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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 the potential of Reflective THz imaging in 

early detection of skin burns. In the past decade, THz imaging has gathered a lot of attention for 

biomedical applications. Properties like sensitivity to water; low energy, non-ionizing nature, 

transparency to clothing and plastics, and less scattering compared to IR have led to the 

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



 

 

ii

 

reported the application of THz imaging in identification and differentiation between tissues, 

surface hydration detection and imaging of skin abnormalities both ex vivo and in vivo. The 

drawbacks with most of these findings are that they are preliminary and lack a sufficient sample 

size to make a significant claim. 

 The motivation for this research was provided by early work done by our group at 

University of California Santa Barbara, where the Reflective THz system was developed. 

Reflective THz systems’ sensitivity to change in water concentration, a parameter defined as 

NE∆WC was calculated as 0.054%. This provided inspiration to image biological samples like 

deli meats, teeth, cornea and skin. The major breakthrough came when differences in hydration 

among artificially prepared ex vivo porcine samples were shown. This study incorporated a 

reasonable sample size and was shown to be repeatable. The next step was the exploration of a 

disease model that causes variation in surface hydrations in skin. The answer was skin burns. 

The first set of skin burn experiments were performed on ex vivo porcine skin. It was 

demonstrated that our system could visualize burns by creating a contrast between burnt and the 

surrounding unburnt region. 

 The next step was translation to in vivo settings. This thesis builds up from the discovery 

to proof of concept to repeatability of imaging skin burns with Reflective THz imaging system in 

live rats. Immediate edematous response followed by evolution of burn wound zones, 

reorganization, redistribution and dissipation of edema was captured in the Terahertz images of 

burns in rats over a span of three days. Experimental design, modifications and an attempt to 

quantify the findings are discussed. Statistical tests revealed that distinction among partial and  
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full thickness severities might be possible in early phases of injury. This gives THz imaging an 

edge over other imaging modalities like Infra red, Laser Doppler imaging and Polarization 

sensitive coherence tomography etc which are unable to detect the injured area early on. In this 

thesis we propose that early detection of skin burns is the clinical killer application of Reflective 

Terahertz imaging.  
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CHAPTER -1: INTRODUCTION: 

 

There has been tremendous development in the field of medical imaging in the past 

century. Imaging has now become an integral part of medicine with diagnosis relying heavily on 

imaging. Medical decision-making is to a large part dependent on the diagnostic capabilities 

rendered by different imaging modalities. The need for specificity and sensitivity in diagnosis, 

low cost, ease of operation, non-invasiveness, and minimal discomfort to the patient continues to 

motivate the development of new technologies. 

One such emerging technology is Terahertz (THz) imaging. THz imaging involves the 

use of THz waves situated between microwave and infrared in the electromagnetic spectrum for 

generating images. Properties of THz waves like sensitivity to polar substances like water, 

transparency to clothing and plastics, low energy (1 - 12 meV), non-ionizing nature and less 

scattering compared to IR have led to the exploration of THz radiation for imaging of biological 

tissues. Contrast in skin, adipose tissue, striated muscle, and nerve tissue has been observed in 

the frequency range 0.5 – 1.5 THz demonstrating the potential ability of THz in differentiating 

between tissues[1]. Studies have reported the success of THz in identifying inflamed regions of 

skin, burns, psoriasis, basal cell carcinomas and melanomas[2-4]. These findings coupled with 

recent advances in THz generation and detection schemes have opened doors for THz medical 

imaging.  

A very promising application of THz imaging from a clinical viewpoint seems to be the 

detection of skin disorders. Hydration is a key factor in determining the health of skin tissue.  
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Abnormal or diseased states in skin can be associated with an imbalance in hydration 

levels. For instance skin cancers and edema are associated with increased hydration while skin 

burns result in local dehydration[5, 6]. Therefore an accurate sensing of skin hydration levels 

could provide an early insight into diseased states like psoriasis, eczema, basal cell carcinomas 

and melanomas, detection of skin burns and wound healing. Not only this but monitoring skin 

hydration levels can impact drug delivery and absorption and qualitatively gauge the 

effectiveness of various cosmetic appliqués.  

At present there is no standard technique for estimating skin hydration levels. While X-

ray, ultrasound and MRI have become gold standards in bone, fetal, brain imaging etc, these 

modalities have not been very successful in diagnosis of skin disorders. The use of X-rays for 

skin has been hampered because of the invasive nature of the radiation. Ultrasound has been 

nascent in development due to lack of chemical specificity and cost factor and inability to 

resolve the first few micrometers has impeded the use of MRI for skin. Even though terahertz 

has poor resolution and lower penetration depth as compared to these modalities, it is aptly suited 

for skin imaging. Because of its extreme sensitivity to water, THz is able to capture slight 

differences in water concentrations and translate those variations into contrast. Water being the 

primary contrast mechanism in THz imaging obviates the need for any chemical or dye for 

enhanced contrast as in Raman spectroscopy. Moreover it is easy to read and interpret the images 

and locate the areas of abnormal activity based on the color scale. 

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

ascertain skin hydration levels using reflective THz imaging. Stratum corneum-epidermal  
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interface was visualized on the arm of a volunteer using their THz system. THz was able to 

resolve the two layers due to inherent differences in water concentrations between these layers. 

The topmost layer stratum corneum is relatively dehydrated as opposed to the epidermis thereby 

giving a large fraction of reflection from the stratum corneum – epidermis interface[4].  

This thesis explores the potential of THz in becoming a clinical diagnostic tool for skin 

disorders. The focus of the research work is using reflective THz imaging for early detection and 

diagnosis of skin burns. Despite the decline in incidence of burn injuries over the last few 

decades, 1.25 million patients are still treated for burns annually in the United States[7].Most 

commonly used methods for estimating burn severity and depth is visual and tactile 

assessment[8]. These methods are highly inaccurate and invasive. The feasibility of THz imaging 

in detection of burn severity was originally reported using chicken breast as model[9]. Circular 

burns of varying severities were induced using an Argon laser. The changes induced in the 

optical properties of tissue by burns generated contrast between burnt and unburnt regions of 

tissue visible in the THz reflection image. Our group had imaged severe burns on ex-vivo 

porcine skin samples[10]. The burnt region in the image was clearly distinguishable from the 

surrounding unburnt region because of contrast. Despite these encouraging results obtained by 

our group and other groups a very small sample size has prevented from reaching any substantial 

conclusions.  

The above shortcomings were overcome in this research work by employing a large 

sample size and statistically analyzing the data for significance. A reflective THz system 

developed in our lab operating at 0.5 THz (0.125 THz bandwidth) that raster scans the target was  
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used for all the experiments. The initial part of the thesis reports the calibration and feasibility 

experiments on biological tissues. Porcine skin a good mimic of human skin was used for 

hydration experiments whereby it was shown that THz is sensitive to distinguishing between 

different hydration states of skin. Ex-vivo skin burn experiments were based on the positive 

results from the hydration experiments. A detailed study involving a large sample size and four 

different burn temperatures was carried out to estimate the sensitivity of our system in imaging 

skin burns. High-resolution images of specimens were obtained where burnt and unburnt area 

could be distinguished with a high SNR. The success of the ex-vivo experiments motivated the in 

vivo burn study. In a rat model superficial, partial and full thickness burns were induced and 

imaged with the reflective THz imaging system. This was the first in vivo study involving THz 

for detection and monitoring skin burns. The burnt region was clearly visible and distinguishable 

from the surrounding normal area.  

The purpose of this thesis is to prove the capability of reflective THz imaging in early 

diagnosis of skin burns. Through ex-vivo and in-vivo experiments it has been shown that THz 

imaging definitely holds promise in becoming a medical diagnostic tool for early detection of 

skin burns. 

 

 

 

 



 

 

 

CHAPTER – 2: BACKGROUND

2.1 Terahertz (THz) waves

2.1.1 What is THz? 

Terahertz band occupies the region of electromagnetic spectrum corresponding to 

frequencies between 0.1 – 10 THz (1 THz = 10

define the frequency range from 0.3 

and 100 µm. Flanked on the lower 

waves have a better resolution than microwaves and lower scattering as compared to IR. 

Properties of THz waves include

metallic and non-polar media, low ionizing power (4 meV at 1 THz) and 

scattering as in IR[11, 12]. 

Fig 2.1
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BACKGROUND  – Why Terahertz for skin burn imaging

waves 

Terahertz band occupies the region of electromagnetic spectrum corresponding to 

10 THz (1 THz = 1012Hz). For the purpose of this thesis we will 

define the frequency range from 0.3 – 3 THz, corresponding to wavelength range between 1mm 

m. Flanked on the lower frequency end by microwaves and upper end by i

e a better resolution than microwaves and lower scattering as compared to IR. 

Properties of THz waves include sensitivity to polar substances like water, transparency to non

polar media, low ionizing power (4 meV at 1 THz) and 

 

.1: Electromagnetic spectrum highlighting THz gap 

Why Terahertz for skin burn imaging 

Terahertz band occupies the region of electromagnetic spectrum corresponding to 

). For the purpose of this thesis we will 

3 THz, corresponding to wavelength range between 1mm 

by microwaves and upper end by infrared, THz 

e a better resolution than microwaves and lower scattering as compared to IR. 

sensitivity to polar substances like water, transparency to non-

polar media, low ionizing power (4 meV at 1 THz) and much lower Rayleigh 
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 Many biological and chemical compounds have been found to have characteristic spectra 

in the THz range[13]. Fortuitously due to differences in water concentrations, tissues seem to 

have different THz reflectivity thereby permitting differentiation in the THz range[14]. A major 

advantage of THz radiation is transmission through clothing and fabric. This has important 

implications in medical imaging where wound healing can be monitored through bandages and 

casts. The energies of THz waves are in the order of meV, which is about a million times less 

than X-rays ensuring no damage to cells or tissues. Further because of longer wavelengths, 

scattering probability, which is inversely proportional to the fourth power of wavelength, is 

much more reduced.   

2.1.2 Historical background: 

THz band was considered elusive for a long time due to lack of sophisticated technology 

for generation and detection of THz waves. The region was identified as the band in the 

electromagnetic spectrum where neither optical nor electrical mechanisms dominate acquiring 

the name ‘THz gap’. Far Infrared as THz was traditionally called was generated using either 

thermal sources or bulky molecular vapor lasers that produced weak and incoherent radiation. 

Detection schemes involved using liquid helium cooled bolometers that had very low sensitivity 

and gave a poor noise performance[9].  

The breakthrough came with the advances in laser technology, semiconductor and crystal 

growth techniques and non-linear optics. The Auston switch developed in 1975 made generation 

of THz radiation possible by optically gating the photoconductive emitter. THz spectroscopy has 

been used extensively for security and astronomical applications for the detection of explosives, 

chemical agents and drugs for the past several years. THz imaging sparked interest in the  
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biomedical community following the first real time imaging demonstration by Huss & Nu in 

1995[15]. They were able to obtain water distribution within a leaf and fat distribution in a piece 

of bacon using Terahertz time domain spectroscopy (THz-TDS). Mittleman used a chicken 

breast model to display the possible use of reflective THz imaging in estimating burn severity 

and depth[9]. Since then many groups have ventured into biomedical imaging with THz waves. 

Further, the development of Terahertz pulsed imaging (TPI) systems showed the potential of 

THz in medical imaging. Dental caries were detected using a TPI system with enamel, dentine 

and pulp visible in the THz image[16]. Tera View Ltd, at Cambridge has employed THz for 

early detection of basal cell carcinomas. Tumors are associated with higher water content and 

this generates a contrast between the healthy and carcinomatous regions in the THz range. 

Experiments were done on both in vitro samples and in vivo. The same group was also able to 

visualize stratum corneum epidermis junction on the arm of a volunteer and evaluate skin 

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

2.1.3 THz wave interaction with biological materials 

At the macroscopic level, the ability of the medium to be polarized defined as electric 

permittivity (ε) and bulk conductivity (σ) which is the measure of the ease of movement of ions 

through a medium are two parameters that can be used to describe THz wave interactions with 

tissues. Tissues can be considered to be a collection of molecules like water and proteins. For 

understanding THz tissue interaction at the microscopic level an insight into molecular and 

quantum energy levels is required.  

 



 

 

Fig 2

 For diatomic molecules (atomic mass < 20), the e

states is ∆E ~ 1.602 x 10-22 

levels is 1.6 x 10-20 J implying that the absorption of THz radiation leads to changes in rotational 

and vibrational modes of polar diatomic molecules

molecules in the THz band is librations. Librations are restricted oscillatory motion of 

molecules[11]. All these molecular movements are more pronounced in case of polar molecules 

that forms inter and intra molecular hydrogen bonds. The rotational, vibrational and translational 

transitions in the THz range are specific to the molecule and therefore many biological 

compounds have distinct THz spectra.

The most abundant polar diatomic molecule in biological tissues is wa

abundance and extreme sensitivity to THz, signature fe

usually be ignored while studying the response to THz. For instance
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Fig 2.2: Molecular transitions in the THz region 

 

For diatomic molecules (atomic mass < 20), the energy of separation between rotational 

 J corresponding to 0.242 THz and between low lying vibrational 

J implying that the absorption of THz radiation leads to changes in rotational 

polar diatomic molecules. Another motion exhibited by polar diatomic 

molecules in the THz band is librations. Librations are restricted oscillatory motion of 

All these molecular movements are more pronounced in case of polar molecules 

intra molecular hydrogen bonds. The rotational, vibrational and translational 

n the THz range are specific to the molecule and therefore many biological 

compounds have distinct THz spectra. 

The most abundant polar diatomic molecule in biological tissues is wa

and extreme sensitivity to THz, signature features from other molecules in tissues can 

usually be ignored while studying the response to THz. For instance, the refractive indices of 

 

nergy of separation between rotational 

J corresponding to 0.242 THz and between low lying vibrational 

J implying that the absorption of THz radiation leads to changes in rotational 

Another motion exhibited by polar diatomic 

molecules in the THz band is librations. Librations are restricted oscillatory motion of 

All these molecular movements are more pronounced in case of polar molecules 

intra molecular hydrogen bonds. The rotational, vibrational and translational 

n the THz range are specific to the molecule and therefore many biological 

The most abundant polar diatomic molecule in biological tissues is water. Because of this 

atures from other molecules in tissues can 

, the refractive indices of  



 

 

 

many tissues are found to change in the frequency range 0.1

content. These differences in water concentrations are a source of image contrast

 

2.2 Skin Burns  

2.2.1 Skin anatomy and physiology

Skin tissue comprises the outer external covering of the body forming the first line of defense 

against toxins, physical insult and radiations.
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found to change in the frequency range 0.1-1 THz depending on their water 

s in water concentrations are a source of image contrast

2.2.1 Skin anatomy and physiology 

Skin tissue comprises the outer external covering of the body forming the first line of defense 

against toxins, physical insult and radiations. 

Fig 2.3: Skin layers 

1 THz depending on their water 

s in water concentrations are a source of image contrast.  

Skin tissue comprises the outer external covering of the body forming the first line of defense 

 



 

 

 

 Skin consists of mainly two layers 

dermal layer. Subcutaneous or hypodermis lies beneath the dermal layer. The components of 

epidermis are keratinocytes (95% of epidermis), melano

inflammatory cells and lipids. Dermis comprises of two fibrous proteins 

the bulk of dermis) providing tensile strength and elastin, which provides elasticity. The proteins 

are embedded along with polysaccharides in a supporting matrix also called ground substance. 

Cellular components of dermis are mast cells, fibroblasts and macrophages. 

 The average thickness of human epidermal layer is ~0.1 mm. The epidermis can further 

be divided into four layers: stratum corneum, stratum granulosum, and stratum spinosum and 

stratum basale. 

 

Fig 2.4: Hemotoxylin & Eosin stained longitudinal section of skin showing different layers
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Skin consists of mainly two layers - the outer stratified epidermal layer and an inner 

dermal layer. Subcutaneous or hypodermis lies beneath the dermal layer. The components of 

epidermis are keratinocytes (95% of epidermis), melanocytes, langerhans cells, merkel cells, 

inflammatory cells and lipids. Dermis comprises of two fibrous proteins –

the bulk of dermis) providing tensile strength and elastin, which provides elasticity. The proteins 

polysaccharides in a supporting matrix also called ground substance. 

Cellular components of dermis are mast cells, fibroblasts and macrophages. 

The average thickness of human epidermal layer is ~0.1 mm. The epidermis can further 

ers: stratum corneum, stratum granulosum, and stratum spinosum and 

 

 

& Eosin stained longitudinal section of skin showing different layers

the outer stratified epidermal layer and an inner 

dermal layer. Subcutaneous or hypodermis lies beneath the dermal layer. The components of 

cytes, langerhans cells, merkel cells, 

– collagen (making up 

the bulk of dermis) providing tensile strength and elastin, which provides elasticity. The proteins 

polysaccharides in a supporting matrix also called ground substance. 

Cellular components of dermis are mast cells, fibroblasts and macrophages.  

The average thickness of human epidermal layer is ~0.1 mm. The epidermis can further 

ers: stratum corneum, stratum granulosum, and stratum spinosum and 

& Eosin stained longitudinal section of skin showing different layers 
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Stratum corneum, the topmost cornified layer of epidermis maintains the barrier function 

of skin. The thickness may vary from 10 µm in eyelids to 40 µm on the soles of feet. The 

composition of the stratum corneum is 10-25 layers of corneocytes embedded in a lipid matrix. 

