively dehydrated while deeper layers are
associated with more water. Stratum corneum hasigue lipid composition of ceramides,
cholesterol and fatty acids that results in itsdowermeability to water, making it relatively less
hydrated than the deeper layers[165, 166]. The miyajof water in the stratum corneum exists
as bound water[167] (energetically bound pool oftemaand the water below the stratum
corneum’s free water (bulk water)[168].Deeper layet skin like dermis exhibit the free water
behavior due to the nature of water associatioh ustconstituents. The most visible component
of skin in reflective THz imaging is free water[J6@€omponents like bound water, keratin,
lipids, collagen etc have a less frequency depdnetéect on THz signal compared with free
water. This allows us to sense more reflectivipnirdeeper layers as opposed to the top layers.
Our experiment has corroborated the existing literindings and shown that we can
gualitatively distinguish between layers of skintba basis of their THz reflectivities.

In the second experiment hydration states of ew &kin were artificially altered to
exploit the surface hydration sensitivity of thetgyn. The average THz reflectivity was found to
increase in accordance with the hydration levelhefspecimens.

Stratum corneum can be considered to be a mixtuveater and organic molecules like
polysaccharides, lipids and proteins. The polasftyvater molecules far exceeds the polarity of

the other constituents in skin[170]. The THz digleatonstant of water is larger than those of the
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remaining components. For dry stratum corneum iblectric constant has been measured to be
2.4[171] and for water it has been measured to B®+10[172].The combined sensitivity of
THz reflectivity measurements due to changes itk dterconcentration and refractive index
ultimately results in a dependence of the net THz reflectivity on hydration state. Therefore, THz
imaging involves the direct sensing of water molesuthereby occluding interference from
factors like pH and solute concentration that dftebher measurement methodis allows us to
distinguish between ranges of surface hydrations by virtue of their water content alone.

The Moisture Meter, arguably one of the most papwkin hydration measurement
devices, in contrast measures the conductancehandielectric properties of the skin, which in
part is dependent on the hydration state[148, 173].The conductance of skin has been found
to increase with an increase in moisture contentskin, though the relationship is
complicated[148].The low-frequency electrical cluaeaistics (conductance) of skin depend on
the mobility of electrons and the concentrationoofs in the sample. Specifically, in water, ions
create the electron mobility that is necessaryefectrical conduction. This is illustrated by the
fact that pure water does not conduct. Thereftweconductivity of skin samples is a function of
both the water concentration, and the types andesdration of dissolved ionic compounds. In
addition, the conductance measurements are cowplleca model of the dielectric properties of
hydrated skin, in order to produce a more accuradeling. Factors such as temperature, salt
content, and contact pressure also affect the oreiseadings[148, 172]. Moreover, conductance
measuring devices seem to be more sensitive toatediskin rather than dry skin[148]. Our

experimental data has indicated that the Moistuegelhas limited sensitivity in distinguishing
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between different dehydration states THz imagingtten other hand is sensitive to the entire

range of hydration levels.

The ability of our system to detect variationshiydration states is promising in early
detection of diseased skin states. Though the Bwpets were conducted in vitro, literary
evidence suggests a similarity of response behdegtween in-vivo and in-vitro skin samples
thereby justifying our assumption.[175]The nextpsteould be in exploring a diseased state
resulting from or in changes in hydration and eatihg the reflective Terahertz systems

capability in detecting such a condition.
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CHAPTER-6: EX VIVO SKIN BURN IMAGING

6.1 Ex vivo porcine skin

An ex vivo porcine skin model was used for theiahiburn studies. Porcine skin is a
well-established model for human skin and has hesad in both in vivo and in vitro settings.
Ex-vivo porcine skin has been widely used for apson, penetration and topical distribution
studies of pharmaceuticals [157]. The barrier fiamcof skin is compromised in many disorders
like eczema, dermatitis, burns etc. For exploring &pplicability of THz radiation in imaging
these conditions ex vivo porcine skin model is adjohoice. It has been demonstrated that ex
vivo porcine skin model is vital up to 24 hrs. Bks availability and cost, large sample studies

can be carried out under controlled conditionsrgi\ve@xperimental consistency and uniformity.

6.2 Experimental design

Fresh porcine abdomen was obtained from SierraMedicals (Whittier, CA) and
apportioned into 40 mm x 40 mm pieces. The speciweere stored in the refrigerator in a
plastic bag for minimum alteration of structure aanposition. A polypropylene substrate with
a 25 mm x 50 mm grid of 1.6 mm diameter nails wesduas a mount for these experiments. The

skin specimen was affixed using this arrangementd$ giving a flat imaging plane.
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Four temperatures 35C, 300 C, 250 C & 200° C were explored for inducing burns of
varying severities. The rationale for choosing ¢hesnperatures was that they produced visible
burns of different intensity on ex vivo samplese\Rously we have successfully imaged burns
inflicted at 318 C with our reflective THz imaging system, hence thoice of this temperature
range. A brass brand with a cross protruding frosgquare base (2 cm x 2cm) was used to inflict
the burns after the specimen was mounted on thgmpylene holder. The burnt area along
with the surrounding normal area (35 mm x 35 mm} waster scanned and corresponding
images generated using 256 gray levels where ligiitades represent higher reflectivity and

darker shades less reflectivity.

The samples were submitted for Histopathologicalysis. One slide from each category
was digitally scanned with Aperio XT. The depthtisue damage was measured using the ruler

tool in Image Scope.

6.3 Results

The burnt region appeared darker than the suringnehburnt region allowing for clear
visualization of cross in all the images. THz imagé porcine skin burns along with their visible
pictures and H&E stained sections at 2X from eaatlegory are displayed. Some images were
discarded due to poor quality of porcine skin givan unequal sample size across the categories.

14 images for 350C, 18 for 300 C and 10 each for 25@ & 200° C were analyzed.
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Fig 6.1: Visible pictures (left), H&E stained sexti(middle) and THz image (right) of a) 350, b) 300 C, c¢) 250
Cand d) 200C

86



The burnt region appears darker making it cledigginguishable from the surrounding
unburnt area in the THz images. Visually, the casitbetween burnt area and normal area is

observed to be the highest for 350° C burns inftHe image.

One slide from each category was digitally scanmigd Aperio XT. The depth of tissue
damage was measured using the ruler tool in ImagpeS This depth was calculated as the
vertical distance of magenta/bluish discoloratioonf the top cutaneous basement membrane.
Blue discoloration in H&E stain is a maker for dayeato collagen in dermis resulting from

thermal insult.

For image analysis, SNR’s were compared acras$®un categories. Contrast in a THz
image is driven by differences in reflectivity’shigh can be correlated, directly to SNR of that
image. Therefore SNR is a good measure of imagétyj@s these differences are clearer in
higher than in lower SNR. Higher SNR would sigrigtter image giving a clear demarcation of
the burnt from the normal areas. Based on thig lmgage quality and comparisons were made
on SNR’s. SNR was calculated for every image byditrg the square of the difference in the
mean reflectivities of burnt and unburnt regionstiy square root of their variances. The burnt
and unburnt regions were selected at random. FuBN&’s were averaged to obtain a mean

SNR for every category.
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Table 6.1: Results for statistical significancenmsn SNR’s of different burn temperatures

95% Confidence Interval
Burn Category N Mean + SD

(C) lower bound  upper bound
3500

14 39.208+12.813 31.809 46.606
3000

18 23.615%5.130 21.064 26.166
250° 10 3.117+0.929 2.453 3.782
200° 10 2.419+1.817 1.119 3.719

Mean SNR was found to be highest for the 350°€gmaty followed by 300°C, 250°C &
200°C. Statistical analysis software SPSS was @yeplfor data analysis in both parametric and
non-parametric modes. One-way ANOVA, Welch and Brdwersythe tests were performed.