Corneocytes are keratinocytes that have lost nuclei and cytoplasmic organelles upon their 

migration from stratum basale. Keratin filaments fill up these flattened cells. Lipid composition 

of stratum corneum is formed from ceramides, cholesterol and fatty acids. It is the combination 

of this unique lipid composition and keratin filaments that results in lower permeability to water 

making stratum corneum relatively dehydrated as compared to the deeper granular layers. A 

water gradient has been found to exist in the stratum corneum .The effectiveness of stratum 

corneum as a barrier is dependent on its water content, with healthy stratum corneum having 

water content above 10% weight/weight (w/w). Below this level, skin loses its flexibility and 

develops a rough scaly appearance. Hydration is therefore a key factor in determining the health 

of skin tissue. Burns, drug delivery, cosmetics, cancer, and edema are examples where the 

measurement of hydration levels is important.  Skin burns result in loss of water from outer skin 

layers whereas skin cancers and edema are associated with local increases in hydration of the 

skin surface[5, 6]. Cutaneous wound repair is also influenced by hydration, with water content 

varying with the stage of repair and the type of wound[19]. Specifically, early acute wound scars 

are more hydrated than normal skin, while older chronic wounds have been found to be 

drier[20]. Finally, hydration is critical to the cosmetics industry in testing the efficacy of 

cosmetics, with many cosmetics intended to prevent and repair skin damage by moisturizing the 

outer layer.  
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 Depth resolution scales of THz and sensitivity in detecting hydration changes make THz 

ideal for imaging and monitoring moisture levels of stratum corneum. Since many skin disorders 

result in a disruption of the barrier of stratum corneum, 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 injuries over the last few decades, 1.25 million 

patients are still treated for burns annually in the United States. Of these approximately 50,000 

require hospitalization[21, 22]. Mortality associated with burn injuries is the fifth leading cause 

of unintentional injury-related deaths with the majority of injuries caused by flame/flash 

burns[23, 24]. Other causes of skin burns include contact with hot objects; scald burns chemical 

burns, electrical burns, and others. According to the National Burn Repository Report 2009, men 

constitute 71% of burn patients with a mean age of 32. Health care for patients suffering from 

skin burns is one of the most expensive aspects of our health care system, with burn related 

injuries accounting for almost 13% of all medical claim costs[25] and 31% burn patients having 

no medical insurance[26]. A direct correlation has been reported between severity of burns, 

length of hospital stay, and cost[27]. It has been reported that mean length of stay for patients 

suffering from thermal burns is nine days and average healthcare costs for a patient with thermal 

burns ranges from $30,000 to $118,000[28]. In addition to cost, burn injuries are associated with 

physical complications due to muscle weakness[29, 30], hypertrophic scarring[31-35], 

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

depression, and anxiety[40]. 

 Clinically, burns are categorized by depth of tissue involvement.  Superficial thickness 

burns involve only the epidermis.  Partial thickness burns involve the dermis and are subdivided 

into superficial and deep partial thickness by their involvement of the papillary and reticular 

dermis.  Finally, full thickness burns are those that have completely obliterated the dermis and 

involve underlying structures such as subcutaneous fat, fascia, and muscle. 

 

 
Fig 2.5: Skin burn classification 

 

 The burnt area usually comprises of three concentric zones – outer zone of hyperaemia, 

middle zone of stasis and inner zone of coagulation. The zone of hyperaemia appears red due to 

increased perfusion and is metabolically active. Zone of stasis is initially red but turns white 

between third and seventh day post injury because of the avascularity and necrosis of dermis and  



 

 

 

14

 

hemolysis of red blood cells. The area of maximum and irreversible damage is the zone of 

coagulation characterized by a complete obliteration of vessels[41].  

 

 
 

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

 

 

 Full thickness and deep partial thickness burns are generally treated by skin excision 

followed by skin grafting. It has been observed that within a week following surgery, the zone of 

stasis turns white in color making the zone of coagulation and stasis indistinguishable. At this 

stage both these zones may become necrotic and damage irreversible. Zone of stasis is the region 

of ischemia and vascular stasis. Upon reperfusion this area can be restored[43]. Early 

identification of the three burn zones can help in monitoring the zone of stasis. Further it can  
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help guide the surgical excision process where many a time’s viable tissue is lost due to excision 

of a larger area. Terahertz imaging can be used both for the surgical treatment of burns and also 

monitoring wound healing.  

2.2.3 Burn severities 

Severity of a burn in defined in terms of burn depth, total surface area of the burned 

region (a percentage value), location of the burn and age. Burn depth is determined by the 

anatomic thickness of skin involved in thermal damage. Burns are classified as – superficial, 

partial thickness and full thickness. A superficial burn is confined to the outer layer of epidermis 

while a partial thickness burn involves epidermis and 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 
involved 

Appearance Healing time 

Superficial 
I° 

Sun exposure, hot 
liquids with low 
viscosity and short 
exposure 

Epidermis only Pink to red, moist, no 
blisters 

3–7 days 

Superficial 
partial IIa° 

Hot liquids, chemical 
burns with weak acid 
or alkali, flash 

Superficial (papillary) 
dermis 

Blister, red, moist, 
intact epidermal 
appendages, blanches 
of pressure 

1–3 weeks,  
long-term pigment 
changes  

Deep partial 
IIb° 

Flame, chemical, 
electrical, hot liquids 
with high viscosity 

Deeper layer 
(reticular) dermis 

Dry, white, non-
blanching, loss of all 
epidermal appendages 

3–6 weeks, with 
scars 

Deep III° Flame, electrical, 
chemical, self 
immolation 

Full thickness of skin 
to the subcutaneous 
fat or deeper 

Leathery, dry, white 
or red with 
thrombosed vessels 

Does not heal  
requires skin graft 
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 Superficial thickness burns are not considered significant burns and heal within a week. 

Partial thickness and full thickness burns on the other hand require medical attention. The 

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

Partial thickness 

 Partial thickness burns involve destruction of the epidermis and part of dermal layers. 

Depending on the extent of damage partial thickness burns can be further sub classified as 

superficial partial thickness and deep partial thickness.  

 In superficial partial thickness burns entire epidermis and upper third of dermis is 

damaged. Capillaries perfusing the region are injured and become permeable leading to leakage 

of large amounts of plasma. The burnt region appears pink, wet and may have blister formation. 

Superficial partial thickness burns heal within 1 to 2 weeks with no scarring. Treatment involves 

cleansing the wound area and debridement of loose epidermis and removal of large blisters. Skin 

substitutes are rarely required but can be used for wound surface protection and healing.  
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Fig 2.7: Representation of a superficial partial thickness burn 

 Deep partial thickness burns involve destruction of epidermis and most of the dermis. 

Vascular perfusion is diminished and nerve endings are destroyed. The burn wound is white and 

dry in appearance with no blister formation. Continued ischemia in the wound region can lead to 

wound progression and conversion to a full thickness burn. Healing of these wounds can take up 

to 10 weeks. Scar formation is common. Treatment involves eschar removal and debridement. 

Early excision and grafting can speed up the healing process and minimize scarring. 
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Fig 2.8: Representation of a deep partial thickness burn 

Full thickness 

 Full thickness burns result in complete destruction of epidermis and dermis. Thermal 

insult leads to complete coagulation of blood vessels and sensory nerves. The wound appears 

waxy white but may have a brown leathery appearance if the wound extends into the 

subcutaneous tissue. Treatment includes early surgical debridement 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 40° C cause denaturation of cellular proteins and loss of 

plasma membrane. The resulting molecular structural alterations and cellular necrosis cause the 

burn wound. Toxic burn products; acidosis, poor tissue perfusion, fluid loss and shifts are some 

of the immediate local effects[45, 46]. Jackson first described the correlation of the surface 

appearance of the burn with the depth of necrosis. The burn wound can be divided in three zones 

as per the extent of damage – zone of hyperemia, zone of stasis and zone of coagulation. Local 

disturbances and fluid shifts across these zones define the extent of burn injury and further elicit 

inflammatory and systemic response. The outer zone of hyperaemia, area of least damage 

appears red characterized by increased circulation and high metabolism. This zone is 

characterized by the loss of epidermis but fully intact dermis. Usually this zone is fully healed 

within a week. The intermediate zone of stasis appears red initially but changes to white by day  
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three. Metabolism is diminished and superficial capillaries are dilated and packed with red cells. 

By day seven, superficial dermis is necrotic and dermal vasculature has collapsed. The central 

zone of coagulation takes the brunt of thermal injury. The region comprises of coagulated tissue 

and obliterated vasculature and is beyond healing. By the end of first week only two zones – 

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

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

2.2.5 Edema formation 

The response of vascular tissue to local injury is defined as inflammation. Thermal injury 

elicits a rapid inflammatory response that walls off the damaged area and kicks off a series of 

wound healing processes. One of the early and most prominent signs of inflammation is edema 

formation[47]. Edema is accumulation of fluid in interstitial spaces. Thermal insult not only 

causes physical injury to the capillaries but also releases mediators like histamine or globulins, 

which increase capillary permeability allowing for fluid leakage into interstitial spaces. This 

fluid is rich in protein [48-50]. The pathophysiological response to burn injury causing rapid 

edema formation are increased microvascular permeability, vasodilation, increased extravascular 

osmotic activity along with the release of local mediators like histamine, serotonin, bradykinin, 

nitric oxide, oxygen free radicals, prostaglandins, thromboxane, TNF, interleukin etc. 

Physiochemical alterations in the extravascular and extracellular matrix further increase wound 

edema by forming osmotic and hydrostatic gradients[46, 51]. Demling summarizes the different 

pathophysiologic changes in burn tissue that lead to edema[52]. 
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• Marked immediate and sustained increase in rate of fluid and protein crossing from 

capillary to the interstitial space 

• Early disruption of the integrity of the interstitial space with disruption of collagen and 

hyaluronic acid scaffolding 

• Progressive increase in interstitial space compliance as edema forms 

• Marked transient decrease in interstitial pressure caused by the release of osmotically 

active particles, causing a vacuum effect sucking in fluid from the plasma space 

• Marked and sustained increase in capillary permeability in the burn wound 

• Decrease in plasma proteins and oncotic pressure and increase in interstitial protein and 

oncotic pressure due to increased capillary permeability to protein 

• Inability to maintain a plasma to interstitial oncotic gradient 

• Likely a transient increase in capillary hydrostatic pressure in the burn capillaries 

• Marked and sustained decrease in the surface area of the perfused capillaries and 

lymphatics 

• Increase in the ease of fluid accumulation in the interstitium. 

 The rate and quantity of edema formation depends on burn severity. A critical 

temperature of 55° C has been identified below which no edema forms. 

Superficial thickness burns 

 Superficial burns are associated with minimal necrosis. Vascular perfusion is high 

initially but decreases gradually. Edema formation is minimal. 
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Partial thickness burns 

 Because of better vascular perfusion the rate and quantity of edema is found to be higher 

in the partial thickness burns. Edema formation is rapid following partial thickness injuries with 

almost 80% increase in tissue water content as early as 10 min post injury[53]. Peak edema 

formation in a 10% partial thickness burn was noted at 3 hrs post injury in one study[54]. In 

another study maximal edema was found at 6 hrs post injury for a partial thickness burn[55]. The 

site of edema formation is the epidermal-dermal junction. Fluid resorption begins nearly 24 hrs 

after the burn and is nearly complete by day 4[52]. The rates of fluid resorption are also found to 

be faster after a partial thickness burn. Better vascular perfusion and intact lymphatics are 

thought to be responsible for this. 

 

 

 

Fig 2.10: Edema formation in a partial-thickness burn. Edema is measured by photon scanning. Time course of 
edema formation and resorption in 10 hind limbs with a partial-thickness burn is shown, comparing mean +/- SD of 
percent fluid content over baseline against time after burn. Maximum edema is present between 12 and 18 hours, 
with 94% of edema present at 6 hours. Resorption began at 24 hours and is nearly complete by 4 days[52]. 
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Full thickness burns 

 Full thickness burns involve necrosis and complete obliteration of dermal vasculature. 

Vascular perfusion is significantly decreased limiting edema formation[56]. Maximum edema 

was noted around 18 hrs following burn in one study [52]. The site of edema formation is 

dermis. Fluid is sequestered in the subdermal space with a deep burn and resorption is slower. 

Resorption begins at about 24 hrs. Dermal lymphatics are destroyed impairing resorption.  

 

 
 

Fig 2.11: Edema formation in deep burn. Time course of edema formation and resorption in 10 hind limbs with a 
partial-thickness burn is shown, comparing mean +/- SD of percent fluid content over baseline against time after 
burn. Maximum edema is present 18 hours, after burn injury. Resorption began at 24 hours and but 25% still 
remained at 1 week [52]. 

 

2.2.6 Wound healing 

The burn wound contains a variety of cell types including platelets, neutrophils, 

lymphocytes, macrophages and fibroblasts. The principal molecular regulators controlling the  
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evolution of burn wound include vascular endothelial growth factor (VEGF), platelet-derived 

growth factor (PDGF) and transforming growth factors[46]. The three phases of wound healing 

are –inflammation, tissue formation and tissue remodeling. Inflammation involves infiltration of 

neutrophils, macrophages and lymphocytes in the wound zone. Macrophages perform two major 

functions - initially they engulf and phagocytose wound debris, clearing the way for growth of 

new dermal matrix. Subsequently macrophages produce angiogenic and fibrogenic growth 

factors that promote the growth phase of repair. Inflammatory phase is followed by tissue repair 

and reepithelialization. The process involves migration and proliferation of epidermal cells, 

macrophages, fibroblasts and blood vessels in the wound space. Fibroblasts deposit the new 

extracellular matrix while macrophages produce necessary growth factors to induce fibroplasia 

and angiogenesis. This supports cell ingrowth and sustenance. Provisional extracellular matrix is 

gradually replaced with collagen matrix[57]. The newly formed granulation tissue further 

undergoes angiogenesis till the wound is completely filled with granulation tissue. The wound 

undergoes contraction and extracellular matrix reorganization whereby granulation tissue 

transitions into scar tissue. 

2.2.7 Burn wound progression: Importance of early burns detection 

Thermal injury triggers a series of pathophysiologic mechanisms that can result in 

deepening of the burn wound, a phenomenon called burn wound progression. A time frame of 

three to five days is estimated for the consolidation of burn depth. During this time the burn 

wound is in a dynamic state under the influence of primary and secondary mediators resulting 

from thermal injury causing more tissue loss[58].  
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 At the molecular level, the direct effect of heat leads to disruption of cell membranes and 

denaturation of proteins. This is followed by activation of toxic inflammatory mediators and 

byproducts like superoxides, hydroxides, and hydrogen peroxide. Free radicals along with 

oxidants and proteases enhance ischemic tissue necrosis in the zones of stasis and hyperemia. 

Edema and altered perfusion play a major role in conversion of partial thickness to full thickness 

injuries. Prostaglandins, histamine and bradykinin all products of inflammatory response 

increase vascular permeability causing both local and systemic fluid shifts that aggravate 

hypoperfusion in the zones of stasis and hyperaemia[59]. Elevated bradykinin levels have been 

considered responsible for coagulation and stimulating microthrombosis in the zone of stasis 

contributing to the progression of partial thickness to full thickness burns. Presence of vasoactive 

and inflammatory mediators in higher than normal concentration in and around the wound causes 

vasoconstriction of microvasculature limiting perfusion in the partially burned tissue, advancing 

to full thickness necrosis[60]. Local hyperemia and desiccation decrease perfusion via shifts in 

intravascular and interstitial fluid volumes inhibiting oxidative metabolism in vulnerable zones. 

Finally nutritional and metabolic deficiencies, acidosis etc may contribute to ischemia of viable 

tissue causing eventual tissue death[58].  

 Burn depth and extent dictates treatment. Superficial thickness burns can be treated with 

topical therapy and do not often need supervision but partial thickness and full thickness burns 

require immediate medical attention. The confounding factor in treatment of severe burns is 

wound progression. Accurately assessing, which burns will convert, and determining how to 

prevent burn wound conversion remain a clinical challenge. The burn wound comprises of the 

outermost zone of hyperaemia, which heals spontaneously, and the intervening zone of stasis  
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where blood flow is reduced and skin suffers from ongoing hypoxia. This ischemic skin can 

readily convert to nonviable tissue without proper restoration of flow resulting in the conversion 

of a partial thickness burn to a full thickness burn and extension of burn size. As the extent of 

wound advancement increases, so does the likelihood of hypertrophic scarring, contractures, 

need for surgical excision and grafting, burn wound infection, sepsis, shock and possibly death. 

The goal of treating partial thickness burn wounds is thus to promote healing while minimize 

scarring and contracture. Current mainstays of the treatment of partial thickness wounds include 

adequate fluid resuscitation, nutritional support, and local wound care, with an emphasis on 

topical microbial agents and biosynthetic dressings. Deep partial thickness and full thickness 

burns on the other hand are treated via excision of eschar followed by skin grafting. Full 

thickness burns should be treated as soon after resuscitation as is feasible by excision of eschar 

and skin grafting since excision and skin grafting are bloody procedures if prolonged. Prompt 

burn eschar excision with immediate wound closure not only has better cosmetic outcome but 

also decreases mortality and shortens hospital stay. It is often easier to excise the entire area of 

burned skin and subcutaneous tissue to muscle fascia but that may sacrifice significant amounts 

of viable skin. To conserve surface and subjacent skin during surgery, areas of skin that will 

spontaneously must be differentiated from areas that will not heal within 2 weeks and therefore 

require surgical excision and grafting. Early detection and monitoring of vulnerable zones can 

help conserve tissue and speed the treatment process. 
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2.2.8 Current imaging modalities 

 Diagnostic techniques that have been applied to the detection and quantification of skin 

burns include green dye fluorescence, laser Doppler perfusion imaging (LDPI), polarization 

sensitive optical coherence tomography (PS-OCT), thermography, ultrasound and nuclear 

magnetic resonance (NMR)[61].  Among these existing techniques PS-OCT and LDI have 

shown the most promise[62]. Both techniques have the advantage that they are non-invasive and 

are non-contact measurement techniques, but suffer from various limitations. LDPI fails to 

provide a resolved depth resolution and is affected by tissue curvature, pathophysiological 

aspects of burns, and scanning distance. PS-OCT measures change in the optical polarization of 

tissues resulting from thermal destruction of collagen fibers by detecting only the direct-reflected 

photons. It suffers from strong optical scattering and is unable to distinguish between degrees of 

skin burns[63]. Therefore the clinical motivation to develop a non-invasive technique that would 

be able to detect and diagnose skin burns, monitor the healing process, and be user friendly and 

cost effective is tremendous. 