Because of unequal sample size and variance, musttdst Tamhane was finally used to

determine the statistical relevance of the data.

p values for multiple intergroup comparisons webtained. The level of significance
was set at 0.05 %. p valugd0.05 signify a statistically significant differemén mean SNR’s.

Significant differences are observed between batagories except for 25@ and 200 C burn

temperatures. This is in accordance with our visbakervation.
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6.4 Discussion

Porcine skin is an established burn model becatises anatomical and physiological
similarities to human skin. Partial thickness andl thickness contact burns have been
successfully created in pigs and analyzed ex-vovaafbetter understanding of the burn process
by researchers previously. For our prototype invgjva large sample size, freshly excised
porcine skin was an excellent choice because ofaimnorphology and physiology to human
skin, cost considerations, controlled experimergavironment, reproducibility and easier

translation to in vivo settings.

Barrier function of the topmost layer of skin iswipted by thermal insult. This leads to
evaporative water loss from the surface of thectd area. The degree of damage is dependent
on temperature, time & force of contact and thertta conductivity of the medium. For our
experiment all factors except the temperature Wwepg constant. Therefore level of injury can
be expected to increase with increasing temperaflines is confirmed by the histological
results. The basal epidermal layer appears to agutated in the H&E stained section of 350° C
burn. The depth of damage is comparable for the 8@nd 300° C burns and lesser for the
other two categories. Since the specimens were iex Wwiability and necrosis of tissue
components ensuing burn cannot be taken into atedhite predicting the burn degree but from
the top surface and longitudinal extent of discation, it can be inferred that the 350° C

temperature inflicted the most severe burn followg@00° C, 250° C and 200° C.

The sensitivity of our imaging system to water @amtration can be reported in terms of

noise equivalent delta water concentration AMEC) metric. A drop in water concentration by
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0.054% by volume in the sample is detected by flstem with a SNR of unity. It has been
recognized that the normal areas surrounding thetlvagion do not undergo insensible water
loss following burn. The relatively dehydrated Huregion gave reduced THz reflectivity
yielding a contrast between the burnt and unbued & the specimen as apparent from the THz
image. The burns are most distinctly visible witrclaar defined boundary for the 35C
category. Corresponding SNR values are found toidigest. Less severe burns gave a low SNR

as is seen for the 200° C burns. The burn regiam&ary seems to be blurry in this case.

An interesting trend seen in most of the images iselatively bright thin region
enveloping the burnt area. Typically a burn woundhprises of three zones: central coagulated
zone, zone of stasis and peripheral region of leypex. Hyperemic zone results from the loss of
epidermis but intact dermis with patent subcapillptexus and capillary loops. Hemostasis,
hemorrhage and hyperemia occur as a result of gletamage to blood vessels. This area marks
the outer boundary of the burnt region. Thoughdheftects are noticeable in living systems with
normal circulation but the coagulated epidermal ponents and intact dermal regions might be
responsible for the visibility of this zone in darage. A previous experiment involving imaging
burns ex-vivo in rat with photoacoustic microscapported the presence of hyperemic bowl in

their images. However in vivo imaging is requirecconfirm this phenomenon.

In conclusion, burns of differing severity on ex«wiporcine skin were imaged with our
reflective THz imaging system. A large sample sizes incorporated to test the reproducibility
and repeatability of the experiment. The resulttioled were reproducible and statistically

significant demonstrating the potential of the im@gmnodality in not only imaging burns but
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also in distinguishing between burn severitieslinical settings where diagnosis of burn extent
and depth still relies on invasive methods, thigldédhave notable implications. The next step

would be to perform similar experiments in vivactnfirm and substantiate the results.
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CHAPTER-7: IN VIVO BURN IMAGING

7.11nvivo rat model

In vitro and ex vivo models are good for prelimiynatudies but are unable to replicate
the physiological and metabolic response, hencee Hawited applications. Various animal
models have been explored for skin burn studies Meal animal model should able to
reproduce the physiopathological response to buajaryi, be easily available, relatively
inexpensive and easily manageable. Although pig skihe closest to human skin, because of
the cost factor and difficulty in anesthetizing thpecies is generally not the first choice.
Experimental rat is found to be a good model fambuwstudies[176]. The two most commonly
used strains for research purposes are — WistaSprajue Dawley. Both the strains are albino.
Rats fall under the category of loose skinned alsimdereby healing occurs through wound
contraction. This does not parallel the wound Imgglprocess in human skin. However the
immediate response following thermal injury - cddlath, inflammation and ischemia has been
found to occur in rodent models. Rodents have im@md to respond to thermal trauma with the
secretion of various proinflammatory and anti-inflaatory cytokines that mimic the
inflammatory postburn response in humans. Hypeabwsm caused by extensive burns in rats
follows a time course similar to that in humansas®ular and microcirculatory changes that are

indicative of tissue damage and healing have besrakzed in rat models previously. Because
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of these similarities rats have been extensivelgdufr studying and visualizing both the

immediate and long-term response to thermal injury.

Rats are considered suitable for metabolic rebeand a great deal of literary knowledge
on their genetic makeup and immune response ekrstg[ Further rats are large enough to
induce burns either on dorsum or abdomen. Male at® been more frequently used than
female rats for research and majority studies usight range 250 — 300 g; age newborn to 36
months. There is no physiological preference fa tfender but male rats are cheaper than
female rats in general hence are more widely us¥edng rats are preferred over older ones

because they have better dermal perfusion and iIgemeove function.

Two most common thermal burns are scald and cobtans. Scald burns are induced by
dipping an exposed area of the animal in hot wéeer 90° C) while contact with hot
conductive material produces contact burns. Tha kewverity depends on time of exposure in
both cases. Lead, copper, aluminum and brass becdisgh heat capacity are the materials of
choice for inducing contact burns. Studies haventep heating the materials by immersing in
hot water, heating on a hotplate or through resstieating[178]. Regas et al report a “comb”
burn injury model for studying vascular changedofeing burn injury in rats. A contact burn
was inflicted by pressing a comb shaped brass bneated in water for 20 seconds on the backs
of Sprague Dawley rats. The weight of the probevipled the contact pressure required in
inducing uniform full thickness burns. The burn wduvas in the shape of a comb with four full
thickness 10 x 19 mm rectangular rows separatéesl toyn bands of 5 x 19 mm uninjured skin.

The interspaces corresponded to the zones of stésispaced between burned regions. The
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model allowed for the fabrication of full thicknebsrn zones with uniform zones of stasis in
between. Vascular changes in the zone of stasisrensjury, which are indicative of ischemia

and wound progression, were visualized.