  Infrared (IR) imaging has also been explored as a non-invasive technique for burn 

imaging. One study reported the successful use of IR imaging in distinguishing between partial 

and full thickness burns on the basis of temperature difference on the surface of burn 

wounds[64]. Surface temperature of burn wounds was found to decrease with increasing burn 

depth as time progressed. Another study demonstrated the use of active-dynamic IR imaging in 

distinguishing between repairable and irreparable burn wounds. A preliminary clinical study 

using near infrared imaging (NIR) imaging with indocyanine green (ICG) as a contrast agent  
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demonstrated a correlation between IR detection of burn depth and histology[65]. However, IR 

imaging suffers from scattering effects, limited contrast between tissues and monitoring for long 

periods of time[66]. Moreover prior studies have had limited sample sizes and therefore have not 

yet clinically established the efficacy of the modality. 

2.3 Terahertz skin interactions 

2.3.1 Terahertz sensitivity to skin reflectivity 

Dielectric properties of a tissue are described in terms of permittivity (ε) and conductivity 

(σ). For frequencies below 100 Hz relative permittivity of a tissue is in the order of 106 or107. At 

frequencies higher than this, the relative permittivity decreases in three steps - α, β and γ 

dispersions. α and β dispersions are predominant at lower frequencies and are associated with 

ionic diffusion processes and polarizations at cell membrane boundaries. The γ dispersions are 

found in the GHz region and arise from the relaxation of water present in the tissue[67]. Since 

the dominant polarization mechanism in tissues at higher frequencies is due to dipolar relaxation 

of water molecules, the THz tissue interaction can be understood by exploring the dielectric 

behavior of water in the THz regime[68].  

 In the THz band, water is observed to fit a double Debye model with a slow relaxation 

time (τ1) and a fast relaxation time (τ2). Dielectric relaxation for water incorporates H-bond 

rearrangement, structural rearrangement and translational and rotational diffusion[69]. The slow 

relaxation mode can be attributed to structural and H-bond rearrangement that involves breakage 

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

 

 

where εsisthe static dielectric constant, ε2is an intermediate frequency limit&ε∞is the limiting 

value at high frequency.  

 Several groups Ronne et al, Kindt and Schmuttenmaer, Smye et al etc have published the 

double Debye parameters for water. Relaxation times are calculated as τ1 ~8.2 - 8.4 ps and τ2 ~ 

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

 Water, which makes up 70% of skin by weight, is expected to dominate the dielectric 

properties of skin. Pickwell et al modeled skins response to THz radiation[69]. Forearm skin was 

chosen and treated as a homogenous layer. Similarly, Alekseev et al showed that forearm skin 

because of thinness of SC could be modeled as a homogenous layer[72]. The permittivity values 

obtained by their group were found to be similar to experimentally observed values. Pickwell et 

al used finite-difference-time-domain to calculate the Debye parameters for both water and skin 

at 298 K and correlated it with measured values. A good correlation was found (correlation 

coefficient 0.97) between the simulated and measured values. The relaxation times for water 

were τ1 ~ 10.6 ps and τ2 = 0.18 ps and for skin were τ1 ~ 10 ps and τ2 = 0.20 ps. The permittivity 

values of water and skin were εs= 78.8, ε2= 6.6,ε∞= 4.1and εs = 60, ε2= 3.6,ε∞= 3 respectively.   
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 This property can be exploited for diagnosing diseased 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 variations in water content. The refractive index of 

water is around 80 at 1 GHz but drops to 2 between 0.5 to 1 THz. Absorption coefficents for 

water are high in the THz range leading to significant dielectric losses[73]. Further because of 

variations in water content biological tissues are found to have different THz 

absorptivities[74].Absorption coefficents of tissues are highly dependent on their water content 

with lower attenuation coefficents for tissues with lower hydration levels. For instance adipose 

tissue has a lower attenuation coefficent than striated muscle. The water content of striated 

muscle ranges from 73 to 77.6 wt% while its between 5 to 20 wt% for adipose tissue. Fitzgerald 

et al explored optical properties of excised human tissues in the range 0.5-2.5 THz and 

discovered different refractive indices and absorption coefficents for skin, adipose tissue, striated 

muscle, vein and nerve. However because of very high absorption coefficent THz is unable to 

pennetrate deep into tissues making reflective imaging and spectroscopy more feasible than 

transmission mode.  

 Taylor et al defined a parameter noise equivalent delta water concentration (NE∆WC) for 

their reflective THz imaging system that was used for the experiments reported in this thesis[12]. 

This metric defines the minimum change in water concentration by volume that the imaging 

system is able to detect. This parameter defines the sensitivity of a THz imaging system to  

 



 

 

 

variations in water concentrations and can be considered analogous to the 

temperature difference (NETD) for Infrared thermometric imaging

 The parameter was experimentally calculated by measuring change in THz reflectivity 

fully saturated clean room wipes (polyester/cellulose blend)

with subsequent evaporation of water

drop in weight from 130 mg to 40 mg.  A mean drop in weight of 1.42 mg between measurement 

points and a constant drop of 0.02% per min in reflectivity wa

period between 4.65% and 2.85% reflectivity. 

 

Fig 2.12: Change in THz reflectivity as a function of drop in water concentration

 

 A near linear relationship was found between THz reflectivity and water concentration. 

From the reflectivity and weight data a noise equivalent delta water concentration (NE

calculated to be 0.054%. This implies that the reflective THz imaging system would be able to 
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variations in water concentrations and can be considered analogous to the 

ifference (NETD) for Infrared thermometric imaging[75]. 

The parameter was experimentally calculated by measuring change in THz reflectivity 

lean room wipes (polyester/cellulose blend) with time as their weig

evaporation of water. The sample was dried over a span 

drop in weight from 130 mg to 40 mg.  A mean drop in weight of 1.42 mg between measurement 

points and a constant drop of 0.02% per min in reflectivity was observed during the 87 min time 

period between 4.65% and 2.85% reflectivity.  

 

Change in THz reflectivity as a function of drop in water concentration

A near linear relationship was found between THz reflectivity and water concentration. 

From the reflectivity and weight data a noise equivalent delta water concentration (NE

calculated to be 0.054%. This implies that the reflective THz imaging system would be able to 

variations in water concentrations and can be considered analogous to the noise equivalent 

The parameter was experimentally calculated by measuring change in THz reflectivity of 

with time as their weight dropped 

. The sample was dried over a span of 87 minutes with a 

drop in weight from 130 mg to 40 mg.  A mean drop in weight of 1.42 mg between measurement 

s observed during the 87 min time 

 

Change in THz reflectivity as a function of drop in water concentration 

A near linear relationship was found between THz reflectivity and water concentration. 

From the reflectivity and weight data a noise equivalent delta water concentration (NE∆WC) was 

calculated to be 0.054%. This implies that the reflective THz imaging system would be able to  
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generate contrast between regions differing in water concentration 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 many research groups to venture into 

medical imaging. The properties of THz waves make it aptly suited for imaging skin. Cause and 

effect of skin abnormalities can be attributed to imbalances in water content, which can be 

captured by THz imaging.  

 Toshiba Research Europe Ltd at Cambridge did one of the initial in vivo skin imaging 

experiments. A reflective imaging system was used to take measurements off normal skin on the 

arm of a volunteer. The experiment involved taking measurements from the forearm before and 

after hydration to gauge the systems sensitivity to changes in water concentrations. The stratum 

corneum-epidermal junction was visualized for normal skin. Also stratum corneum water levels 

were deduced from the reflected THz waveforms. Woodward et al used Terahertz pulsed 

imaging to image in vitro basal cell carcinoma specimens and showed that they could be 

distinguished from normal skin. Tumors are associated with higher water content which 

translates to contrast in the THz range thereby allowing differentiation of normal regions from 

cancerous regions. Teraview Ltd reported contrast between normal skin and carcinomatous 

lesions both in vitro and in vivo.  

 The above results are very encouraging for early detection and monitoring of skin burns 

and cancer, conditions like psoriasis, eczema, dermatitis, 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 visualizing burns was first reported by 

Mittleman[76]. A contrast between burnt and unburnt regions was observed in chicken breast. A 

series of circular burns of increasing severity were induced in the chicken breast with an argon 

laser. The THz image resolved all zones of burn severities by generating a contrast between 

them. The contrast was attributed to variations in water contents between each circular region. 

Dougherty et al used chicken skin as a model for burn studies. A sever burn was inflicted by a 

branding tool heated to 350° C[77]. The burnt region was clearly visible in the THz image. 

Taylor et al employed porcine skin, a close mimic of human skin for imaging burns[10]. A brass 

brand heated to 315°C was pressed against ex-vivo pig skin for ~3 s to inflict a severe burn. A 

clear distinction between burned and surrounding unburned was apparent from the THz image. A 

75% drop in reflectivity was recorded between the two regions giving a high SNR. The primary 

contrast mechanism was identified as local variations in water caused by burning.  

2.3.5 Comparisons with other imaging techniques 

 Clinically established techniques like X-ray, MRI and ultrasound could never establish a 

foothold in skin imaging due to several reasons. X-ray is highly invasive with intensity levels 

nearly a million times as compared to terahertz. MRI has previously been used for detecting and 

determining the extent of malignant melanoma, lymphoderma and squamous cell carcinoma [78-

80]. However because the thickness of skin is in the order of millimeters, current MRI systems 

sensitivity and resolution does not do justice in resolving different layers of skin. Especially 

disorders involving stratum corneum (thickness 15µ), MRI fails to provide any information due  
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to its inability to resolve this layer. High-resolution ultrasound imaging has been successful in 

evaluating epidermal thickness and resolving the different skin layers[81, 82]. Despite having a 

good penetration depth, the lack of chemical specificity and spatial resolution has prevented the 

use of ultrasound as a diagnostic tool for skin disorders.  

 1.25 million patients are still treated for burns annually in the United States. Of these 

approximately 50,000 require hospitalization[22, 83].Early detection of skin burns and 

estimation of extent and severity still remains a challenge in clinical settings. The most 

commonly used methods for estimating burn depth are visual and tactile assessment;i these 

methods are highly inaccurate despite being performed by experienced medical personnel with 

successful prognosis only in 50-70% of cases.[8, 84]. Biopsy of wounds followed by 

histopathology is the gold standard, but not commonly performed because of being local and 

invasive[85]. 

 Diagnostic techniques that have been applied to the detection and quantification of skin 

burns include green dye fluorescence, laser Doppler perfusion imaging (LDPI), polarization 

sensitive optical coherence tomography (PS-OCT), thermography, ultrasound and nuclear 

magnetic resonance (NMR)[86]. Among these existing techniques PS-OCT and LDI have shown 

the most promise[87]. Both techniques have the advantage that they are non-invasive and are 

non-contact measurement techniques, but suffer from various limitations. LDPI fails to provide a 

resolved depth resolution and is affected by tissue curvature, pathophysiological aspects of 

burns, and scanning distance. PS-OCT measures changes in the optical polarization of tissues 

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

degrees of skin burns[89]. 

 Infrared (IR) imaging has also been explored as a non-invasive technique for burn 

imaging. One study reported the successful use of IR imaging in distinguishing between partial 

and full thickness burns on the basis of temperature difference on the surface of burn 

wounds[90]. Surface temperature of burn wounds was found to decrease with increasing burn 

depth as time progressed. Another study demonstrated the use of active-dynamic IR imaging in 

distinguishing between repairable and irreparable burn wounds[84].A preliminary clinical study 

using near-infrared imaging (NIR) imaging with indocyanine green (ICG) as a contrast agent 

demonstrated a correlation between IR detection of burn depth and histology[91]. However, IR 

imaging suffers from scattering effects, limited contrast between tissues and monitoring for long 

periods of time [84, 90, 92]. Moreover prior studies have had limited sample sizes and therefore 

have not yet clinically established the efficacy of the modality. 

 There exists a need for a non-invasive modality that is able to accurately quantify the 

extent or severity of burns. Such a technique may enable improved management of burn injuries 

by providing a highly accurate quantitative measure of burn severity and extent, therefore 

allowing for more accurate triage and improved monitoring of burn injuries. Cost effectiveness 

and ease of operation are additional clinical motivations. 

 Terahertz has the potential of becoming a clinical diagnostic tool for early detection and 

diagnosis of skin burns. Properties of THz waves as discussed earlier are conducive to the 

surface and sub surface skin imaging. Preliminary results obtained by other research groups and  
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our group have shown promise in the ability of reflective terahertz imaging in detecting burns via 

contrast. This thesis further explores the feasibility of THz imaging modality in not only 

detecting skin burns early on but also differentiating between superficial, partial and full 

thickness burns. Chapter 6reports the ex-vivo burn experiments on porcine skin using a reflective 

terahertz system. A large sample size was included for the reproducibility, repeatability and 

statistical significance of the data.  The results were very encouraging in imaging different burn 

severities and the results were found to be statistically significant. Further chapter 7 discusses the 

in vivo skin burn experiments. Male SD rats were used for the study in line with previous burn 

models. We were successful in imaging and distinguishing between burn severities on live rats. 

 To our knowledge these were the first in vivo experiments that utilized terahertz imaging 

for visualization of burns. Also the potential of THz imaging in burn monitoring was explored by 

imaging burns over a time period of three days. The ex-vivo and in-vivo experiments have been 

instrumental in substantiating our claim about the capability and potential of our system in 

detecting and diagnosing skin burns and other skin disorders 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 was considered evasive for a long time 

due to lack of efficient generation and detection mechanisms. With technological advancements, 

rapid progress has been made in THz generation and detection in the past decade. 

3.1.1 THz sources 

Broadband THz waves can be produced by either of the two schemes 

I) Photoconductive emitters: This method of generation involves creating carriers (e-hole pairs) 

in a semiconductor material with an optical laser pulse. The photoconductive material instantly 

changes from being an insulator to a conductor. Under the influence of an electric field these 

carriers accelerate generating a photocurrent. The rapid rise and fall of photocurrent produces 

electromagnetic waves in the THz frequency range. GaAs, InP and InAs are popular materials of 

choice for photoconductive emitters. The construction of GaAs photoconductive switch is 

discussed in detail in the next section. Metal electrodes are patterned onto the semiconductor 

substrate in the form of an antenna with a few micrometers between them.The laser pulse excites 

the electrons across this band gap, which is under a bias voltage. The photon energy of the laser 

pulse has to be comparable to the band gap of the emitter for THz generation. Femtosecond 

lasers like mode locked pulsed Ti:sapphire lasers are most commonly used for excitation. These 

lasers have wavelengths short enough to accelerate the movement of electrons across the band 

gap, low average power and high repetition rate. THz pulse bandwidth depends on the fast and  
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efficient rise and fall of photoconductor. Drift velocity and breakdown field are other material 

properties that determine THz intensity and bandwidth. Bandwidths of 1 THz are easily 

achievable but may reach up to 4 THz.  

II) Optical rectification: In optical rectification no bias voltage is applied. An ultrafast laser pulse 

from a Femtosecond laser passes through an optically non-linear material. The material 

undergoes polarization at high optical intensities. THz waves are produced as a result of these 

rapidly changing electrical polarizations in the material. LiNbO3 and LiTaO3 are non-linear 

crystal materials of choice. Phase matching between the laser pulse and THz pulse from the 

crystal, duration of laser pulse, non-linear coefficient and thickness of crystal dictate the 

efficiency and bandwidth of resultant THz waves. As compared to photoconductive generation, 

the THz waves generated via optical rectification have lower output powers. The conversion 

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

3.1.2 Detection schemes 

 THz sensors range from superconductor bolometers to heterodyne sensors. Coherent 

detectors are best suited for biomedical imaging and spectroscopy. The two most commonly used 

schemes for coherent detection are photoconductive detection and electro-optical sampling. Both 

detection schemes involve mixing the THz pulse with a part of the original laser pulse. An 

optical delay line ensures the simultaneous arrival of both pulses.  

I) Photoconductive detection: The mode of operation is antithesis to photoconductive emission 

and is generally used in conjunction with photoconductive sources. Photoconductive antennas 

are used for this detection scheme. Electric field of THz pulses generates a bias across the  
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antenna, giving rise to a transient current. This current is amplified and the detected current is 

representative of the THz field strength. It has been reported that photoconductive antennas 

based on low temperature grown GaAs are capable of ultrahigh bandwidth detection (frequencies 

in excess of 60 THz). 

II) Electro-optical sampling: The principle behind electro-optical sampling is pockels effect. 

Bifringence is induced in a crystalline material (Zn:Te crystals) by the electric field of the THz 

pulses. The change in the optical polarization of the detection pulse caused by bifringence is 

proportional to the electric field strength of THz. Further amplitude and phase information can 

be derived from the polarization of the beam. Laser pulse duration and crystal thickness affect 

the bandwidth of detection with reported detections in excess of 100 THz when thin sensors are 

used.  

 

3.2 Terahertz imaging systems 

3.2.1 Pulsed systems 

Terahertz pulsed imaging and spectroscopy has been used for biomedical applications 

like tissue differentiation, disease detection etc. Terahertz pulsed systems comprise of a 

Femtosecond laser, THz source, pair of optical transducers and a detector. The laser pulse is split 

in two components – pump and probe. The pump is used to excite the THz source, which could 

either be a photoconductive antenna or a non-linear crystal. Generally photoconductive antennas 

are used. The generated THz pulse after scanning the target is fed into a detector where it mixes  
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with the probe beam from the laser. Parabolic mirrors are used to focus and collimate the THz 

beam onto the target and then into the detector. The signal is amplified, down converted to radio 

frequency range and detected. Pulsed THz systems have high bandwidths, high signal to noise 

ratios (SNR’s) and can provide depth information. 

 

 

Fig 3.1: Pulsed Terahertz imaging system[93] 

 

3.2.2 Continuous wave systems (CW) 

Unlike pulsed imaging systems, continuous wave imaging systems do not require 

complicated optical arrangements making them simpler and cheaper as compared to the pulsed 

systems. Two tunable laser sources operating at different wavelengths are photomixed to 

generate THz radiation. By selecting the operating wavelengths and line widths of the two lasers,  
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desired frequency in the THz range can be produced. Narrow frequency ranges or even 

monochromatic THz waves can be generated with this set up. The resultant THz waves have a 

higher spectral power density at a particular frequency as compared to the pulsed generated 

waves. Both photoconductive and electro-optic detection has been demonstrated. A major 

requirement for continuous wave THz generation and detection is that the two laser sources have 

to be coherent. Ti:sapphire lasers are most commonly used as laser sources. LT-GaAs is the 

popular photomixer though some continuous wave generation schemes do not require emitters. 

As mentioned earlier, CW systems are much less complicated and cheaper. Image formation is 

fast due to lack of long delay lines. For applications requiring resolution of narrow spectral 

details like molecular signatures, CW imaging and spectroscopy is suited. However for 

biomedical imaging, pulsed systems are preferred since they can provide depth information and 

broadspectral details.  

 

 
 
 

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 operated either in reflection or transmission 

mode. The construction varies in the placement of the detector. 

3.3.1 Transmission THz imaging 

In transmission mode the detector is placed beneath the sample under investigation. The 

radiation propagates through the material and the transmitted THz waveform is measured. Phase 

as well as amplitude information is captured and either or both can be used to generate images. 

Transmission mode has been used to determine absorption coefficients, refractive indices of 

materials including tissues. Applications of systems operating in transmission mode have also 

been in security like detecting explosives and quality control. Transmission of THz radiation 

through a material is dependent on absorption as well as attenuation characteristics of the 

material. Crawley et al used pulsed terahertz imaging in transmission mode for detecting carious 

lesions in teeth. THz attenuation spectra of teeth showed a higher absorption for caries as 

compared to healthy enamel[94]. Contrast between healthy and carious regions was apparent in 

the images generated from the absorption data.  

 Transmission set ups are limited by the thickness of the specimen. Materials that are 

absorptive to THz radiation also attenuate it thereby rendering them less meaningful to reflective 

imaging. This is particularly relevant in case of biomedical imaging. Transmission imaging 

requires preparation of very thin specimens in order to obtain transmitted waveforms. This could 

be done for investigating biopsied or ex-vivo specimens but is not possible for in vivo imaging. 



 

 

a) 

 

b) 

 

 

Fig 3.3: (a) Transmission THz imaging system (b)
the terahertz pulse as it passes through the sample at different x and y values, corresponding to a map of terahertz 

absorption in the sample. Note that the carie
the change in time of flight of the principal terahertz peak as it passes through the sample at different x and y values. 

This corresponds to refractive index changes
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ion THz imaging system (b) An image of tooth generated by plotting the change in intensity of 
the terahertz pulse as it passes through the sample at different x and y values, corresponding to a map of terahertz 

absorption in the sample. Note that the caries lesions are easily detected.  A false color image generated by plot
the change in time of flight of the principal terahertz peak as it passes through the sample at different x and y values. 

This corresponds to refractive index changes[95]. 

 

 

generated by plotting the change in intensity of 
the terahertz pulse as it passes through the sample at different x and y values, corresponding to a map of terahertz 

image generated by plot- ting 
the change in time of flight of the principal terahertz peak as it passes through the sample at different x and y values. 



 

 

 

44

 

3.3.2 Reflective THz imaging 

The detector is positioned on the same side of the material under investigation so as to 

capture reflections off the sample. A pair of parabolic mirrors is used to focus the reflected THz 

radiation into the detector. The reflected waveform contains both amplitude and phase 

information and can be used to generate images. Reflectance depends on index of refraction, 

surface roughness, polarization and other geometric factors. Even though clearer images can be 

obtained in transmission mode reflective systems are more popular. Bulky samples are 

impossible to image with transmission systems. Reflective THz imaging has gained popularity in 

security screenings because they are more applicable and practical for standoff detection. By 

studying reflected waveforms it is possible to visualize several layers in an object and also 

predict thickness of each layer. This has implications in security screenings where detection of 

explosives or weapons beneath several layers of clothing is desirable. Materials that are highly 

absorptive to THz radiation cannot be imaged with transmission set ups due to high attenuation. 

These include biological tissues. Human body is about 70% water. Tissues have been found to 

have different THz absorption characteristics mainly due to differences in water concentrations. 

These characteristics are captured in reflection mode where a contrast is created between areas 

differing in water contents. Reflective THz imaging systems are thus more practical for 

biomedical imaging.  

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

surface of the teeth were used to generate an image. It was observed that enamel was more  

 



 

 

 

reflective than dentine due to a higher refractive index appearing lighter in the image. This led to 

differentiation between enamel and dentin. 

a) 

b) 

 

Fig 3.4: a) Mounting of the samples for reflection 
(indicated by the arrow) would dictate the time delay used to plot reflection images. The height of the pulse at this 

chosen time delay would be used to make up the reflecti
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reflective than dentine due to a higher refractive index appearing lighter in the image. This led to 

differentiation between enamel and dentin.  

 

 
 

es for reflection imaging b) An example pulse in reflection. The strongest feature 
(indicated by the arrow) would dictate the time delay used to plot reflection images. The height of the pulse at this 

chosen time delay would be used to make up the reflection image[

reflective than dentine due to a higher refractive index appearing lighter in the image. This led to 

An example pulse in reflection. The strongest feature 
(indicated by the arrow) would dictate the time delay used to plot reflection images. The height of the pulse at this 

[95]. 
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 The work presented in this thesis is with the use of a reflective pulsed THz imaging 

system developed in our lab. The potential of the technology and our system is in early detection 

of skin burns is demonstrated through a series of experiments. The construction and working of 

the system is described in the next section.  

 

3.4 System design 

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

parabolic mirrors and a detector. 

3.4.1 Photoconductive switch 

Our reflective THz imaging system employs a photoconductive switch for the generation 

of terahertz. Since the development of photoconductive switch by Austin in 1984, these have 

been used for the broadband generation of terahertz. It has been shown that GaAs is the popular 

material of choice for photoconductors due to high resistivity, high carrier mobility and high 

breakdown field. The addition of ErAs nanoparticles to GaAs further increases the breakdown 

voltage and decreases the carrier lifetime. The short pulses arising in the semiconductor-

nanoparticle assembly give rise to broadband THz pulses. 

 The construction of our photoconductive switch is as follows. A layer of GaAs serves as 

the substrate and is overlaid with an AlAs:AlGaAs layer acting as a reflector. The heat spreader 

layer of AlAs is laid on top of the reflector. A thin layer of GaAs:ErAs with patterned metal 

follows this. ErAs nanoparticles are introduced through molecular beam epitaxy leading to the  



 

 

 

formation of single crystal ErAs island

assembly. Silicon nitride prevents oxidation 

 

Fig 3.5:  Schematic (left) and picture of the Austin switch used for THz generation
photoconductive active layer. Gold
three-turn square spiral at the end of which extend two bias 
The THz pulse emitted from the switch is nearly collimated with a divergence FWHM of ~8

 The performance of the photoconductive switch was measured using a Golay cell 

~2x10-10 W Hz-1/2, responsivity = 10 mV/

103 µW while achieving an optical

was calculated at 2.2 W for a limited pulse width of 2.2 ps. 

Michelson interferometer using a 50 

bolometer. Water lines are observed

broadband output is the result of short electron

and efficient radiative coupling through the lens mounted spiral antenna.
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ErAs islands in GaAs. A thin layer of silicon nitride caps off this

bly. Silicon nitride prevents oxidation and provides anti reflection coating. 

 

Schematic (left) and picture of the Austin switch used for THz generation
Gold is patterned onto this layer in the shape of a planar antenna. The antenna is a 

at the end of which extend two bias lines that are used for electrical biasing and bonding. 
The THz pulse emitted from the switch is nearly collimated with a divergence FWHM of ~8

 

e performance of the photoconductive switch was measured using a Golay cell 

1/2, responsivity = 10 mV/µW). The average THz output power was 

W while achieving an optical-to-electrical conversion efficiency of 1.3%

calculated at 2.2 W for a limited pulse width of 2.2 ps. The spectrum was measured with a 

Michelson interferometer using a 50 µm Mylar beam splitter and a He

are observed at 557 GHz and 752 GHz in the m

broadband output is the result of short electron-hole recombination time (~0.25 ps) 

and efficient radiative coupling through the lens mounted spiral antenna. 

of silicon nitride caps off this 

and provides anti reflection coating.  

 

Schematic (left) and picture of the Austin switch used for THz generation. GaAs:ErAs is the 
shape of a planar antenna. The antenna is a 

lines that are used for electrical biasing and bonding. 
The THz pulse emitted from the switch is nearly collimated with a divergence FWHM of ~8°. 

e performance of the photoconductive switch was measured using a Golay cell (NEP 

average THz output power was found to be 

electrical conversion efficiency of 1.3%. The peak power 

The spectrum was measured with a 

m Mylar beam splitter and a He-cooled, composite 

at 557 GHz and 752 GHz in the measured spectra. The 

hole recombination time (~0.25 ps)  
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3.4.2 Construction and working of Reflective THz imaging system 

 The active imaging system developed in our lab operates in reflection mode at 0.5 THz 

with ~125 GHz bandwidth. A 780 nm mode locked laser pumps the photoconductive switch at a 

repetition frequency of 20 MHz to generate THz radiation. The photoconductive switch is 

coupled to a silicone hyperhemisphere for producing a nearly collimated beam with a FWHM of 

~8. This directive beam is collimated and focused by a set of parabolic mirrors to strike the target 

at 45°. The target is raster scanned in both horizontal and vertical directions using stepper motors 

at a defined step size. The reflected beam is collimated and focused by another set of mirrors into 

the feed horn of a zero-bias Schottky detector. A gated microwave receiver comprising of a 

double balanced mixer and an integrator follows the Schottky detector. The reflected THz beam 

is rectified, amplified (BW=10 GHz, G=+40 dB) and fed (passed) into a double balanced mixer 

where it interferes with the reference pulse from the laser. To synchronize the two pulses, the 

reference pulse is passed through a RF delay line. Following the mixer, a digital voltmeter 

(DVM) with a 16 ms time constant and an integration factor of ~3.2 x 105 discretizes the signal 

to a digital output with 40 dB post detection SNR. It is ensured that the target remains at a 45° 

incidence with respect to incident and reflected wave. Image acquisition time depends on the 

dimensions of pixels that can vary from 0.1 mm to 1 mm.  

 



 

 

Fig 3.6: Visible pic (left) of the imaging head and (right) schematic of 

 

 An effective center freq

calculated by superimposing the spectral responsivity of Schottky diode detector with power 

spectrum of the photoconductive switch. 

standing waves between source and detector and its cut on frequency is high enough to still 

provide good spatial resolution. 

 

Fig 3.7: Normalized power spectral responsivity of zero

 49

 

Visible pic (left) of the imaging head and (right) schematic of reflective THz imaging system

An effective center frequency of 525 GHz (0.5 THz) with bandwidth

calculated by superimposing the spectral responsivity of Schottky diode detector with power 

spectrum of the photoconductive switch. This bandwidth is sufficient to overcome speckle from 

standing waves between source and detector and its cut on frequency is high enough to still 

provide good spatial resolution.  

 

 

: Normalized power spectral responsivity of zero-bias Schottky detector superimposed on the power spectrum 
of photoconductive switch 

 

reflective THz imaging system 

bandwidth of 125 GHz is 

calculated by superimposing the spectral responsivity of Schottky diode detector with power 

th is sufficient to overcome speckle from 

standing waves between source and detector and its cut on frequency is high enough to still 

imposed on the power spectrum 



 

 

 

50

  

 Even though information lies in the phase of the reflected signal, the system receiver 

must be considerably more complex to extract these additional spectral features.  In our system 

and the applications under consideration we have determined that the additional information 

embedded in the phase does not justify the added receiver complexity hence we do not acquire 

the phase with our system. Though details of a target are contained in the phase of the reflected 

radiation, it is complicated to retrieve this information. For complex morphologies like skin, a 

reference reflector would be required at the same positions for a precise measurement. Thus for 

biomedical imaging applications for which our system has 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 

sensitivity to water concentration, scattering and spatial resolution.  

   

a)      b)             c) 

Fig 3.8: a) Approximate skin dielectric constant as calculated with Bruggeman effective media theory and stratified 
media theory.  b.) Power percent reflectivity of skin as a function of water concentration and frequency assuming a 

specular surface.  c.) Hydration sensitivity calculated as a % change in power reflectivity per % change in water 
concentration by volume. 
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 Skin is 70 to 80 % water. Dielectric properties of skin are dominated by that of water. 

This was shown by using double Debye relaxation model and Bruggeman dielectric theory. Skin 

with thin SC can be modeled as a homogenous layer. The effective complex dielectric constant 

of skin was calculated for water volume concentrations of 70%, 75%, and 80%.  The frequency 

and water concentration dependent skin reflectivity is shown with a 100 GHz to 1 THz frequency 

range on the x-axis, a 70% to 80% water concentration by volume range on the y-axis, and the 

power reflectivity in % represented by the colorbar where blue corresponds to lower reflectivity 

and red corresponds to higher.  As is expected by the dielectric properties of water, skin displays 

a higher reflectivity at lower frequencies. Taking derivative of the figure performed a sensitivity 

calculation. The calculation shows a clear advantage of operating at lower frequencies. 

 

 

 a)                                                      b)            c)  

 

Fig: 3.9: a) Scattering simulation using typical values measured for skin.  The figure shows the decreasing 
specularity for increasing frequency b.) Penetration depth in the cornea c) Spatial resolution assuming a gaussian 

beam profile and a 25 mm focal length, 25 mm diameter primary objective lens. 
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 Surface roughness and curvature lead to scatter in THz images. Bennett et al modeled 

skin roughness as a Gaussian distribution of heights and slopes. The received power dropped 4 

orders of magnitude from 100 GHz to 1 THz.  

  In single pixel whiskbroom imaging systems, spatial resolution is dictated by the spot 

size on target.  Bennett et al explored this concept by computing a spot size on target using a 

high numerical aperture, 25 mm effective focal length off-axis parabolic mirror with a 25 mm 

clear aperture 90% filled by the THz beam.  The results are displayed in (blue) and represent a 

practical bound on THz beam focusing assuming an aberration free mirror and perfect THz beam 

gaussianity.  As expected, higher frequencies produce smaller spot size for a given optic with 

100 GHz illumination providing a 3mm spot size and 1 THz providing ~ 350 um a spot size. 

 Considering the pros and cons of both, we can conclude that 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 pulse has a Gaussian intensity profile, the 

emitted THz pulse in the far field follows a similar Gaussian beam pattern.  The beam waist is 

dependent on the spot size of the pump laser pulse[97, 98]. 
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 Gurtler et al confirmed this Gaussian behavior of the propagating THz beam by fitting the 

frequency dependent experimental spot size with the spot size of an ideal Gaussian beam[99]. 

The ideal spot size of the THz beam was calculated as 

wfocused(ν) = fc/νπwo 

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

and wo is the spot size of the laser pulse at beam waist[99]. 

  For our reflective imaging system, spot size was calculated experimentally using the 

knife-edge method and fit to a TEM00Gaussian beam profile. Knife-edge scanning is a popular 

method of choice for experimentally determining spot size of a Gaussian beam. In this method, 

beam is swept perpendicular to the knife-edge and the beam intensity is measured. Since the 

spatial profile of the THz beam is Gaussian, differentiating the signal gives the beam 

diameter[100]. \ 

 The irradiance function of a Gaussian beam hitting the target at an incidence angle θ 

with respect to optical axis is described by 

 

  

 The beam hits the target at 45° incidence for our system so we substitute θ = 45and z=0 

(location of Gaussian waist) in the above equation.  
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The above expression describes the detectors dependence on electric field. 

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

reflected power as a function of distance d was monitored. 

 

y being >> than the spot size permits the integration of the variable resulting in 

 

 

where α=0.5ηo
-1Eo

2ωo
2√Πcosθ 

The experimental data was fit to the above expression and 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 for spot size determination in long axis (left) and short axis (right) for 
1”, 2” and 3” focal length mirrors 

 

 

 

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

 

OAP EFL 
(mm) 

wd 
(mm) 

q (deg) 10%-90% 
(mm) 

DOF 
(mm) 

25.4 9.3 30 0.61 x 0.69 0.8 

50.8 36.5 14 1.2 x 1.3 4.0 

76.2 62.4 9 2.1 x 2.6 11.7 
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The depth of focus is evaluated by reconstructing the original Gaussian profile. 

 
 

Fig 3.11: Depth of focus evaluation by reconstruction of original profile 
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3.5.2 Spatial resolution 

 

 

 
 

Fig 3.12: Letters U,C,S,B in both metal and dielectric (top) and THz image of the target under a layer of denim 

 

 The practical spatial resolution of the system was determined by scanning a metal on 

dielectric target covered with denim. The target has letters ‘U’, ‘C’, ‘S’, ‘B’ written both in 

dielectric and metal. Polypropylene is the dielectric of choice because of its transparency to THz 

radiation. The target was covered with a 1 mm thick denim cloth having fiber pitch of 1.4 mm. 