A similar protocol was followed for induction ofagial thickness and full thickness

burns in Sprague Dawley rats for our experiments.

7.2 Initial feasibility study: Experimental Design

7.2.1 Animals

Male Sprague Dawley rats age 4 to 5 months weggR00-300 gm, were selected for the
in vivo study. Animals were procured from Harlatdaatories, Hayward CA and allowed to
acclimatize for a week before the experiment. Timenals were housed in the UCLA vivarium

and fed food and water ad libidum.

The animal was prepared for the surgery as pemAhResearch committee, UCLA
requirements. A flat ~ 4 cm x 4 cm area on the loalmdomen was selected and shaved with
electric clippers to reduce skin irritation. Threéernating preparations of germicidal scrub and
rinse were performed - scrubbing with a povidorgifie scrub (e.g., Betadine®, Nolvasan®),
from the center of the site toward the periphefiofeed by rinsing with 70% alcohol. Prior to
burning, the animal was subcutaneously injectech viatiprenorphine (an analgesic) (0.05

mg/kg). The rat was then placed on its back oreaiglas mount and its arms and legs secured
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to the Plexiglas with electrical tape. A nose ceopnanected to the 1.5% isofluorane induction

was placed over the snout and left for the remaintithe experiment.

7.2.2 Rat mount

A Plexiglass stage 0.5 “thick 5” x 10” was usedHolding the rat during the experiment.
Four ¥%-20 counterbore holes were drilled in theteenf the mount for affixing to Lab jack
(ThorLabs L200). The stage height was adjusted @aignusing the Lab Jack. Mylar window
was suspended from a dovetail rail attached toobiee edges of the mount. A water circulation
pad was placed on top of the mount for keepingréhevarm during the experiment. The pad
was connected to the water circulation pump forntaaming the temperatureat37° C. The rat

was placed on its back with arms and legs stretoédnd restrained with surgical tape.
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Fig 7.1:Schematic of rat placed on the mount on the Labjack

Gas anesthetic isofluorane was used for anesthgtiie rat Advantages over injectab
agents likeminimal animal handling, large margin of safetyseaf anesthetic control, low cc
of anesthetic agent, no controlled drugs, and quédovery time make it the anesthetic
choice.

A nose cone was construc by cutting the thumb partitioaff a latex glove. Two cris
cross slits were made for creating an opening anatiner end was fixed onto the tube attac
to the anesthesia machingie opening was hooked beneath the incisors an#edas/er the

snout.
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Fig 7.2 Nose cone made from a glove

The anesthesia system was set up checked for adequate supply of oxygen
isofluorane.System was set to flow to nose c. The flowmeter was turned between = 200
ml/min. The vaporizer was set betwee— 3 % initially and reduced tb.5% for the remainde

of the experiment.

7.2.3 Burn brand and inducti

A brass brand in the shape of a crprotruding from a rectangular base (20 mm x 20

x 20 mm) was used for inducing burns on rat's abelenkach arrmeasured ~z mm.

Fig 7.5 ‘'Cross shaped’ brass brand used for burn induction
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An 8-32 hole was drilled in the back of the bramdl was used to screw the brand to an
Aluminum rod (" in). The brand was heated up to tlesired temperature using a ceramic
hotplate (Fischer scientific). The temperature loé brand was checked using an industrial

thermometer.

7.2.4 Partial and full thickness burn induction

Burn severity depends on temperature, pressuretianed of contact. For induction of
partial thickness and full thickness burns, pressand time were kept constant while the

temperature was varied. A temperature of°’180vas found requisite to induce partial thickness

burns and 220C for full thickness burns.

A flat ~ 4 cm x 4 cm area on the lower abdomen sedscted and shaved with electric
clippers to reduce skin irritation. The brand wastty pressed against the abdomen for 6 to 8

seconds with contact being the only pressure agplie

7.2.5 Mylar windows

In order to reduce signal interference from swfeapology and curvature, the imaging
area was covered with a Mylar window. Mylar is thenough to flatten the field of view but
still sufficiently thin to conform to the skin sateproughness. 12.dm Mylar/PET film was
stretched using linear micrometer stages. 2” typ@ §Sainless steel washers were laced with a
thin layer of super glue and placed on the Mylln fand left to dry overnight. The steel washer

was fitted in a fixed optic mount with the Mylalmfi side down. The window was mounted onto
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a dove tail rail carrier through an 8-32 screw. Hssembly was snapped on a 3 “rail and

tightened at the desired distance off the imagaphusing locking thumbscrew.

/!

Fig 7.4 Mylar window placed flush against the arlimabdomen

7.3 8 hr terminal study

Two burn severities were imaged over a span @B Images were taken every 15 min
for the first hour and every 30 min for the nexhd@urs. At the end of 8 hours the rat was

euthanized.
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Fig 7.5 (Left) Shaved control area on the abdonmeh(eight) appearance of skin after burning at®180

Images were generated in MATLAB in 256 gray antbicgcale. The resolution was
increased by upsampling the images by a factor.d#li@imum and maximum values were

specified and linearly mapped to the 256 colornmaprhage enhancement.

Pseudo code

Load all image fileséad([curr_dir '\data\' fn])

For each image
Upsample by a factor of 8
colormap jet (256) or color (25GH/ormap jet(256);else;colormap gray(256))
Set lower threshold at -12.0 (ca_min =-12)and uppe8.0 (ca_max=-8)
Generate imagerfiagesc)

Label image using X and resave in PNG format
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Fig 7.6 Raw THz images showing the evolution ofrbimduced at 180C over 8 hours
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Fig 7.7 THz images showing the evolution of burduiced at 180C over 8 hours in grayscale
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Fig 7.8 THz images showing the evolution of burduced at 180C over 8 hours in color
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Fig 7.9 (Left) Shaved control area on the abdonmeh(eght) appearance of skin after burning at°220
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Fig 7.10 Raw THz images showing the evolution aihdnduced at 220C over 8 hours
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Fig 7.11 THz images showing the evolution of bumuced at 220C over 8 hours in grayscale
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Fig 7.12 THz images showing the evolution of burdticed at 220C over 8 hours in color
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Terahertz images were taken for a period of 7 idarthe case of the lower temperature
we see an immediate rush of fluid to the site pfrinresulting in both the burn and surrounding
area to becoming edematous. For the images acquirix first hour ensuing burn, the entire
field of view appears reflective indicating an acutflux of water throughout the region. At 1
hour postburn, the response has organized, anzbtieof increased water concentration begins
to localize to the region where the brand contatitedskin. Finally, after 7 hours the edema has
localized completely to the brand contact areathedsurrounding skin has returned to normal,
non-burned reflectivity. Additionally a dark, loveftectivity ring of tissue is seen along the

periphery of the hyperhydrated brand contact area.

A different response is seen in case of the higgmperature burn. The brand shape is
discernible as early as the post burn THz image. Girn appears relatively more dehydrated
than the surrounding normal tissue. It is plausithlet greater thermal insult severed blood
vessels blocking the inrush of edema to the sitmjafy. A dark ring of tissue enveloping the
brand area is also visualized in the THz imagethetigher temperature burn. The dark region
corresponding to hypohydrated zone appears darkémnader in case of higher temperature

burn.