The metal part being highly reflective to THz is easily visualized in the image. The fiber pattern 

of denim can be resolved in the top part of the THz image. The above image was taken with 2”  

 



 

 

 

focal length mirrors having a spot size of 1.2 mm. This experiment affirms that the resolution of 

our system is around 1.2 mm. 

3.5.3 Signal to noise and signal to 

 SNR of the system was estimated by another metal dielectric target. Letters 

“U’,’C’,’S’,’B’ in dielectric were etched in a 2 mm thick copper clad G10 printed circuit board 

2.0 cm x 5.5 cm. Each letter covered appr

~47 dB for 1” focal length, 42 dB for 2” focal length and 34 for 3” focal length mirrors

 a)         

Fig 3.13: a) U, C, S, B metal dielectric target
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focal length mirrors having a spot size of 1.2 mm. This experiment affirms that the resolution of 

our system is around 1.2 mm.  

noise and signal to noise clutter ratios 

SNR of the system was estimated by another metal dielectric target. Letters 

“U’,’C’,’S’,’B’ in dielectric were etched in a 2 mm thick copper clad G10 printed circuit board 

2.0 cm x 5.5 cm. Each letter covered approximately 0.8 cm x 1.0 cm area. SNR was calculated as 

ocal length, 42 dB for 2” focal length and 34 for 3” focal length mirrors

   b)           

U, C, S, B metal dielectric target, b) UCSB target imaged with A) 1”, B) 2” and C) 3” focal length 
mirrors 

focal length mirrors having a spot size of 1.2 mm. This experiment affirms that the resolution of 

SNR of the system was estimated by another metal dielectric target. Letters 

“U’,’C’,’S’,’B’ in dielectric were etched in a 2 mm thick copper clad G10 printed circuit board 

area. SNR was calculated as 

ocal length, 42 dB for 2” focal length and 34 for 3” focal length mirrors 

 
B) 2” and C) 3” focal length 
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Table 3.2: Signal to noise ratio calculations for three mirrors 

 

OAP EFL 
(mm) 

 

wd (mm) ~SNR(dB) 

25.4 
 

9.3 47 

50.8 
 

36.5 42 

76.2 
 

62.4 34 

 

 

 Another advantage of imaging with THz waves is their inherent transparency to non polar 

and non metallic mediums[101]. It has been reported that in the frequency range 100 to 500 

GHz, THz waves readily pass through clothing with little attenuation [102]. This has led to the 

development of active and passive THz imaging systems for security applications, detection of 

chemical impurities and biological hazards[103].  

 USCB target was covered with a layer of gauze and scanned with the three focal length 

mirrors consecutively. The thread pattern was fully resolved in the image taken with        1” focal 

length mirrors. The image was observed to be devoid of speckle, clutter, and other detrimental 

effects characteristic of narrow-band imaging systems. The letters were clearly visible in all three 

images affirming the previous reports. 

Signal to noise clutter ratio was calculated for all the three images. 

 



 

 

Fig 3.14: UCSB target under layer of gauze imaged with A) 

 

Table 3.3: Signal to noise clutter ratio calculation for the three mirrors

OAP EFL 
(mm) 

 
25.4 

 
50.8 

 
76.2 
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: UCSB target under layer of gauze imaged with A) 1”, B) 2” and C) 3” focal length mirrors 

: Signal to noise clutter ratio calculation for the three mirrors

 

wd (mm) ~SNCR

9.3 29

36.5 25

62.4 20

 

 

1”, B) 2” and C) 3” focal length mirrors  

: Signal to noise clutter ratio calculation for the three mirrors 

R(dB) 

29 

25 

20 
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 This opens up the possible application of THz imaging systems in wound healing 

monitoring and management. We have explored this prospect by imaging burned porcine skin 

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

 

 The sensitivity of Reflective THz imaging to surface hydration was explored by imaging 

biological tissues. 

4.1 Deli meats 

 Our first step towards skin surface imaging was imaging deli meats – salami and 

prosciutto. Both these deli meats are high in fat content and are composed of lean and fat meat.  

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

a) 

 
b) 

 
 

Fig 4.1:  (a) Visible pic (left) and THz image of salami (b) Visible pic (left) and THz image of proscuitto 
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 A contrast between muscle and fatty tissue is observed in the THz images of deli meats 

where lighter areas are representative of muscle and dark areas correspond to adipose tissue. 

Water content of adipose tissue is around 15%[106] and that of muscle tissue is 76%[107] The 

response of biological tissues to terahertz frequencies is largely dominated by water. Higher 

content of water in muscle hence the regions corresponding to muscle appear lighter than the 

surrounding fatty areas. Arnone et al (1999) previously found different THz signals from muscle, 

fat and kidney in pork specimens[16]. At terahertz frequencies, areas of higher water content 

tend to be more reflective due to a high effective dielectric constant. The difference in water 

content of muscle and adipose tissue translated to contrast in the THz range allowing 

visualization of each in deli meat slices. These results indicate that our reflective THz imaging 

system can distinguish between regions differing in water concentrations. Further the above 

results can be extrapolated in identifying diseased states in biological tissues resulting from 

hydration imbalances.  

 

 4.2 Tooth 

The ability to discern changes in hydration in biological tissues was extended to ex-vivo 

tooth and cornea specimens. 

 Adult human beings have 32 permanent teeth that are classified into three categories---

molars, canines and incisors. The structure of a tooth consists of an outer layer of highly 

mineralized enamel covering dentine followed by cementum and the soft pulp cavity in the 

center. Dental caries is a disease in which the mineralized layers enamel; dentine and cementum  
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undergo demineralization and decay leading to pain, infection and tooth loss. According to 

statistics, dental caries is the most common disease of childhood[108]. About 80% people by the 

age of 18 years are found to have dental caries. Early detection of caries can be very useful in 

preventing and treating tooth decay. Visual inspection and x-ray bitewing radiography are most 

commonly used for detecting caries[109]. Since during early stages of enamel erosion no visible 

signs are apparent, visual inspection is not an accurate way for identification and quantification 

of caries. X-ray radiography on the other hand is more sensitive and is also able to detect buried 

lesions [110-114]. However because of the ionizing nature of x-rays and inability to accurately 

detect demineralization at primary stages; it is not a preferred method of choice. For evaluating 

lesion depths and demineralization of enamel, transmission microradiography is considered to be 

a gold standard[115]. But TMR is suited only for in vitro studies as it requires cutting teeth into 

thin sections prior to microradiography[116]. 

 Terahertz imaging has shown promising results in the field of dentistry [16, 94, 117-119]. 

Enamel and dentine have different refractive indices. This difference in refractive indices has 

been able to generate contrast between enamel and dentine both in reflection and transmission 

mode [16, 94, 118]. Enamel-dentin junction was identified in 91% of cases in one study[120]. 

Enamel thickness was accurately calculated which predicted the rate of enamel erosion. Dental 

caries have been successfully detected in various sections of human teeth[121]. Size and location 

of dental cavities, composition of tooth, internal pulp cavity and external cavities were visualized 

using terahertz imaging[120].Another advantage of using THz for in vivo detection of caries and 

tooth decay is that it is non-ionizing. This gives THz a strong edge over radiography for in vivo 

detection of demineralization. 



 

 

 

 A tooth sample investigated 

enamel encircling dentin. An island of enamel was present within the dentin as well as two very 

thin areas of dentin where two pulp horns are close to the imaged surface. The tooth was 

prepared hydrated and encased in 

 

Fig 4.2: (Left) Tooth sample encased in epoxy, and (Right) corresponding THz image

 A contrast between enamel and dentin is evident from the imaging results. The yellow 

region in the 2-D image corresp

regions within the red area can be mapped to enamel island with thin areas of dentine. Even 

though the pulp horn shape in the tooth sample is not exactly replicated in the image, enamel and 

dentine regions in the sample can be differentiated. Studies have shown that THz is able to 

generate a contrast between enamel and dentine by virtue of difference in refractive indices. 

Higher THz reflectivity is obtained from enamel (3.1), which is found to

index than dentine (2.6) [14]. 

 The THz image obtained delineates enamel from dentin suggesting that our system can 

be used to image enamel-dentine junctions. Previously most of THz imaging results have been 
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A tooth sample investigated was a horizontal cross-section of a molar with a ring of 

enamel encircling dentin. An island of enamel was present within the dentin as well as two very 

thin areas of dentin where two pulp horns are close to the imaged surface. The tooth was 

ted and encased in epoxy resin and imaged tooth. 

 

 

(Left) Tooth sample encased in epoxy, and (Right) corresponding THz image

 

 

A contrast between enamel and dentin is evident from the imaging results. The yellow 

D image corresponds to the thin ring of enamel surrounding the dentine. Darker 

regions within the red area can be mapped to enamel island with thin areas of dentine. Even 

though the pulp horn shape in the tooth sample is not exactly replicated in the image, enamel and 

ntine regions in the sample can be differentiated. Studies have shown that THz is able to 

generate a contrast between enamel and dentine by virtue of difference in refractive indices. 

Higher THz reflectivity is obtained from enamel (3.1), which is found to have a higher refractive 

 

The THz image obtained delineates enamel from dentin suggesting that our system can 

dentine junctions. Previously most of THz imaging results have been 

section of a molar with a ring of 

enamel encircling dentin. An island of enamel was present within the dentin as well as two very 

thin areas of dentin where two pulp horns are close to the imaged surface. The tooth was 

(Left) Tooth sample encased in epoxy, and (Right) corresponding THz image 

A contrast between enamel and dentin is evident from the imaging results. The yellow 

onds to the thin ring of enamel surrounding the dentine. Darker 

regions within the red area can be mapped to enamel island with thin areas of dentine. Even 

though the pulp horn shape in the tooth sample is not exactly replicated in the image, enamel and 

ntine regions in the sample can be differentiated. Studies have shown that THz is able to 

generate a contrast between enamel and dentine by virtue of difference in refractive indices. 

have a higher refractive 

The THz image obtained delineates enamel from dentin suggesting that our system can 

dentine junctions. Previously most of THz imaging results have been  



 

 

 

66

 

obtained from dry samples. The tooth sample was hydrated at the time of encasing to account for 

the moistness of teeth in vivo. 

 

4.3 Cornea 

 Cornea is the transparent outermost layer of the eye responsible for most of its focusing 

power. The five layers of cornea are epithelium, bowman’s layer, stroma, descements membrane 

and endothelium. A hydration profile exists in cornea with hydration increasing from the anterior 

to the posterior region of cornea[122]. Corneal health and function is highly dependent on its 

hydration state. Normally cornea contains 76.2% water by weight[123]. Maintenance of this 

constant hydration level is important for corneal transparency[124, 125]. There exists a 

correlation between corneal hydration and corneal thickness. Corneal edema leads to the 

opacification of cornea thereby causing loss of vision[126].In case of glaucoma, evaluation of 

intraocular pressure can help in early diagnosis of the disease and prevent its progression[127]. 

Corneal hydration is also found to influence the laser ablation rate during refractive 

surgery[128]. An inverse relationship exists between corneal hydration and tissue ablation. 

Monitoring of corneal hydration can provide insights into corneal health in cases of trauma, 

inflammation, dystrophy, diabetes, glaucoma, surgery etc. 

  Among the various techniques explored for the quantification of corneal thickness, 

Confocal Raman spectroscopy and optical computed tomography have shown some promise. 

The disadvantage with Raman spectroscopy is that it uses high doses of green light, which are 



 

 

 

 beyond the safety thresholds for cornea and retina

sensitive to slight variations in thickness of cornea

 A non-invasive imaging modality that can be used to measure corneal hydration would be 

very useful in early detection of diseases and

nature and acute sensitivity to water, THz imaging may be a useful tool in the evaluation and 

quantification of corneal hydration.

 The following experiment was done to see whether THz imaging could play a 

hydration detection and monitoring in cornea.

 Pig eyes were obtained and corneal flaps ~ 130 µm were sliced from the eyes using a 

microkeratome. Flaps were placed on the polypropylene mount with an Al strip on one side to 

calibrate the system. The height of stage was adjusted to point of maximum reflectance on the 

top surface. Setting the maximum as the origin, line scans were taken across the corneal flaps 

with a step size of 0.5 mm at a bias of 30 V. Each line scan crossed over polypropylene, por

cornea, and aluminum. 

 

Fig 4.3: (Left) 2-D image of cornea, (Middle) horizontal cut, and (Right) vertical cut through middle of cornea
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beyond the safety thresholds for cornea and retina[129, 130]. OCT on the other hand is not 

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

invasive imaging modality that can be used to measure corneal hydration would be 

very useful in early detection of diseases and feedback during surgery. Due to its non

nature and acute sensitivity to water, THz imaging may be a useful tool in the evaluation and 

quantification of corneal hydration. 

The following experiment was done to see whether THz imaging could play a 

hydration detection and monitoring in cornea. 

Pig eyes were obtained and corneal flaps ~ 130 µm were sliced from the eyes using a 

microkeratome. Flaps were placed on the polypropylene mount with an Al strip on one side to 

height of stage was adjusted to point of maximum reflectance on the 

top surface. Setting the maximum as the origin, line scans were taken across the corneal flaps 

with a step size of 0.5 mm at a bias of 30 V. Each line scan crossed over polypropylene, por

 

D image of cornea, (Middle) horizontal cut, and (Right) vertical cut through middle of cornea

. OCT on the other hand is not 

                                                                                                                         

invasive imaging modality that can be used to measure corneal hydration would be 

feedback during surgery. Due to its non-ionizing 

nature and acute sensitivity to water, THz imaging may be a useful tool in the evaluation and 

The following experiment was done to see whether THz imaging could play a role in 

Pig eyes were obtained and corneal flaps ~ 130 µm were sliced from the eyes using a 

microkeratome. Flaps were placed on the polypropylene mount with an Al strip on one side to 

height of stage was adjusted to point of maximum reflectance on the 

top surface. Setting the maximum as the origin, line scans were taken across the corneal flaps 

with a step size of 0.5 mm at a bias of 30 V. Each line scan crossed over polypropylene, porcine 

 

D image of cornea, (Middle) horizontal cut, and (Right) vertical cut through middle of cornea 
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 A radially varying hydration profile is evident from line scans of the corneal flap. The 

point of maximum reflectance was found to be coincident with the center of cornea. Reflectance 

decreased from the origin to the edges, suggesting that center of cornea was more hydrated than 

the edges. The edges were found to have similar reflectivities, indicating symmetry in the corneal 

structure[133]. Though the results are obtained by forcing a curved corneal flap onto a flat 

scanning surface they are promising, and in concert with previous experimental observations. We 

expect improved accuracy with the development of systems 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 health of skin tissue. Burns, drug delivery, 

cosmetics, cancer, and edema are examples where the measurement of hydration levels is 

important.  Skin burns result in loss of water from outer skin layers[134], whereas skin cancers 

and edema are associated with local increases in hydration of the skin surface[135-

137].Diffusion of drugs has been observed to increase through the stratum corneum with 

increasing hydration[138]. Cutaneous wound repair is also influenced by hydration with 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 industry in testing the efficacy of 

cosmetics, with many cosmetics intended to prevent and repair skin damage by moisturizing the 

outer layer [140-142]. Clearly, accurate sensing of hydration levels in the skin, and specifically 

the stratum corneum, may have broad impact not only to diseased states of the skin, but in 

monitoring wound healing, trans-dermal drug delivery, planning treatment, and evaluation of 

cosmetics[2, 4, 143]. 

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

corneocytes, in the stratum corneum, the 10-40 µm thick outermost layer of skin. Corneocytes  

 



 

 

 

70

 

contain within them hygroscopic compounds known as Natural moisturizing factor (NMF) that 

retain moisture and keep corneocytes hydrated. The intercellular lipid bilayer matrix provides the 

other line of barrier. The SC lipid composition comprises of ceramides, cholesterol and frees 

fatty acids and is organized in a series of parallel lamellar membranes with no free water 

between the lamellae [144-146]. The hydrophobicity and arrangement of lipids not only prevents 

trans-epidermal water loss but also entry of external substances into skin. A water gradient has 

been found to exist in the stratum corneum with an inner cell layer that is more hydrated than the 

outer cell layer. The effectiveness of stratum corneum as a barrier is dependent on its water 

content, with healthy stratum corneum having water content above 10% weight/weight 

(w/w)[147, 148]. Below this level, skin loses its flexibility 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 human skin. The two share many anatomical 

similarities. It has been observed that the thickness of human and porcine epidermis is 

comparable. The stratum corneum of porcine skin like human skin displays sex and age 

variability. Further the epidermal-dermal ratio of pig skin is close to that in human 

skin[150].Porcine dermis and human dermis both comprise of a well-defined papillary dermis 

with delicate collagen fibers and a dense reticular dermis. Even though pig skin has a lower 

elastic fiber content than human skin, it still ranks highest amongst other mammalian  
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species[151]. The vasculature – size, orientation and distribution of blood vessels in pig skin is 

also similar to human skin. Both human and porcine skins bear a lower, a mid-dermal and sub-

epidermal vascular plexus[152]. The subcutaneous fat layer is responsible for insulation in both 

humans and pigs unlike fur in other animal species. The hair follicular pattern arrangement on 

porcine skin is very similar to human skin in being sparse and progresses through a hair cycle 

independent of neighboring follicles[150, 151, 153].  

 Biochemical and functional semblance has been found between porcine and human skin. 