Burn wound pathophysiology is divided into threacentric regions [134]. These are the
zones of coagulation, stasis, and hyperemia. The b coagulation (hyper-perfused) is at the
center of the burn and contains irreversibly dardaggdls and denatured protein. The zone of
stasis surrounds the zone of coagulation and centhypo-perfused tissue. The zone of
hyperemia forms the outer ring and is characteripeddematous, hyper-perfused tissues. Burn

wound progression is the process by which potdysalvageable tissues in the zones of stasis
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and hyperemia necrose, resulting in larger and efebprns than were present upon initial
presentation [127], [134].Concomitant with the agp@ce of these three zones are large fluid
shifts both locally and systemically. Investigasomto these fluid shifts have concluded that
local water concentration can increase by as madB0& within 10minutes of injury, and that
this response is proportional to the depth of yji35],[136].Given the large shifts in location
and intensity of the observed THz reflectivity, Welieve that we are observing the formation
and evolution of the zone of coagulation (higheetilvity center of the burn) and zone of stasis

(ring of low reflecting tissue surrounding the Higreflective center).

7.4 3-day survival studies

The first set of feasibility studies did not invelhistopathological confirmation of burn
severity. In order to test the repeatability of #@ve experiment another similar experiment
was performed. The brand, burn temperature and dinoentact were kept same. Burn wounds
are in a dynamic state with burn depth and seventysolidating in about 72 hrs. Necrosis in
zone of stasis, oxidative damage and cytokine nedlisesponse are the main factors that
confound early histopathologic assessment of bewergy. It was therefore decided to keep the

animals alive for 3 days for a meaningful histotzgievaluation.

The rat was scanned every 15 min for the firstrhand every half an hour for the
remaining 11 hours. After continuous scanning @hburs, the animal was woken and put in a
cage with care fresh bedding. Follow up scans waken every 12 hours for a period of 3 days.

The animal was sacrificed at the end of three dégsskin resected and submitted for histology.
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Fig 7.13 Visible pictures of a partial thicknessrban day 1, 2 & 3 and THz images depicting burrume
evolution over 72 hrs.
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Fig 7.14Visible pictures of a full thickness burn on day21& 3 and THz images depicting burn vnd evolution
over 72 hrs.
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Histology was used for burn depth assessment.tAram one of the arms of the cross
containing burnt and surrounding unburnt area wasnitted for histology. Burn induced at 180°
C was confirmed to be of partial thickness sevesityie 200° C resulted in a full thickness burn.
The physiologic response of the partial thicknessilwas seen as an in rush of fluid to the site
of injury immediate post burn. The edematous fl@drganized at about 8 hrs post burn with the
wound area appearing hyperhydrated. Images ofuhewound at 24 hr, 48 hr, and 72 hr show
the evolution of edema throughout the wound in $kherounding area. Hyperhydrated and
hypohydrated areas are visible and observed togehemlocation and intensity throughout the
72 hour period.

The full thickness burn appears to be relativeihydirated as opposed to its partial
thickness counterpart. The edematous responsevintiofull thickness injury is observed to be
low. It could be argued that the thermal injurydie off the flow of fluid in and around the
injury site. The 24 hr, 48 hr, and 72 hr imagesasB@nificant changes in perfusion. In both the
burns the reduced perfusion ring of tissue surrognthe burn which we hypothesize is the zone

of stasis is clearly visible.
7.5 Preliminary data analysis

7.5.1 GUI

A graphical user interface (GUI) was created foalgzing the data. The data file was
input and corresponding image generated. The incagebe generated in black and white or
color map (256). The analysis tool allows takinfjne segment or a polygonal segment across

the image. Line segments across the wound prodireedurves off which reflectivity values
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were notedThe GUI allowed the user to visualize and pldeedursor at theesired location in
the image. Placing the cursor at one point andialgcand then double clicking at the sect

point drew a line segment. A line curve was autocaly generated off which the reflectivi

values were noted.

[l segment1a =Rl
File Image Reporting Histology Batch Processing  Registration ~
File st Line Segment > TakeSegment
ratourn 201 Polygonal Region Take Multiple Segments
Border Double-Polygon Import Segment Coordinates
Analyze Zone of Coagulation / Zone of Stasis - Basic Save Segment Coordinates
Analyze ZOC / ZOS using different ZOH and ZOC thresholds
[ colormap
[] color imits.
(] suppress help messages
Specify limits.
Average ntensity  Stalic Text
Surface Area Static Text
; Secandary Viewing Pane
08
0.6
04
02
0
0 08 _ 1
B et o
File 1Image Analysis Reporting Histology Batch Processing Unfinished ~
File fist
ratburn_20_10_2010_24_18_15.mat = reflurn_2010_2010 24 _13_15 met
[ colormap
[F] color tmits
7] Suppress hefp messages
Specity imis |
Ayerags ntensity 0.0180304
Segment Length (sum) 85
Secondary Viewing Pane
0.04 il
003
0.02
0.01
0
001
0 0 100 150

Fig 7.15 Graphical uer interface used for generating burn wound ct
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7.5.2 Burn zone curves

A line segment cut through one of the crosses was takdwotb the burn categories f
the 8-hour and 8y study. The data was normali:with reflectivites between 0 andusing the

equation for a straight line
y= (ymax'ymin)[Xv]/(xmax'xmin) +C

whereYmax& Yminare 1 and 0 respective. Xy is the matrix of raw reflectivity values aiXmaxis
the maximum reflectivity noted off Alumint & X yinis the minimum reflectivity noteoff air.

The constant ¢ was calculated by setting y
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Fig 7.16:Burn zone curves from one of the arms of the cab$shrs post burn from the 8 hour st
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As evident from the images, partial thickness appdo be more hydrated than the
corresponding full thickness burn. The curve sthdm hydrated zone of hyperaemia and dips
as it goes through the zone of stasis and hitsrthugh with the zone of coagulation. A similar
trend is seen on both sides of the wound. Furtherteflectivity values for the different zones in

the full thickness burn are much lower than theiglthickness burn.
7.5.3 Average reflectivity’s and thickness of zaretasis

The average reflectivity of the zone of coagulatior the partial thickness burns was
~33% higher than the full thickness burn. Theseaieslwere calculated using images at time
points 15 min, 30 min, 45 min, 1 hr, 1 hr 15mirhr3l5 min, 7 hr 30 min, 24 hr, 48 hr and 72 hr
following burns. The intensity and thickness of eaf stasis were two other parameters used for
distinguishing the partial thickness from full thness burns. On an average, partial thickness
burns had a zone of stasis ~21% brighter than gporeding full thickness burns. Partial
thickness burns were found to have a thicker zdretasis enveloping the central zone. Due to
anunevenzone of stasis border we were unable totiuahe thickness of the zone.

Modifications to the GUI are necessary to take atoount the non-uniformity of the zone.