Oxidative enzyme activity and endogenous epidermal lipase activity is found to be high in 

porcine epidermis like human epidermis. Surface lipids in porcine skin are composed mainly of 

triglycerides and free fatty acids[154].Epidermal proliferation and turnover in pigs follows a 

similar trend as compared to humans. The epidermal turnover is 30 days which is close to 28 

days in humans[155]. Pigs have been recognized as excellent human wound healing models 

because of much physiological likeness between the two. Wound healing is achieved in both 

through reepithelialization. Antigens like keratins 16 & 10, collagen IV, fibronectin; vimentin 

and filaggrin have been found in porcine skin. Additionally organ functionality and physiology 

of humans and pigs is also similar[156]. Based on the above listed similarities, cost, availability 

and ease of handling porcine skin is a good in vivo and 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 for prototypes and preliminary studies. 

Models are easily available, less expensive and adaptable to experimental conditions. Porcine  
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skin is a well-established model for human skin and has been used in both in vivo and in vitro 

settings. A good correlation of biophysical properties like SC barrier function, diffusivity, water 

permeability, skin impedance has been observed between in vitro porcine skin and in vivo 

human skin[157, 158].Stratum corneum thickness and lipid composition of human skin and 

porcine skin is comparable. Porcine and human skins have also been found to have similar water 

permeabilities [159, 160]. The barrier functionality of a full thickness ex-vivo porcine skin is 

comparable to in vivo human skin. Ex-vivo porcine skin has been widely used for absorption, 

penetration and topical distribution studies of pharmaceuticals[157]. The barrier function of skin 

is compromised in many disorders like eczema, dermatitis, burns etc. For exploring the 

applicability of THz radiation in imaging these conditions ex vivo porcine skin model is a good 

choice. It has been demonstrated that ex vivo porcine skin model is vital up to 24 hrs. Besides 

availability and cost, large sample studies can be carried out under controlled conditions giving 

experimental consistency and uniformity.  

 

5.3 Current modalities for measuring skin hydration 

 Electric properties of skin like conductance and capacitance have been shown to vary 

with the hydration state of skin. Non-invasive measurement of these electrical properties and 

correlation to water content in the stratum corneum forms the basis of commercial devices that  
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are being used to determine hydration levels in skin. Corneometer 820-825, a capacitance 

measuring device; Nova DPM 900, an impedance measuring and Skicon 200, conductance 

measuring are some of the popular commercial devices in use. All these devices require a probe 

in contact with the skin and give a hydration value output. Though inexpensive and easy to use, 

there are disadvantages that have restricted their application as diagnostic tools. Electrical 

properties of skin are susceptible to changes in skin temperature, presence of other polar 

molecules, surface roughness, and contact pressure of probes. Therefore electric approaches to 

quantifying water content are not an absolute measure of hydration and cannot be used in 

identification of diseased states.  

 Infrared spectroscopy has shown some promise in non-ionizing and non-contact 

quantification of skin hydration. Infrared waves are primarily absorbed by water in tissue and 

this absorption can be linearly correlated to the concentration of water in the tissue. Reflectance 

spectra of skin are recorded across few wavelength bands and at multiple locations. Mapping 

these absorption bands across several points gives hydration with respect to location. Studies 

have reported the feasibility of IR spectroscopy and imaging in determining skin hydration both 

in vitro and in vivo. In vivo studies have reported on the sensitivity of IR spectroscopic imaging 

in differentiating between varying hydration states of skin. The hydration states were varied with 

topical application of a moisturizer and a cleanser. Despite the encouraging results, limited in 

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

factors on water spectrum have hampered the progress of IR 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 Sciences, Whittier, CA) and the subcutaneous 

tissue layer was removed. Skin specimens of different thickness were cut using the automated 

dermatomal depth gauged blade (Padgett, Integra Life Sciences Corp., Plainsboro, NJ). The 

thicknesses of the grafts were as follows: 65 µm, 130 µm, 250 µm, 380 µm, 640 µm and 760 µm. 

The skin specimens were immediately placed and stored in normal saline to prevent degradation 

and osmotic intumescence of samples. 

 Prior to scanning, the specimens were placed onto a polypropylene sample mount, with the 

outer epidermis of the skin placed face-down on the mount. This arrangement allowed the inner 

layers of the skin to be scanned directly, with layer depths corresponding to the graft thicknesses. 

The difference in heights of the skin grafts was accounted by placing the specimens on glass 

microscopic slides covers of varying thickness so as to bring all the samples at the same level 

relative to the THz beam. 

 The specimens were divided into two groups, with each group scanned separately. Group 

A included specimens of thickness 65 µm, 250 µm and 640 µm, and Group B included the 130 

µm, 380 µm and 760 µm samples. 11 line scans each were taken of Group A and Group B. In 

some cases, duplicate line scans were taken along the same line. Within Group A and Group B, 

each line scan was taken an average of 15 s apart, with a maximum time of 12 min taken 

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

 

 
 

Fig 5.2: Sample mount with Group A skin graft specimens (65 µm, 250 µm, and 640 µm)placed on microscope 
cover slides and separated by aluminum tape, and (right) THz system during scanning of Group A specimens. 

 

5.4.2 Hydrated and Dehydrated states 

Porcine skin, a good mimic of the human skin, was used for the hydration experiments 

and was acquired from Sierra for Medical Science, Inc.[161]  24 specimens were prepared by 

sectioning the skin into 2” × 2” pieces and removing the subcutaneous fatty layer from each 

specimen with a blade. Three different dehydration levels, 3 samples per level, were prepared by  
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immersion in each of a series of graded alcohol concentrations (30%, 50%, 70%, 90%, 100% 

alcohol) for 30 min (fully dehydrated), 15 min, and 5 min (i.e. for the fully dehydrated state, 

samples were immersed in each of the five alcoholic solutions for 30 min each). Five different 

hydrated levels were prepared by placing the samples in 0.1 M phosphate buffer saline solution 

(Sigma-Aldrich), for durations of 30 min, 2 hr, 6 hr, and 12 hr (fully hydrated). Unprocessed skin 

was used as the normal samples. All of the samples of differing hydrations were stored in a 

refrigerator except during preparation and imaging.  Eight representative samples are shown in 

Fig 5.3  

 

 

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

 

 

 To measure hydration levels using the THz system, the samples were placed on a flat 

polypropylene stage that was attached to an XYZ translation stage. The translation stage featured 

two high-speed screw driver slides (Thomson Mechanical, Inc), allowing XY translation up to 10 

cm × 20 cm and a manual Z stage (Zaber Technologies) with up to 6 cm of travel. A piece of 

aluminum tape was placed in the center of each sample, and the system was calibrated prior to 

each scan by setting the maximum reflectivity to aluminum and minimum reflectivity to  
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polypropylene using the Z stage. Multiple line scans (at least 5 per sample) were taken across the 

specimens, in both the X and Y directions, with each scan crossing over polypropylene, porcine 

skin, and aluminum. The scan time for each scan was 30 s, and the sampling rate was 75 

samples/second. The THz reflectivity was normalized such that 0 referred to full absorption and 

1 corresponded to the maximum reflectivity from the metal strips. The average THz reflectivity 

of each state was calculated by taking a mean of reflectivities for all three samples per hydration 

level. 

 A conductance measuring device (Moisture Meter, DermaLab) was used to verify the 

hydration level of each sample prior to imaging, with skin conductance values expected to 

increase exponentially with increases in water content[162, 163] Three measurements were taken 

from each sample by lightly pressing the Moisture Meter probe against the skin samples, and a 

numerical reading corresponding to electrical conductance were recorded. The device operates at 

a single frequency (100 kHz) with a measurement range 0-9999 µS (Siemens) and a resolution of 

1 µS.  

 

 

 

 

 

 

 

 

 



 

 

 

5.5 Results 

5.5.1 Skin Grafts: 

 

 

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

 

 A representative scan of the sk

were taken with the samples upside

the two thicker samples 640 μm and 760 μm represent dermis. The maximum reflectivity 

results from the 3 mm wide alumin

reflectivity results from the 1 mm wide polypropylene surface between the tape and skin 

graft specimens. The skin graft samples had non

variable surface topography, li

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). 
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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. 

were taken with the samples upside-down. Thinner grafts correspond to epidermis while 

the two thicker samples 640 μm and 760 μm represent dermis. The maximum reflectivity 

results from the 3 mm wide aluminum tape between samples (Fig.

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 

face 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 

 

Line scans across skin grafts (left), and (right) mean reflectivities plotted against graft thickness 

graft specimens is shown in Fig 5.4.  The scans 

down. Thinner grafts correspond to epidermis while 

the two thicker samples 640 μm and 760 μm represent dermis. The maximum reflectivity 

m tape between samples (Fig.), and the minimum 

reflectivity results from the 1 mm wide polypropylene surface between the tape and skin 

uniform reflectivity primarily due to the 

ete 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 
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5.5.2 Hydrated and Dehydrated states: 

 

 

 

Fig 5.5: Representative line scans from the THz system for a fully dehydrated specimen, a normal specimen, and a 
fully hydrated specimen 

 

 The average reflectivity across three samples for every level was calculated to give a 

mean reflectivity for each hydration state. Moisture Meter measurements resulted in a range of 

conductance’s between 15 and 17,000 µS. The moisture meter values increased with hydration of 

skin. On the basis of these conductance measurements, we confirmed the hydration states of our 

prepared samples. 
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Fig 5.6: Aggregate average terahertz reflectivity (right), with error bars corresponding to the standard deviation. 

 

 The aggregate average THz reflectivity for each hydration level is provided in Fig 5.6, 

with error bars corresponding to the standard deviation of each data set, with an average standard 

deviation of 3.93 %. A t-test revealed that there was a significant difference (p<0.05) between 

each combination of hydration levels, with the exception of the normal/30 min hydrated levels 

(p=0.36).The system accurately measured hydration levels of the skin samples over a relatively 

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

over a given area. 

 

5.6 Discussion 

 The above two hydration sensing experiments demonstrate the sensitivity of our 

Reflective THz system to changes in water content in skin.In the case of skin grafts, THz 

reflectivity was found to increase as the thickness of the skin graft increased, despite the uniform  
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height of the samples relative to the THz beam. The exposed skin on the thinner grafts 

corresponds to upper layers of the epidermis, while thicker grafts represent the dermis. Previous 

findings have indicated the presence of more water in the deeper layers of skin[164].Under 

normal conditions, the stratum corneum remains relatively dehydrated while deeper layers are 

associated with more water. Stratum corneum has a unique lipid composition of ceramides, 

cholesterol and fatty acids that results in its lower permeability to water, making it relatively less 

hydrated than the deeper layers[165, 166]. The majority of water in the stratum corneum exists 

as bound water[167] (energetically bound pool of water) and the water below the stratum 

corneum’s free water (bulk water)[168].Deeper layers of skin like dermis exhibit the free water 

behavior due to the nature of water association with its constituents. The most visible component 

of skin in reflective THz imaging is free water[169]. Components like bound water, keratin, 

lipids, collagen etc have a less frequency dependent effect on THz signal compared with free 

water. This allows us to sense more reflectivity from deeper layers as opposed to the top layers. 

Our experiment has corroborated the existing literary findings and shown that we can 

qualitatively distinguish between layers of skin on the basis of their THz reflectivities.  

 In the second experiment hydration states of ex vivo skin were artificially altered to 

exploit the surface hydration sensitivity of the system. The average THz reflectivity was found to 

increase in accordance with the hydration levels of the specimens.  

 Stratum corneum can be considered to be a mixture of water and organic molecules like 

polysaccharides, lipids and proteins. The polarity of water molecules far exceeds the polarity of 

the other constituents in skin[170].The THz dielectric constant of water is larger than those of the  
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remaining components. For dry stratum corneum the dielectric constant has been measured to be 

2.4[171] and for water it has been measured to be ~ 10+j10[172].The combined sensitivity of 

THz reflectivity measurements due to changes in bulk water concentration 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 molecules, thereby occluding interference from 

factors like pH and solute concentration that affect other measurement methods. This allows us to 

distinguish between ranges of surface hydrations by virtue of their water content alone.  

 The Moisture Meter, arguably one of the most popular skin hydration measurement 

devices, in contrast measures the conductance and the dielectric properties of the skin, which in 

part is dependent on the hydration state[148, 173, 174].The conductance of skin has been found 

to increase with an increase in moisture content of skin, though the relationship is 

complicated[148].The low-frequency electrical characteristics (conductance) of skin depend on 

the mobility of electrons and the concentration of ions in the sample. Specifically, in water, ions 

create the electron mobility that is necessary for electrical conduction. This is illustrated by the 

fact that pure water does not conduct. Therefore, the conductivity of skin samples is a function of 

both the water concentration, and the types and concentration of dissolved ionic compounds. In 

addition, the conductance measurements are coupled with a model of the dielectric properties of 

hydrated skin, in order to produce a more accurate reading. Factors such as temperature, salt 

content, and contact pressure also affect the moisture readings[148, 172]. Moreover, conductance 

measuring devices seem to be more sensitive to hydrated skin rather than dry skin[148]. Our 

experimental data has indicated that the Moisture Meter has limited sensitivity in distinguishing  
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between different dehydration states THz imaging on the other hand is sensitive to the entire 

range of hydration levels. 

  The ability of our system to detect variations in hydration states is promising in early 

detection of diseased skin states. Though the experiments were conducted in vitro, literary 

evidence suggests a similarity of response behavior between in-vivo and in-vitro skin samples 

thereby justifying our assumption.[175]The next step would be in exploring a diseased state 

resulting from or in changes in hydration and evaluating 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 the initial burn studies. Porcine skin is a 

well-established model for human skin and has been used in both in vivo and in vitro settings. 

Ex-vivo porcine skin has been widely used for absorption, penetration and topical distribution 

studies of pharmaceuticals [157]. The barrier function of skin is compromised in many disorders 

like eczema, dermatitis, burns etc. For exploring the applicability of THz radiation in imaging 

these conditions ex vivo porcine skin model is a good choice. It has been demonstrated that ex 

vivo porcine skin model is vital up to 24 hrs. Besides availability and cost, large sample studies 

can be carried out under controlled conditions giving experimental consistency and uniformity.  

 

6.2 Experimental design 

Fresh porcine abdomen was obtained from Sierra for Medicals (Whittier, CA) and 

apportioned into 40 mm x 40 mm pieces. The specimens were stored in the refrigerator in a 

plastic bag for minimum alteration of structure and composition. A polypropylene substrate with 

a 25 mm x 50 mm grid of 1.6 mm diameter nails was used as a mount for these experiments. The 

skin specimen was affixed using this arrangement of nails giving a flat imaging plane.  

 



 

 

 

85

 

 Four temperatures 350° C, 300° C, 250° C & 200° C were explored for inducing burns of 

varying severities. The rationale for choosing these temperatures was that they produced visible 

burns of different intensity on ex vivo samples. Previously we have successfully imaged burns 

inflicted at 315° C with our reflective THz imaging system, hence the choice of this temperature 

range. A brass brand with a cross protruding from a square base (2 cm x 2cm) was used to inflict 

the burns after the specimen was mounted on the polypropylene holder.  The burnt area along 

with the surrounding normal area (35 mm x 35 mm) was raster scanned and corresponding 

images generated using 256 gray levels where lighter shades represent higher reflectivity and 

darker shades less reflectivity.  

 The samples were submitted for Histopathological analysis. One slide from each category 

was digitally scanned with Aperio XT. The depth of tissue damage was measured using the ruler 

tool in Image Scope.  

 

6.3 Results 

 The burnt region appeared darker than the surrounding unburnt region allowing for clear 

visualization of cross in all the images. THz images of porcine skin burns along with their visible 

pictures and H&E stained sections at 2X from each category are displayed. Some images were 

discarded due to poor quality of porcine skin giving an unequal sample size across the categories. 

14 images for 350° C, 18 for 300° C and 10 each for 250° C & 200° C were analyzed.  
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 b)                            

 
 

c) 

 

 
d) 

 

 

Fig 6.1: Visible pictures (left), H&E stained section (middle) and THz image (right) of a) 350° C, b) 300° C, c) 250° 
C and d) 200° C 
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 The burnt region appears darker making it clearly distinguishable from the surrounding 

unburnt area in the THz images. Visually, the contrast between burnt area and normal area is 

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

 One slide from each category was digitally scanned with Aperio XT. The depth of tissue 

damage was measured using the ruler tool in Image Scope. This depth was calculated as the 

vertical distance of magenta/bluish discoloration from the top cutaneous basement membrane. 

Blue discoloration in H&E stain is a maker for damage to collagen in dermis resulting from 

thermal insult.  

  For image analysis, SNR’s were compared across the burn categories. Contrast in a THz 

image is driven by differences in reflectivity’s, which can be correlated, directly to SNR of that 

image. Therefore SNR is a good measure of image quality as these differences are clearer in 

higher than in lower SNR. Higher SNR would signify better image giving a clear demarcation of 

the burnt from the normal areas.  Based on this logic image quality and comparisons were made 

on SNR’s. SNR was calculated for every image by dividing the square of the difference in the 

mean reflectivities of burnt and unburnt regions by the square root of their variances. The burnt 

and unburnt regions were selected at random. Further SNR’s were averaged to obtain a mean 

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

 

 
 

Burn Category 
(C) 

 
N 

 
Mean ± SD 

 
95% Confidence Interval 
 
lower bound     upper   bound 

350o 

 
14 39.208±12.813 31.809 46.606 

300o 

 
18 23.615±5.130 21.064 26.166 

250o 

 
10 3.117±0.929 2.453 3.782 

200o 

 
10 2.419±1.817 1.119 3.719 

 

 

 Mean SNR was found to be highest for the 350°C category followed by 300°C, 250°C & 

200°C.  Statistical analysis software SPSS was employed for data analysis in both parametric and 

non-parametric modes. One-way ANOVA, Welch and Brown-Forsythe tests were performed. 

Because of unequal sample size and variance, post hoc test Tamhane was finally used to 

determine the statistical relevance of the data.  

 p values for multiple intergroup  comparisons were obtained. The level of significance 

was set at 0.05 %. p values ≤ 0.05 signify a statistically significant difference in mean SNR’s. 