7.6 Study limitations

7.6.1 THz system

The above experiments were done in the rat surgigge, UCLA vivarium. Prior to the

experiment the system was moved to the surgery aahre-aligned. The system was calibrated
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every morning beforéhe experimen The THz scanner sits amn optic table that adds to t
overall bulkiness of the system. During transpatathe scanner had to be disassembled
the table to make the move easier. Not only wasptioeess tedious but also increased
probability of system getting misalied. The 8 hr and 8ay study were done on different d:
several months apaiEven though the data has been normalized usingmuaxxiand minimun
reflectivites on the individual days, comparisorniween the two experiments is not entir

equitable. The Hz system is prone to dri
7.6.2 Experimental set up

The rat was restrained using electrical tape. Thengement waadequate for the first
few hours. It was noticed that the tape lelasticity and stickiness afteouple of hours makin

the set upess robust for the long survival studi

Fig 7.1¢ Rat restrained during the experiment
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The rat was kept under anesthesia for the entire ¢ourse of the experiment. The nose
cone was fixed on the animal’s snout by affixing tiiove under the rat’s incisor. The nose cone
was then taped to the imaging mount. The tubing taped to the side of the optic table with
some slack for allowing movement during the rastamn. With repeated scanning, the nose cone

arrangement became loose and came off the ratéssseseral times during the experiment.
7.6.3 Data Analysis: Lack of image registration:

The feasibility experiments lacked image regigtratThe visible pictures were not taken
at the same time points as the THz images thersdyepting the translation of pixels acquired
by the imager to the surface features at diffetené¢ points. The Mylar window was removed
between every scan. Due to lack of external fidugiarkers and height settings, the window
placement on the rat cannot be assumed to be sanexdry scan. This changes the region of
interest between every image rendering the intrapiascans incomparable for any quantitative
analysis. Further the two rats under the same dtadyno interpatient registration and thus could

not be compared.

Despite the above mentioned drawbacks in the ewpatal design, reflectivity values
calculated from normalized 8 hour and 3 day studier®e used as a reference for the future set of

experiments.

7.7 Controlled rat study

7.7.1 Sample size calculation

Average reflectivity values for the full thicknessd partial thickness categories from the
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3-day study was used for estimating the samplefsizéhe controlled rat study. The images at
time points 15 min, 30 min, 45 min, 1 hr, 1 hr 168 hr 15 min, 7 hr 30 min, 24 hr, 48 hr and
72 hr following burns were used for the calculasiofhe curves were analyzed to find the mean,

the variance, and the Standard deviation for eacge.

2
2 2
(07+0) 2,0, *+2s)

(/ul _/uz)z

m=

m= number of animals required per group

s’=Variance of the first groups(?) + variance of the second group?)

z=the different percentiles we are looking for; Tinst z gives 97.5th percentile while the
second z gives 80th percentile

u= the estimates of the means for the two groups

It is found that m=5 give94% efficiency. Theref@ample size 5 per category is required.
7.7.2 Modifications

Anesthesia set up:

The area designated for doing a controlled ratystmMas inspected by Animal research

committee (ARC) at UCLA and classified as a studiaa
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Fig 7.20: Rodent anesthesia machine

A portable rodent anesthesia machine was purch&sed Highland Medical and
installed. Oxygen gas from the cylinder is mixedhwsofluorane from the vaporizer and enters
the breathing circuit through the gas outlet. Cgated breathing tubing delivers the mixture to
the nose cone through one end attached onto tisesraiut and the other to the F-air canister.

The oxygen pressure is kept at 0.8 ml/min and usoéine at 2% for maintenance of animal

under anesthesia.

Brand

Brass was the material of choice for the new hrdrtte shape was simplified to a
rectangle 19 mm x 5 mm x 19 mm protruding from aasg base (19 mm x 19 mm x 19 mm).

An 8-32 tapped hole was drilled at the base oktheare base to attach it to the aluminum
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holder. A teflon piece was used as a spacer bette=brand and holder to ensure minimum

heat loss.

For precise temperature monitoring, a thermoco(Plaega Engineering, Inc.) was used.
The thermocouple was placed inside the fin of ttend close to the edge through a hole and
situated in place using a screw. A small diame®e®05”) was chosen to ensure precision in

monitoring temperature.

SHS

Fig 7.21: 3-D drawing of the brass brand used émtiolled rat study. The sketches on the right stiwv
dimensions of the brand

Base plate:

The old arrangement involved anchoring the THzoomchanic and electronic
components on to an optic table. This made the eviset up bulky and space consuming
rendering it difficult to move. Further it was hawlclean the optic table. A new base plate was

designed to overcome these drawbacks. The platel@sgned in Solidworks with four %2-20
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holes for fixing the translation stages. Two gridg$our holes each were drilled for the imaging
head and camera mount. Aluminum was the materiathoice due to its lightweight and

inexpensiveness. The plate was anodized for suc@atesion protection.
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Fig 7.22: a) Old base plate, b) 3-D drawing oftileev base plate and c) visible picture

Camera mount:

Fig 7.23: Visible picture of the camera mount usetold the digital camera during the experiment
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A digital SLR camera was used to take visible pmsufor comparison with tt
corresponding THz image$he camera was moted on an aluminum rod mount with clan
and adjustable rods for flexibility along the xagd z directior The camera position was ke

fixed for the entire duration of the experime

Rat mount:

A rectangular mount (5” x 10”) made out of polypytgnewas used to stage the rat
the experimentThe rat was secured to the mount in a supine posliy tapping the feet ai
arms with an electrical tape. Though tirrangement proved adequate the tape had tobe ad

several times during the experimi

Fig 7.24: Rat restrained with electrical tape

The solution was found by designing a thin coppec with 5/16” slits. The piece w

taped to the water @ulation pad and the aninrsecured to the piesgith gauze strips. The
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strips were passetirough the sl and tightened using plastic stoppers restrainiegrat’'s arms

and legs.

Fig 7.25:(Left) Schematic and (right) visible picture of tb@pper piece used for restraining the

Nose Coneé& holder:

Fig 7.26:(Left) Nose cone frolEZ Anesthesia and (right) design of holder for mtng the nose col
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A breathing device, EZ-103A Microflex Breather wagchased from E-Z Anesthesia to
serve the purpose of a nose cone. The breathingedewnsisted of nose cone, valve, an input
tube for delivering anesthetizing gas and an exhalse for sending unused gas to charcoal
filter. The valve mitigates gas flow while the ttditting nose cone eliminates gas leakage. The
cone was fitted onto the rat’'s snout where it @eat tight fitting. The arrangement was good for

the entire length of the experiment.

Nose cone was fixed to the rat mount using a niitadle with movement along y- and z-
axis. The frame was adjusted so as to approacdfatisesnout at an angle. The nose cone was put

on the rat’'s snout and frame fixed in place byteging the screws.
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CHAPTER - 8: CONTROLLED RAT STUDY

8.1 Three burn test

A three-burn experiment was done as a preludéhe¢ontain study for validating the

system performance and experimental protocol.

Male SD rat weighing 720 g was anesthetized ugamyanesthetic isofluorane. The rat
was placed on the copper plate and its extremtiggisto the plate. The plate was further taped
on to water circulation pad. Isofluorane anesthetss used at 4% for induction and 2% for

maintenance.

Upon preparation, the rat was placed on the maumat a flat abdominal area was
identified. Mylar window was placed flush againse tskin. Control scan of the area (4 cm by 4

cm) was taken.

Brand temperature was precisely monitored usitigeemocouple (Omega Engineering,
Inc.). The thermocouple was placed inside the fithe brand close to the edge through a hole
and situated in place using a screw. A small diam@.005") was chosen to ensure precision in
monitoring temperature. Three temperatures wersashbased on previous studies and literature
search — 120C, 160 C and 200 C to ascertain the final two temperatures forréterial. The
brand was placed on the hot plate and upon readhglesired temperature was placed in
contact with the rat's abdomen for 10 sec. The dnoemperature resulting from heat transfer

and environmental cooling was noted.
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For every burn, pair of before and i images was taken. The rwas woken up
following the images and kept alive for three diFollow up images were taken at 72 hrs.

was sacrificed and skin resected and submittedisbology

a)
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Fig 8.1:a) Visible picture showing 118, 160 and 200 C kthree day post burn, b) (left) THz images immedi:
post burn and (right) three days post burn
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The visible pictures and THz images immediate @&chours post burn are reported.
Histological evaluation of the burn sections shdtes 118 C is a superficial partial thickness
burn. 200 C burn was identified as a full thicknbasn. In case of the 160 C burn there was a
little bit of uncertainty. The depth of damage wbgualify 160 C to be full thickness however
neutrophils and macrophages in the dermal regidicate regeneration, suggesting a lower
severity as opposed to the 200 C burn. A tempegdietween 118 and 160 was chosen to inflict
a lower severity burn. Finally, 130 C and 200 C evselected as the two temperatures for

inducing partial and full thickness burns.

8.2 Experimental design
8.2.1 Animals

Male SD rats were used for the controlled rat wtuiche animals were batch ordered
three months prior to the experiment and houseé"ifioor of UCLA vivarium. The weight
range of the animals was 465 g to 680 g.

Table 8.1: Name and weight of rats enrolled ingtusly

Rat Label | Rat name | Weight (g)
0000410094 A 465
0000437467 B 530
0000437469 C 550
0000410096 D 606
0000398988 E 625
0000398989 F 680
0000410095 G 650
0000437470 H 608
0000438269 I 600
0000438268 J 577
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The rats were prepared for the experiment as € Quidelines. A relatively flat area
on the abdomen was selected and shaved with suidippers. The surgical site was then
cleaned with three alternating scrubs of Betadime 20 % alcohol. Prior to imaging the animal
was subcutaneously injected with BuprenorphineX0r@/kg), a pain relieving drug. The rat
was restrained on the copper plate in a supingiposvith arms and legs stretched out and tied
to the plate with surgical ribbons. The plate wksg@d on the mount over the water circulation
pad. The water circulation pad ensured maintenahoear body temperature during the course

of the experiment.

8.2.2 Imaging

A 12.7 um Mylar window suspended from a brass &amas used to make the imaging
plane uniform. The window was pressed against kirewith contact pressure. This defined the
field of view. The boundary of the frame was tracedthe skin with a thick black sharpie. A 40
mm x 40 mm scan of windowed abdomen was taken fwiotjury for all the animals. The THz

reflectivity was maximized off animal’s skin for eny individual.

Following the control scan, window was removed dhd burn inflicted using the
rectangular brass brand (19 mm x 19 mm x 5 mm) théhlonger edge of the rectangle being
orthogonal to the rostrocaudal axis of the aninfdle brand was heated up to the desired
temperature; 130C for partial thickness category and 20D for full thickness and pressed
against the skin for 10 sec with contact beingdhly pressure. One burn was induced per rat
within the control scan area. Post burn the anwead scanned every 15 min for the first hour

and every 30 min for the remaining 6 hrs takingutld® min to acquire an image. The Mylar
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window was kept stationary during continuous scagnio remove any discrepancies in z

settings arising from removing the window betweeans. At the end of 7 hrs, the rat was roused
and taken back to the vivarium. Rats were housechges with care fresh bedding to ensure
minimum discomfort to the wound and antibiotic Tetmoprim-Sulfamethoxazole was

administered orally. Follow up scans were takeR4ahrs, 48 hrs and 72 hrs post burn. The rats
were euthanized on day 3. Sections of skin aloegdltrocaudal axis were taken from the left,
center and right region of the burn containing thent and surrounding normal area and
submitted for histology. 6 sections per region abiarometer setting of 8 u were analyzed for

the determination of burn severity.

8.2.3 Image registration

External fiducial markers were used to align tli¢ézTmages to their respective visible
pictures. Two triangular painter’s tape pieces fmsed on diametrically opposite sides of the
brass frame of the Mylar window served as the mrarkehe triangles were visible in the THz
image. A visible picture was taken before every Tdan. The markers on the visible picture
were aligned with the corresponding view on the Tidages with respect to location and size of
the markers. The Mylar window was kept stationaugirdy continuous scanning resulting in all

THz images being registered to one another duhagthr period.

Interpatient registration was performed as folloWse center of the burn was chosen to
be the intrinsic fiducial marker. Setting the cerds the point of origin, THz images across all

rats were rotated and translated to line up irstmae orientation.
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8.3 Results

8.3.1 Image generation

Below are the time series of THz images from Raleficting the evolution of burn over
a span of three days. The burn on Rat A was indateal temperature of 13@ and later
confirmed to be of partial thickness severity asrall regions. The images were generated in
both gray and color (256) scale. All the imagesensormalized with respect to their respective
control image. For every subject there were a wit&ll images — a control image, 17 continuous
scans and 3 follow up images. Videos depictingatbend evolution for four rats over three days

have been uploaded as supplemental material.

a)

Left Center
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b)

Control

Post Burn




N7

r

~N

Fig 8.2: a) H&E sections from left, center and tigtgions of Rat A’s burn, b) THz images in grag @olor

showing the evolution of burn over 3 days

8.3.2 Histological analys

Fig 8.3 Sample preparation for histopathological ans

Fig 8.3 shows the resected skin from Rat A in the rostrdabaxis. The orientation of skin

the same as the orientation of the visible and ifk&es. ‘'hree sharpie dots and a line serve
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external fiducial markers. The burn region wasad into three segments and marked with dots
using India ink. These served as histology markeegments were cut orthogonal to the longer
edge of the burn in the left, center and right@agicontaining the dots respectively. Each of the
three segments gave 6 sections each which were $i&Bed and analyzed to determine burn

severity.

Fig 8.4: H&E sections showing (left) partial thigss and (right) full thickness damage

Classification of the above burns into burn sdyerategory was based on depth of injury
measurements calculated by measuring collagen Idistion, patency of blood vessels and

infiltration of neutrophils and macrophages in tle@mal space[179, 180].
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The two temperatures used for our study gave ghattickness and full thickness
severities. Biopsies from rats induced at200showed a complete loss of collagen crystallinity
which caused the change in H&E stain color from t@dlue. Full damage all through the
dermis up to the subcutaneous layer and blockeddbl@ssels were noticed in full thickness
burn sections. In contrast patent blood vesselsreutirophils and macrophages were used as
distinguishing features for deciding whether aisecivas of partial or full thickness severity. A

blind examination of sections was carried out fouabiased analysis.
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Table 8.2: H&E sections of partial thickness anlll thickness severity across burn wound in 4

rats. * denotes scratching was observed betweei dag 3

Rat

Burn severity

Left

Center

Right

C
130°C

Partial
e

Partial

130°C

Partial

|
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8.3.3 Image analysis

Representative scans from partial thickness aiidttickness burns at time points -
immediate post burn (t=0), 30 min, 1.5 hr, 7 hr &@Achrs following burn induction are presented
below.