Significant differences are observed between burn categories except for 250° C and 200° C burn 

temperatures. This is in accordance with our visual observation.  
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6.4 Discussion 

 Porcine skin is an established burn model because of its anatomical and physiological 

similarities to human skin. Partial thickness and full thickness contact burns have been 

successfully created in pigs and analyzed ex-vivo for a better understanding of the burn process 

by researchers previously. For our prototype involving a large sample size, freshly excised 

porcine skin was an excellent choice because of similar morphology and physiology to human 

skin, cost considerations, controlled experimental environment, reproducibility and easier 

translation to in vivo settings.    

Barrier function of the topmost layer of skin is disrupted by thermal insult. This leads to 

evaporative water loss from the surface of the affected area. The degree of damage is dependent 

on temperature, time & force of contact and the thermal conductivity of the medium.  For our 

experiment all factors except the temperature were kept constant. Therefore level of injury can 

be expected to increase with increasing temperature. This is confirmed by the histological 

results. The basal epidermal layer appears to be coagulated in the H&E stained section of 350° C 

burn. The depth of damage is comparable for the 350° C and 300° C burns and lesser for the 

other two categories. Since the specimens were ex vivo, viability and necrosis of tissue 

components ensuing burn cannot be taken into account while predicting the burn degree but from 

the top surface and longitudinal extent of discoloration, it can be inferred that the 350° C 

temperature inflicted the most severe burn followed by 300° C, 250° C and 200° C.  

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

noise equivalent delta water concentration (NE∆WC) metric. A drop in water concentration by  
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0.054% by volume in the sample is detected by the system with a SNR of unity. It has been 

recognized that the normal areas surrounding the burnt region do not undergo insensible water 

loss following burn. The relatively dehydrated burnt region gave reduced THz reflectivity 

yielding a contrast between the burnt and unburnt area in the specimen as apparent from the THz 

image. The burns are most distinctly visible with a clear defined boundary for the 350° C 

category. Corresponding SNR values are found to be highest. Less severe burns gave a low SNR 

as is seen for the 200° C burns. The burn region boundary seems to be blurry in this case.  

An interesting trend seen in most of the images is a relatively bright thin region 

enveloping the burnt area. Typically a burn wound comprises of three zones: central coagulated 

zone, zone of stasis and peripheral region of hyperemia. Hyperemic zone results from the loss of 

epidermis but intact dermis with patent subcapillary plexus and capillary loops. Hemostasis, 

hemorrhage and hyperemia occur as a result of thermal damage to blood vessels. This area marks 

the outer boundary of the burnt region. Though these effects are noticeable in living systems with 

normal circulation but the coagulated epidermal components and intact dermal regions might be 

responsible for the visibility of this zone in our image. A previous experiment involving imaging 

burns ex-vivo in rat with photoacoustic microscopy reported the presence of hyperemic bowl in 

their images. However in vivo imaging is required to confirm this phenomenon. 

In conclusion, burns of differing severity on ex-vivo porcine skin were imaged with our 

reflective THz imaging system. A large sample size was incorporated to test the reproducibility 

and repeatability of the experiment. The results obtained were reproducible and statistically 

significant demonstrating the potential of the imaging modality in not only imaging burns but  
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also in distinguishing between burn severities. In clinical settings where diagnosis of burn extent 

and depth still relies on invasive methods, this could have notable implications. The next step 

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

 

7.1 In vivo rat model 

 In vitro and ex vivo models are good for preliminary studies but are unable to replicate 

the physiological and metabolic response, hence have limited applications. Various animal 

models have been explored for skin burn studies. The ideal animal model should able to 

reproduce the physiopathological response to burn injury, be easily available, relatively 

inexpensive and easily manageable. Although pig skin is the closest to human skin, because of 

the cost factor and difficulty in anesthetizing the species is generally not the first choice. 

Experimental rat is found to be a good model for burns studies[176]. The two most commonly 

used strains for research purposes are – Wistar and Sprague Dawley. Both the strains are albino. 

Rats fall under the category of loose skinned animals whereby healing occurs through wound 

contraction. This does not parallel the wound healing process in human skin. However the 

immediate response following thermal injury - cell death, inflammation and ischemia has been 

found to occur in rodent models. Rodents have been found to respond to thermal trauma with the 

secretion of various proinflammatory and anti-inflammatory cytokines that mimic the 

inflammatory postburn response in humans. Hyper metabolism caused by extensive burns in rats 

follows a time course similar to that in humans.  Vascular and microcirculatory changes that are 

indicative of tissue damage and healing have been visualized in rat models previously. Because  
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of these similarities rats have been extensively used for studying and visualizing both the 

immediate and long-term response to thermal injury. 

 Rats are considered suitable for metabolic research and a great deal of literary knowledge 

on their genetic makeup and immune response exists[177]. Further rats are large enough to 

induce burns either on dorsum or abdomen. Male rats have been more frequently used than 

female rats for research and majority studies use weight range 250 – 300 g; age newborn to 36 

months. There is no physiological preference for the gender but male rats are cheaper than 

female rats in general hence are more widely used. Young rats are preferred over older ones 

because they have better dermal perfusion and sensory nerve function. 

 Two most common thermal burns are scald and contact burns. Scald burns are induced by 

dipping an exposed area of the animal in hot water (over 90° C) while contact with hot 

conductive material produces contact burns. The burn severity depends on time of exposure in 

both cases. Lead, copper, aluminum and brass because of high heat capacity are the materials of 

choice for inducing contact burns. Studies have reported heating the materials by immersing in 

hot water, heating on a hotplate or through resistive heating[178]. Regas et al report a “comb” 

burn injury model for studying vascular changes following burn injury in rats. A contact burn 

was inflicted by pressing a comb shaped brass brand heated in water for 20 seconds on the backs 

of Sprague Dawley rats. The weight of the probe provided the contact pressure required in 

inducing uniform full thickness burns. The burn wound was in the shape of a comb with four full 

thickness 10 x 19 mm rectangular rows separated by 5 mm bands of 5 x 19 mm uninjured skin. 

The interspaces corresponded to the zones of stasis interspaced between burned regions. The  
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model allowed for the fabrication of full thickness burn zones with uniform zones of stasis in 

between. Vascular changes in the zone of stasis ensuing injury, which are indicative of ischemia 

and wound progression, were visualized.  

 A similar protocol was followed for induction of partial 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 weighing 200-300 gm, were selected for the 

in vivo study. Animals were procured from Harlan laboratories, Hayward CA and allowed to 

acclimatize for a week before the experiment. The animals were housed in the UCLA vivarium 

and fed food and water ad libidum. 

 The animal was prepared for the surgery as per Animal Research committee, UCLA 

requirements. A flat ~ 4 cm x 4 cm area on the lower abdomen was selected and shaved with 

electric clippers to reduce skin irritation. Three alternating preparations of germicidal scrub and 

rinse were performed - scrubbing with a povidone-iodine scrub (e.g., Betadine®, Nolvasan®), 

from the center of the site toward the periphery followed by rinsing with 70% alcohol.  Prior to 

burning, the animal was subcutaneously injected with buprenorphine (an analgesic) (0.05 

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

was placed over the snout and left for the remainder of the experiment. 

7.2.2 Rat mount  

 A Plexiglass stage 0.5 “thick 5” x 10” was used for holding the rat during the experiment. 

Four ¼-20 counterbore holes were drilled in the center of the mount for affixing to Lab jack 

(ThorLabs L200). The stage height was adjusted manually using the Lab Jack. Mylar window 

was suspended from a dovetail rail attached to one of the edges of the mount. A water circulation 

pad was placed on top of the mount for keeping the rat warm during the experiment. The pad 

was connected to the water circulation pump for maintaining the temperatureat37° C. The rat 

was placed on its back with arms and legs stretched out and restrained with surgical tape.  

 



 

 

Fig 7.1: 

 

 Gas anesthetic isofluorane was used for anesthetizing the rat. 

agents like minimal animal handling, large margin of safety, ease of anesthetic control, low cost 

of anesthetic agent, no controlled drugs, and quick recovery times

choice.  

 A nose cone was constructed

cross slits were made for creating an opening and the other end was fixed onto the tube attached 

to the anesthesia machine. The opening was hooked beneath the incisors and masked over the 

snout.  
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 Schematic of rat placed on the mount on the Labjack. 

Gas anesthetic isofluorane was used for anesthetizing the rat.  Advantages over injectable 

minimal animal handling, large margin of safety, ease of anesthetic control, low cost 

of anesthetic agent, no controlled drugs, and quick recovery times make it the anesthetic of 

A nose cone was constructed by cutting the thumb partition off a latex glove. Two criss 

ss slits were made for creating an opening and the other end was fixed onto the tube attached 

The opening was hooked beneath the incisors and masked over the 

 

 

vantages over injectable 

minimal animal handling, large margin of safety, ease of anesthetic control, low cost 

make it the anesthetic of 

off a latex glove. Two criss 

ss slits were made for creating an opening and the other end was fixed onto the tube attached 

The opening was hooked beneath the incisors and masked over the 



 

 

 

 

 The anesthesia system was set up and 

isofluorane. System was set to flow to nose cone

ml/min. The vaporizer was set between 2 

of the experiment.  

 

7.2.3 Burn brand and induction

 A brass brand in the shape of a cross 

x 20 mm) was used for inducing burns on rat’s abdomen. Each arm 

Fig 7.3
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Fig 7.2 Nose cone made from a glove   

The anesthesia system was set up and checked for adequate supply of oxygen and 

System was set to flow to nose cone. The flowmeter was turned between 100 

ml/min. The vaporizer was set between 2 – 3 % initially and reduced to 1.5% for the remainder 

.3 Burn brand and induction 

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

x 20 mm) was used for inducing burns on rat’s abdomen. Each arm measured ~20

 

 

Fig 7.3 ‘Cross shaped’ brass brand used for burn induction  

checked for adequate supply of oxygen and 

. The flowmeter was turned between 100 – 200 

1.5% for the remainder 

protruding from a rectangular base (20 mm x 20 mm 

measured ~20 mm. 
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 An 8-32 hole was drilled in the back of the brand and was used to screw the brand to an 

Aluminum rod (` in). The brand was heated up to the desired temperature using a ceramic 

hotplate (Fischer scientific). The temperature of the brand was checked using an industrial 

thermometer.  

7.2.4 Partial and full thickness burn induction 

 Burn severity depends on temperature, pressure and time of contact. For induction of 

partial thickness and full thickness burns, pressure and time were kept constant while the 

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

burns and 220° C for full thickness burns.  

 A flat ~ 4 cm x 4 cm area on the lower abdomen was selected and shaved with electric 

clippers to reduce skin irritation. The brand was gently pressed against the abdomen for 6 to 8 

seconds with contact being the only pressure applied.  

7.2.5 Mylar windows 

 In order to reduce signal interference from surface topology and curvature, the imaging 

area was covered with a Mylar window. Mylar is thick enough to flatten the field of view but 

still sufficiently thin to conform to the skin sample roughness. 12.7 µm Mylar/PET film was 

stretched using linear micrometer stages. 2” type 316 stainless steel washers were laced with a 

thin layer of super glue and placed on the Mylar film and left to dry overnight. The steel washer 

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

tightened at the desired distance off the imaging head using locking thumbscrew.  

 

 

Fig 7.4 Mylar window placed flush against the animal’s abdomen 

 

7.3 8 hr terminal study 

 Two burn severities were imaged over a span of 8 hours. Images were taken every 15 min 

for the first hour and every 30 min for the next 7 hours. At the end of 8 hours the rat was 

euthanized.  
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Fig 7.5 (Left) Shaved control area on the abdomen and (right) appearance of skin after burning at 180º C 

 

 Images were generated in MATLAB in 256 gray and color scale. The resolution was 

increased by upsampling the images by a factor of 8. Minimum and maximum values were 

specified and linearly mapped to the 256 colormap for image enhancement.  

 

Pseudo code 

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

For each image 

Upsample by a factor of 8 

colormap jet (256) or color (256)(colormap jet(256);else;colormap gray(256)) 

Set lower threshold at -12.0 (ca_min =-12)and upper to -8.0 (ca_max=-8) 

Generate image (imagesc) 

Label image using X and resave in PNG format 
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Fig 7.6 Raw THz images showing the evolution of burn induced at 180º C over 8 hours 
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Fig 7.7 THz images showing the evolution of burn induced at 180º C over 8 hours in grayscale 
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Fig 7.8 THz images showing the evolution of burn induced at 180º C over 8 hours in color 
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Fig 7.9 (Left) Shaved control area on the abdomen and (right) appearance of skin after burning at 220º C 

 

 
Fig 7.10 Raw THz images showing the evolution of burn induced at 220º C over 8 hours 
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Fig 7.11 THz images showing the evolution of burn induced at 220º C over 8 hours in grayscale 
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Fig 7.12 THz images showing the evolution of burn induced at 220º C over 8 hours in color 
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 Terahertz images were taken for a period of 7 hours. In the case of the lower temperature 

we see an immediate rush of fluid to the site of injury resulting in both the burn and surrounding 

area to becoming edematous. For the images acquired in the first hour ensuing burn, the entire 

field of view appears reflective indicating an acute influx of water throughout the region. At 1 

hour postburn, the response has organized, and the zone of increased water concentration begins 

to localize to the region where the brand contacted the skin.  Finally, after 7 hours the edema has 

localized completely to the brand contact area and the surrounding skin has returned to normal, 

non-burned reflectivity. Additionally a dark, low reflectivity ring of tissue is seen along the 

periphery of the hyperhydrated brand contact area. 

 A different response is seen in case of the higher temperature burn. The brand shape is 

discernible as early as the post burn THz image. The burn appears relatively more dehydrated 

than the surrounding normal tissue. It is plausible that greater thermal insult severed blood 

vessels blocking the inrush of edema to the site of injury. A dark ring of tissue enveloping the 

brand area is also visualized in the THz images of the higher temperature burn. The dark region 

corresponding to hypohydrated zone appears darker and wider in case of higher temperature 

burn. 

 Burn wound pathophysiology is divided into three concentric regions [134]. These are the 

zones of coagulation, stasis, and hyperemia. The zone of coagulation (hyper-perfused) is at the 

center of the burn and contains irreversibly damaged cells and denatured protein. The zone of 

stasis surrounds the zone of coagulation and contains hypo-perfused tissue. The zone of 

hyperemia forms the outer ring and is characterized by edematous, hyper-perfused tissues. Burn 

wound progression is the process by which potentially salvageable tissues in the zones of stasis  
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and hyperemia necrose, resulting in larger and deeper burns than were present upon initial 

presentation [127], [134].Concomitant with the appearance of these three zones are large fluid 

shifts both locally and systemically. Investigations into these fluid shifts have concluded that 

local water concentration can increase by as much as 80% within 10minutes of injury, and that 

this response is proportional to the depth of injury [135],[136].Given the large shifts in location 

and intensity of the observed THz reflectivity, we believe that we are observing the formation 

and evolution of the zone of coagulation (high reflectivity center of the burn) and zone of stasis 

(ring of low reflecting tissue surrounding the highly reflective center).  

 

7.4 3-day survival studies 

 The first set of feasibility studies did not involve histopathological confirmation of burn 

severity. In order to test the repeatability of the above experiment another similar experiment 

was performed. The brand, burn temperature and time of contact were kept same. Burn wounds 

are in a dynamic state with burn depth and severity consolidating in about 72 hrs. Necrosis in 

zone of stasis, oxidative damage and cytokine mediated response are the main factors that 

confound early histopathologic assessment of burn severity. It was therefore decided to keep the 

animals alive for 3 days for a meaningful histological evaluation.  

 The rat was scanned every 15 min for the first hour and every half an hour for the 

remaining 11 hours. After continuous scanning for 12 hours, the animal was woken and put in a 

cage with care fresh bedding. Follow up scans were taken every 12 hours for a period of 3 days. 

The animal was sacrificed at the end of three days, the skin resected and submitted for histology.  
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Fig 7.13 Visible pictures of a partial thickness burn on day 1, 2 & 3 and THz images depicting burn wound 
evolution over 72 hrs. 
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Fig 7.14 Visible pictures of a full thickness burn on day 1, 2 & 3 and THz images depicting burn wou
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Visible pictures of a full thickness burn on day 1, 2 & 3 and THz images depicting burn wou
over 72 hrs. 

 2 

 

 

Visible pictures of a full thickness burn on day 1, 2 & 3 and THz images depicting burn wound evolution 
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 Histology was used for burn depth assessment. A cut from one of the arms of the cross 

containing burnt and surrounding unburnt area was submitted for histology. Burn induced at 180º 

C was confirmed to be of partial thickness severity while 200º C resulted in a full thickness burn.  

The physiologic response of the partial thickness burn was seen as an in rush of fluid to the site 

of injury immediate post burn. The edematous fluid reorganized at about 8 hrs post burn with the 

wound area appearing hyperhydrated. Images of the burn wound at 24 hr, 48 hr, and 72 hr show 

the evolution of edema throughout the wound in the surrounding area. Hyperhydrated and 

hypohydrated areas are visible and observed to change in location and intensity throughout the 

72 hour period. 

 The full thickness burn appears to be relatively dehydrated as opposed to its partial 

thickness counterpart. The edematous response following full thickness injury is observed to be 

low. It could be argued that the thermal injury blocks off the flow of fluid in and around the 

injury site. The 24 hr, 48 hr, and 72 hr images show significant changes in perfusion. In both the 

burns the reduced perfusion ring of tissue surrounding the 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 for analyzing the data. The data file was 

input and corresponding image generated. The image can be generated in black and white or 

color map (256). The analysis tool allows taking a line segment or a polygonal segment across 

the image. Line segments across the wound produced line curves off which reflectivity values  



 

 

 

were  noted. The GUI allowed the user to visualize and place the cursor at the d

the image. Placing the cursor at one point and clicking and then double clicking at the second 

point drew a line segment. A line curve was automatically generated off which the reflectivity 

values were noted.  