Table 8.3 a) & b) THz images of partial thicknessl &ull thickness burn wounds over 72 hrs.
Visual changes in THz images were noticed in imagekese time points

a)
Time Partial thickness (Rat C) Full thickness (RatH)
13 C 200 C
Control 4 NpFE 4 Pl
A 4 h
Immediate | F N 4
Post burn N
\ - h
30 min V = 4
h 4B A
1.5 hr V = ‘K 4
e 4B A
7 hr 4 ) 4
A 4l A
72 hr r K
Nl A
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Full thickness (Rat J)
200

@@@

Partial thickness (Rat E)

130

b)
Time

]
T £
S o3 c =
f —
@] mO o 0 <~ N
@] E=Nal ™ — N~ N~
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The following time periods were selected basedvisual appearance of significant
morphological changes in the field of view acroBgas. The immediate post burn image for
both the burn severities appear brighter than tb@iresponding controls. It has been reported
that thermal injury is followed by an instantaneffammatory response beginning as early as
couple of minutes post injury[48].For burns lesarntti0% total body surface area, this response
is local and confined to the vicinity of the injdrarea[47, 48, 181]. Rapid transudation of fluid
from intravascular to extravascular space incretfisesiet water content of injured tissue. This
physiological response is captured in the firsimd0 by our THz system which is sensitive to
changes in water concentration in the tissue. Tdwe 6f water to and from the site of injury is
visualized in the THz images acquired at t=0 ar8Dtmin. At 1.5 hrs post burn, the shape of the
burn becomes discernible in both the burn groupsvagent from the THz images. Literature
reports that edematous response following burngirags to rise and has been found to be
maximal around 3 hours post burn[182].A similarpeesse is seen in the THz images acquired
over the span of first few hours for both burn gatées. A tissue ring of low reflectivity which
has been seen previously by our group and beerthsgined to be the zone of stasis is observed
in both burns in all the images. THz images of buwound at 7 hrs begin to show fluid
redistribution in the field of view. It is known dh the rapid phase of edema is followed by
redistribution and resorption. Resorption of fllodgins at about 24 hours post injury which is
observed in our THz images as well[181]. No chaimg@oted in the visible pictures taken
corresponding to THz images over the continuousrsog period. The 72 hour image is taken

for histological correlation.
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The THz images acquired over the course of thags dhow the influx and dissipation of
edema in the wounded area. Shifts in hydratiorobeerved in the follow up images acquired at
day 2 & day 3.THz images of full thickness burnpegr brighter than the partial thickness burns
over the 7 hour period. However4 out of the 10 hatd burns of both partial thickness and full

thickness nature hence nothing conclusive canideus¢ess the data is analyzed quantitatively.

8.4 Preliminary statistical analysis

8.4.1 Burn sections

Three segments corresponding to histology cutsgaleft, center and middle regions of
the burn were used for statistical analysis. Thanted for variations across severity observed
in some burns. The segments obtained from THz imagge not registered with histology. It
was however assumed that histology was represeatatiburn characteristic of that particular
region.

Three vectors of equal length extending from ttigeeall the way across the burn in the
caudal rostral direction were drawn. The vectorsewandomly spaced across the burn. Each
burn had a left, center and right reflectivity \acand was matched against burn severity of that
region. 30 segments gave 17 partial thickness &nfillll thickness reflectivity vectors. Not all

segments were used for the analysis.
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Fig 8.5: Procedure for obtaining mean wound zofieatvities. (Left) Cuts made through the burn wmdun the
visible picture translates to (right) reflectivéiacross the wound from the THz image

The first 5 mm of the vector were averaged to gmge which represented mean
reflectivity across the zone of coagulation. Thetriemm was taken to be representative of zone

of stasis and mean reflectivity,mas used for analysis.

8.4.2 Partial thickness vs. full thickness

Images taken in the continuous scanning peridtb(#s) were registered and normalized
across all rats and hence used for statisticalysisalControl and follow up scans could not be

considered for any quantitative analysis.

Multivariate statistical tests - Pillai’s trace,il¥¢’ Lambda, Hotelling’s trace and Roy’s

Largest Root were used for testing difference betwgartial thickness and full thickness burns
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both for differences in mean reflectivities ;(rand m combined) and dependence on time.

Images acquired at t=0 (immediate post burn), 5=hbur and t=7 hour were used.

Table 8.4 Results for partial and full thicknessugrs combined

Tests p-values | Significance
Multivariate 0.066 No
Time Interaction 0.081 No
Pairwise (full vs. partial) 0.046 Yes

The above table shows that partial thickness aritl thickness burns cannot be
distinguished from one another on the differenceseflectivities when all three time points are
considered. However a pairwise test between thegmaps without taking time into account
gives a significant result which suggests that ehier a significant difference in the wound
reflectivities of partial thickness and full thiakss burns but time adds variability. Other image
time points were also explored and similar resultse obtained. Partial thickness and full
thickness burns have significantly different wouradlectivities but the time at which they

become apparent is unclear.
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8.4.3 Partial thickness

Differences in reflectivities across the zonesadgulation () and zone of stasis gn
within individual groups were tested. Time poirt,tt=1.5 hr and t=7 hr were used and time of

acquisition was treated as a covariate for muli&tartests.

Table 8.5 Results for the partial thickness group

Tests p-values | Significance
Multivariate 0.018 Yes
Time Interaction 0.011 Yes
Pairwise (mvs. m) 0.018 Yes

p-values for all the tests done for the partiactkhess group were less than 0.05

indicating that a significant difference in meafig€tivities for zones of coagulation and partial

thickness is observed. The time interaction is agmificant meaning that these zones are
distinguishable at all the time points. These fssobuld infer that couple of min after injury,
wound zones can be differentiated in partial thedsiburns on the basis of their reflectivities.

The zones remain distinguishable several hours iaftey.
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8.4.4 Full thickness

The same sets of tests were repeated for thehickness group. Again image at time

points t=0, t=1.5 hr and t=7 hr were used.

Table 8.6 Results for the full thickness group

Tests p-values| Significance
Multivariate 0.094 No
Time Interaction 0.286 No
Pairwise (mvs. m) 0.094 No

All the tests gave insignificant results. Full tness burns were found to have indistinguishable

wound zones over the 7 hour period.
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8.5 Discussion

Contact burns of partial thickness and full thieks severity were inflicted on adult rats.
There were 5 rats in each group with one burn pena. The burns were induced by the same
person for all the rats with temperature and tirheamtact being precisely monitored to ensure
minimum variability in the burn induction proces3he entire experiment was done
unintermittedly for making the study as controllasl possible. These measures allowed us to

attempt a quantitative analysis of the data whiels lacking in the previous experiments.

The immediate response to thermal injury is charaed by a rush of fluid to the site of
injury. The inflammatory response begins as ealgauple of minutes post injury and continues
for a couple of hours. Researchers have reporiEsf@increase in water content of burned over
unburned skin at 30 minutes post injury with 90%khadt increase occurring in the first 5 to 10
min[53]. Edema formation is reported to be maximalo 6 hours post injury and begins to
resolve by 24 hours [52,181,182]. THz imaging cegguhe influx, redistribution and dissipation
of edematous fluid in the burn region for both tnern severities. An overall increase in
reflectivity is observed in the first post burn igeaacross all rats. Image acquisition time of the
reflective THz system is in the order of a couptaronutes which allows us to visualize the
immediate post burn response. The subsequent incagégsue to appear more reflective though
the increase in reflectivity is not homogenous ssrihie field of view. The image acquired at 1.5
hours post burn for all the rats shows a clearliindd burn region with a dark ring of low
reflectivity enveloping the burn. Classic burn wdyrathophysiology describes three concentric

burn wound regions: zone of coagulation, zone adistand zone of hyperemia[42]. Zone of
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stasis is the intermediate region between the @endne of devitalized tissue and the outermost
zone of hyperemia. This region is characterizedIdy perfusion and ongoing hypoxia.
Hypoperfusion and free radical injury in the zorestsis increases intravascular permeability
promoting the leakage of fluid in the interstitsgdaces[58].This translates to the appearance of
zone of stasis as a low reflectivity region surming the burn in the THz images. Regions of
high reflectivity in the vicinity of zone of stastbserved in the THz images relate to local fluid

shifts occurring across the burn wound zones.

Several groups have reported the difficulty inuadg uniform contact burns. Factors
such as skin thickness, skin hydration, blood spppd convective heat loss often cause varied
susceptibility to thermal injury[183, 184]. Thisgimem was addressed by analyzing the severity
across three regions in the same burn. Skin segfremt left, center and right regions chosen at
random were submitted for histopathological evatumatThe results showed that 4 out of 10 rats
had both partial and full thickness regions. Prelary burn imaging experiments did not
incorporate a thorough histological examination ahge to lack of sufficient histological
examination cannot be used as a reference forap#nickness and full thickness response in
THz images. Other confounding factors inhibitingngarison between the present and previous
results were small sample size, shape and siZeedbriand and burn temperature. However the
previous experiments identified burn zone curvesagsarameter for distinguishing between

severities and were used for quantitative anafgsithe present study.

The parameters investigated for distinguishing rmgnpartial thickness and full thickness

burns were reflectivities of zone of coagulation @one of stasis and how these changed with

146



time over the 7 hour period. Due to lack of imaggistration follow up scans could not be
included in the analysis. Overall reflectivitiespartial thickness and full thickness burns across
for both the zones were significantly different butir dependence on time could not be isolated.
The time variability was further investigated byabmzing the groups separately. It was
discovered that for partial thickness burns themreélectivities of stasis and coagulation wound
zones were different. The reflectivities were digtiishable as early as immediate post burn and
remained significantly different for the entire @un period. The full thickness group on the other

hand showed no difference in reflectivities of tive zones at any time point.

Among body's early reactions to thermal injury,esd is the most dramatic
physiological response. For burns covering less #@#6 total body surface area the response is
localized to the vicinity of the wound. Degree airi severity influences the magnitude of fluid
shifts and resultant edema. Full thickness injucdagse complete coagulation of vessels in the
affected tissue thereby limiting edema formatioarti@l thickness burns on the other hand have
better vascular perfusion and therefore are moeenatbus. This explains the pronounced local
fluid shifts occurring across the wound zones irtigkthickness injuries. Our system which uses
water as the primary contrast mechanism is abldetect these hydration shifts and is able to
outline the zone of stasis in partial thicknessbui his distinction is evident as early as 10 min
post burning and remains significant over 7 hotlifeermal insult to the tissue in deep burns
results in greater tissue loss and lower perfus®rompared to milder burns. This renders the
centrally affected coagulated zone indistinguisedf®m the peripheral zone of stasis over the 7
hours. While this prevents us from identifying theundary of stasis zone in full thickness burns,

it could be used as a parameter in distinguishetg/éen the two burn severities. Monitoring of
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full thickness burns over longer periods of timeymaovide a better insight into the behavior of

the zone of stasis and its interaction with otlker tones.

Burn wound progression, a process by which pathalkness burns convert to full
thickness burns is a product of primary tissue lasd secondary consequences like altered
perfusion, edema and toxic inflammatory mediatarthe zone of stasis. Early identification of
this zone can prevent progressive tissue loss.pfégent investigation suggests that Reflective
THz imaging system might be able to identify theeof stasis boundary as early as 10 min post
injury. These results could have relevant clinicaplications where early diagnosis dictates
treatment. Early identification of vulnerable zonan prevent tissue loss, better treatment
planning preventing delayed healing, likelihoochgpertrophic scarring and wound infection. A

big sample size is however required to substantiageclaim.

Through the present investigation we might haeatified burn classifiers for Reflective
THz imaging. Reflectivities across burns, differenie reflectivities across zones of coagulation
and stasis and time dependence of the evolutidhese features are parameters that should be

examined to differentiate between burn severities.
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No change in visible pictures Scratching for some burns
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Fig 8.6: Visual summary of observations

8.6 Limitations and improvements:

The study involved a small sample size of 10 stibjeThough repeatability was
demonstrated and an attempt to quantitatively aeathe data was made, more subjects are

needed to substantiate the above claim. It wasobdéhat the system is prone to drift which
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adds variability to the data. System issues sudritisabsence of a calibration phantom mak
hard to normalize the thaacross all animals on different days. Contra &silow up image:
could not be compared to the 7 hour images duadio of external fiducial markers. For so
rats, three sharpie dots in the field of view wergerimented as fiducial markers. It v
observed that the sharpie dots disappeared on.cHence for image registration of all imag
taken over three days and across all rats, a rdidusial marker needs to ldetermined. Finally
histological correlation of burn zones was not perfed fo the above experiments. Lack of T

image to histological registration and financiahstraints prevented such an analy

Zone of hyperaemia

Zone of stasis
Zone of
coagulation

—r— ——_———— ——

w‘ction ‘

Histology

Terahertz Reflectivity
Wy

% X ——
o \/
o , . L | " L |
o 1 3 B 5 g 7 ]
o

Fig 8.7Intraspecimen, intraspecimen and histological tegfisn scheme for future experime
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The above figure suggests improvements in imagestration over the current set of
experiments. Three robust dots in the imaging fieldview could solve the intraspecimen,
intraspecimen and histological registration albate. This would allow us to use all the images

and correlate with histology.

8.7 Concluding remarks

In summary this work has shown that Reflective T8ystem can visualize and detect
burns of partial and full thickness severities. Buwounds cause local variations in skin
hydration which are exploited by the systems sefityito water and translated as contrast in the
THz image. The advantage of this technique is Wld-in not only visualizing the burn but also
in identifying burn wound zones which presently a@ma clinical challenge. The results were
obtained in vivo in rats, are repeatable and impess/to the shape and size of rats. Further
partial thickness and full thickness burns coulddmginguished from one another based on

hydration changes that are specific to the phygiolcesponse to the burn type.
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