 

Fig 7.15: Graphical us
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. The GUI allowed the user to visualize and place the cursor at the d

the image. Placing the cursor at one point and clicking and then double clicking at the second 

point drew a line segment. A line curve was automatically generated off which the reflectivity 

: Graphical user interface used for generating burn wound curves

. The GUI allowed the user to visualize and place the cursor at the desired location in 

the image. Placing the cursor at one point and clicking and then double clicking at the second 

point drew a line segment. A line curve was automatically generated off which the reflectivity 

 

 

er interface used for generating burn wound curves 



 

 

 

7.5.2 Burn zone curves 

 A line segment cut through one of the crosses was taken for both the burn categories for 

the 8-hour and 3-day study. The data was normalized 

equation for a straight line 

y = 

where ymax & ymin are 1 and 0 respectively

the maximum reflectivity noted off Aluminum

The constant c was calculated by setting y to 1.

 

Fig 7.16: Burn zone curves from one of the arms of the cross at 8 hrs post burn from the 8 hour study
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segment cut through one of the crosses was taken for both the burn categories for 

day study. The data was normalized with reflectivites between 0 and 1 

y = (ymax-ymin)[xv]/(xmax-xmin) + c 

are 1 and 0 respectively. xv is the matrix of raw reflectivity values and 

the maximum reflectivity noted off Aluminum & xmin is the minimum reflectivity noted 

The constant c was calculated by setting y to 1. 

 

Burn zone curves from one of the arms of the cross at 8 hrs post burn from the 8 hour study

segment cut through one of the crosses was taken for both the burn categories for 

with reflectivites between 0 and 1 using the 

is the matrix of raw reflectivity values and xmax is 

is the minimum reflectivity noted off air. 

 

Burn zone curves from one of the arms of the cross at 8 hrs post burn from the 8 hour study 



 

 

Fig 7.17: Burn zone curves from one of the arms of the cross at 8 hrs post burn from the

Fig 7.18: Burn zone curves from one of the arms of the cross at 72 hrs post burn from the three day survival hour 
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Burn zone curves from one of the arms of the cross at 8 hrs post burn from the
study 

 

 

Burn zone curves from one of the arms of the cross at 72 hrs post burn from the three day survival hour 
study 

 

Burn zone curves from one of the arms of the cross at 8 hrs post burn from the three day survival hour 

 

Burn zone curves from one of the arms of the cross at 72 hrs post burn from the three day survival hour 
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 As evident from the images, partial thickness appears to be more hydrated than the 

corresponding full thickness burn. The curve starts from hydrated zone of hyperaemia and dips 

as it goes through the zone of stasis and hits the trough with the zone of coagulation. A similar 

trend is seen on both sides of the wound. Further, the reflectivity values for the different zones in 

the full thickness burn are much lower than the partial thickness burn.  

7.5.3 Average reflectivity’s and thickness of zone of stasis 

 The average reflectivity of the zone of coagulation for the partial thickness burns was 

~33% higher than the full thickness burn. These values were calculated using images at time 

points 15 min, 30 min, 45 min, 1 hr, 1 hr 15min, 3 hr 15 min, 7 hr 30 min, 24 hr, 48 hr and 72 hr 

following burns. The intensity and thickness of zone of stasis were two other parameters used for 

distinguishing the partial thickness from full thickness burns. On an average, partial thickness 

burns had a zone of stasis ~21% brighter than corresponding full thickness burns. Partial 

thickness burns were found to have a thicker zone of stasis enveloping the central zone. Due to 

anunevenzone of stasis border we were unable to quantify the thickness of the zone. 

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

 

7.6 Study limitations  

7.6.1 THz system  

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

experiment the system was moved to the surgery room and re-aligned. The system was calibrated  



 

 

 

every morning before the experiment.

overall bulkiness of the system. During transportation the scanner had to be disassembled from 

the table to make the move easier. Not only was the process tedious but also increased the 

probability of system getting misalign

several months apart. Even though the data has been normalized using maximum and minimum 

reflectivites on the individual days, comparison between the two experiments is not entirely 

equitable. The THz system is prone to drift 

7.6.2 Experimental set up 

 The rat was restrained using electrical tape. The arrangement was 

few hours. It was noticed that the tape lost 

the set up less robust for the long survival studies. 

 

Fig 7.19
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the experiment. The THz scanner sits on an optic table that adds to the 

overall bulkiness of the system. During transportation the scanner had to be disassembled from 

the table to make the move easier. Not only was the process tedious but also increased the 

probability of system getting misaligned.  The 8 hr and 3-day study were done on different days 

Even though the data has been normalized using maximum and minimum 

reflectivites on the individual days, comparison between the two experiments is not entirely 

Hz system is prone to drift  

The rat was restrained using electrical tape. The arrangement was 

few hours. It was noticed that the tape lost elasticity and stickiness after couple of hours making 

less robust for the long survival studies.  

Fig 7.19: Rat restrained during the experiment 

an optic table that adds to the 

overall bulkiness of the system. During transportation the scanner had to be disassembled from 

the table to make the move easier. Not only was the process tedious but also increased the 

day study were done on different days 

Even though the data has been normalized using maximum and minimum 

reflectivites on the individual days, comparison between the two experiments is not entirely 

The rat was restrained using electrical tape. The arrangement was adequate for the first 

couple of hours making 
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 The rat was kept under anesthesia for the entire time course of the experiment. The nose 

cone was fixed on the animal’s snout by affixing the glove under the rat’s incisor. The nose cone 

was then taped to the imaging mount. The tubing was taped to the side of the optic table with 

some slack for allowing movement during the raster scan. With repeated scanning, the nose cone 

arrangement became loose and came off the rat’s nose several times during the experiment.  

7.6.3 Data Analysis: Lack of image registration:  

 The feasibility experiments lacked image registration. The visible pictures were not taken 

at the same time points as the THz images thereby preventing the translation of pixels acquired 

by the imager to the surface features at different time points. The Mylar window was removed 

between every scan. Due to lack of external fiducial markers and height settings, the window 

placement on the rat cannot be assumed to be same for every scan. This changes the region of 

interest between every image rendering the intrapatient scans incomparable for any quantitative 

analysis. Further the two rats under the same study had no interpatient registration and thus could 

not be compared.  

 Despite the above mentioned drawbacks in the experimental design, reflectivity values 

calculated from normalized 8 hour and 3 day studies were 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 thickness and partial thickness categories from the  



 

 

 

118

 

3-day study was used for estimating the sample size for the controlled rat study. The images at 

time points 15 min, 30 min, 45 min, 1 hr, 1 hr 15min, 3 hr 15 min, 7 hr 30 min, 24 hr, 48 hr and 

72 hr following burns were used for the calculations. The curves were analyzed to find the mean, 

the variance, and the Standard deviation for each image. 

 

 
 

 

m= number of animals required per group 

σ2=Variance of the first group (σ1
2) + variance of the second group (σ2

2) 

z=the different percentiles we are looking for; The first z gives 97.5th percentile  while the 

second z gives 80th percentile 

µ= the estimates of the means for the two groups 

It is found that m=5 give94% efficiency. Therefore sample size 5 per category is required.  

7.7.2 Modifications 

Anesthesia set up:  

 The area designated for doing a controlled rat study was inspected by Animal research 

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

 A portable rodent anesthesia machine was purchased from Highland Medical and 

installed. Oxygen gas from the cylinder is mixed with isofluorane from the vaporizer and enters 

the breathing circuit through the gas outlet. Corrugated breathing tubing delivers the mixture to 

the nose cone through one end attached onto the rat’s snout and the other to the F-air canister. 

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

under anesthesia. 

Brand 

 Brass was the material of choice for the new brand. The shape was simplified to a 

rectangle 19 mm x 5 mm x 19 mm protruding from a square base (19 mm x 19 mm x 19 mm). 

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

heat loss. 

 For precise temperature monitoring, a thermocouple (Omega Engineering, Inc.) was used. 

The thermocouple was placed inside the fin of the brand close to the edge through a hole and 

situated in place using a screw. A small diameter (0.005”) was chosen to ensure precision in 

monitoring temperature. 

 

 

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

 

Base plate: 

 The old arrangement involved anchoring the THz optomechanic and electronic 

components on to an optic table. This made the whole set up bulky and space consuming 

rendering it difficult to move. Further it was hard to clean the optic table. A new base plate was 

designed to overcome these drawbacks. The plate was designed in Solidworks with four ¼-20  
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holes for fixing the translation stages. Two grids of four holes each were drilled for the imaging 

head and camera mount. Aluminum was the material of choice due to its lightweight and 

inexpensiveness. The plate was anodized for surface corrosion protection.  

a) 

 

 

b) 
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c) 

 

 

Fig 7.22: a) Old base plate, b) 3-D drawing of the new base plate and c) visible picture 

 

 

Camera mount:  

 

 

Fig 7.23: Visible picture of the camera mount used to hold the digital camera during the experiment 



 

 

 

 A digital SLR camera was used to take visible pictures for comparison with the 

corresponding THz images. The camera was mount

and adjustable rods for flexibility along the x, y and z direction.

fixed for the entire duration of the experiment. 

Rat mount: 

 A rectangular mount (5” x 10”) made out of polypropylene 

the experiment. The rat was secured to the mount in a supine position by tapping the feet and 

arms with an electrical tape. Though the a

several times during the experiment.

 

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

taped to the water circulation pad and the animal 
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A digital SLR camera was used to take visible pictures for comparison with the 

The camera was mounted on an aluminum rod mount with clamps 

and adjustable rods for flexibility along the x, y and z direction. The camera position was kept 

fixed for the entire duration of the experiment.  

A rectangular mount (5” x 10”) made out of polypropylene was used to stage the rat for 

The rat was secured to the mount in a supine position by tapping the feet and 

arms with an electrical tape. Though the arrangement proved adequate the tape had tobe adjusted 

several times during the experiment.  

Fig 7.24: Rat restrained with electrical tape 

 

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

culation pad and the animal secured to the piece with 

A digital SLR camera was used to take visible pictures for comparison with the 

ed on an aluminum rod mount with clamps 

The camera position was kept 

was used to stage the rat for 

The rat was secured to the mount in a supine position by tapping the feet and 

ngement proved adequate the tape had tobe adjusted 

 

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

with gauze strips. The  



 

 

 

strips were passed through the slit

and legs.  

 
Fig 7.25: (Left) Schematic and (right) visible picture of the copper piece used for restraining the rat 
 
Nose Cone& holder: 

 

Fig 7.26: (Left) Nose cone from
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through the slit and tightened using plastic stoppers restraining the 

(Left) Schematic and (right) visible picture of the copper piece used for restraining the rat 

(Left) Nose cone from EZ Anesthesia  and (right) design of holder for mounting the nose cone

and tightened using plastic stoppers restraining the rat’s arms 

 

(Left) Schematic and (right) visible picture of the copper piece used for restraining the rat  

 

EZ Anesthesia  and (right) design of holder for mounting the nose cone 
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 A breathing device, EZ-103A Microflex Breather was purchased from E-Z Anesthesia to 

serve the purpose of a nose cone. The breathing device consisted of nose cone, valve, an input 

tube for delivering anesthetizing gas and an exhaust tube for sending unused gas to charcoal 

filter. The valve mitigates gas flow while the tight fitting nose cone eliminates gas leakage. The 

cone was fitted onto the rat’s snout where it created a tight fitting. The arrangement was good for 

the entire length of the experiment.  

 Nose cone was fixed to the rat mount using a metal frame with movement along y- and z- 

axis. The frame was adjusted so as to approach the rat’s snout at an angle. The nose cone was put 

on the rat’s snout and frame fixed in place by tightening the screws. 
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CHAPTER – 8: CONTROLLED RAT STUDY 

 

8.1 Three burn test 

 A three-burn experiment was done as a prelude to the main study for validating the 

system performance and experimental protocol. 

 Male SD rat weighing 720 g was anesthetized using gas anesthetic isofluorane. The rat 

was placed on the copper plate and its extremities tied to the plate. The plate was further taped 

on to water circulation pad. Isofluorane anesthetic was used at 4% for induction and 2% for 

maintenance.  

 Upon preparation, the rat was placed on the mount and a flat abdominal area was 

identified. Mylar window was placed flush against the skin. Control scan of the area (4 cm by 4 

cm) was taken.  

 Brand temperature was precisely monitored using a thermocouple (Omega Engineering, 

Inc.). The thermocouple was placed inside the fin of the brand close to the edge through a hole 

and situated in place using a screw. A small diameter (0.005”) was chosen to ensure precision in 

monitoring temperature. Three temperatures were chosen based on previous studies and literature 

search – 120° C, 160° C and 200° C to ascertain the final two temperatures for the rat trial. The 

brand was placed on the hot plate and upon reaching the desired temperature was placed in 

contact with the rat’s abdomen for 10 sec. The drop in temperature resulting from heat transfer 

and environmental cooling was noted. 



 

 

  

 For every burn, pair of before and afte

following the images and kept alive for three days. 

was sacrificed and skin resected and submitted for histology.

a) 

b) 

118 C 

160 C  

200 C 

Fig 8.1: a) Visible picture showing 118, 160 and 200 C burn three days
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For every burn, pair of before and after images was taken. The rat 

ng the images and kept alive for three days. Follow up images were taken at 72 hrs. Rat 

was sacrificed and skin resected and submitted for histology. 

 

a) Visible picture showing 118, 160 and 200 C burn three days post burn, b) (left) THz images immediate 
post burn and (right) three days post burn 

r images was taken. The rat was woken up 

up images were taken at 72 hrs. Rat 

 

 

 
post burn, b) (left) THz images immediate 
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 The visible pictures and THz images immediate and 72 hours post burn are reported. 

Histological evaluation of the burn sections shows the 118 C is a superficial partial thickness 

burn. 200 C burn was identified as a full thickness burn. In case of the 160 C burn there was a 

little bit of uncertainty. The depth of damage would qualify 160 C to be full thickness however 

neutrophils and macrophages in the dermal region indicate regeneration, suggesting a lower 

severity as opposed to the 200 C burn. A temperature between 118 and 160 was chosen to inflict 

a lower severity burn. Finally, 130 C and 200 C were selected 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 study. The animals were batch ordered 

three months prior to the experiment and housed in 6th floor of UCLA vivarium. The weight 

range of the animals was 465 g to 680 g.  

Table 8.1: Name and weight of rats enrolled in the study 

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 per ARC guidelines. A relatively flat area 

on the abdomen was selected and shaved with surgical clippers. The surgical site was then 

cleaned with three alternating scrubs of Betadine and 70 % alcohol. Prior to imaging the animal 

was subcutaneously injected with Buprenorphine (0.05 mg/kg), a pain relieving drug. The rat 

was restrained on the copper plate in a supine position with arms and legs stretched out and tied 

to the plate with surgical ribbons. The plate was placed on the mount over the water circulation 

pad. The water circulation pad ensured maintenance of near body temperature during the course 

of the experiment.  

8.2.2 Imaging  

 A 12.7 µm Mylar window suspended from a brass frame was used to make the imaging 

plane uniform. The window was pressed against the skin with contact pressure. This defined the 

field of view. The boundary of the frame was traced on the skin with a thick black sharpie. A 40 

mm x 40 mm scan of windowed abdomen was taken prior to injury for all the animals. The THz 

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

 Following the control scan, window was removed and the burn inflicted using the 

rectangular brass brand (19 mm x 19 mm x 5 mm) with the longer edge of the rectangle being 

orthogonal to the rostrocaudal axis of the animal. The brand was heated up to the desired 

temperature; 130º C for partial thickness category and 200º C for full thickness and pressed 

against the skin for 10 sec with contact being the only pressure. One burn was induced per rat 

within the control scan area. Post burn the animal was scanned every 15 min for the first hour 

and every 30 min for the remaining 6 hrs taking about 10 min to acquire an image. The Mylar  
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window was kept stationary during continuous scanning to remove any discrepancies in z 

settings arising from removing the window between scans. At the end of 7 hrs, the rat was roused 

and taken back to the vivarium. Rats were housed in cages with care fresh bedding to ensure 

minimum discomfort to the wound and antibiotic Trimethoprim-Sulfamethoxazole was 

administered orally. Follow up scans were taken at 24 hrs, 48 hrs and 72 hrs post burn. The rats 

were euthanized on day 3. Sections of skin along the rostrocaudal axis were taken from the left, 

center and right region of the burn containing the burnt and surrounding normal area and 

submitted for histology. 6 sections per region at a micrometer setting of 8 µ were analyzed for 

the determination of burn severity.  

8.2.3 Image registration 

 External fiducial markers were used to align the THz images to their respective visible 

pictures. Two triangular painter’s tape pieces positioned on diametrically opposite sides of the 

brass frame of the Mylar window served as the markers. The triangles were visible in the THz 

image. A visible picture was taken before every THz scan. The markers on the visible picture 

were aligned with the corresponding view on the THz images with respect to location and size of 

the markers. The Mylar window was kept stationary during continuous scanning resulting in all 

THz images being registered to one another during the 7 hr period.  

 Interpatient registration was performed as follows. The center of the burn was chosen to 

be the intrinsic fiducial marker. Setting the center as the point of origin, THz images across all 

rats were rotated and translated to line up in the same orientation.  
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8.3 Results 

8.3.1 Image generation 

 Below are the time series of THz images from Rat A depicting the evolution of burn over 

a span of three days. The burn on Rat A was induced at a temperature of 130º C and later 

confirmed to be of partial thickness severity across all regions. The images were generated in 

both gray and color (256) scale. All the images were normalized with respect to their respective 

control image. For every subject there were a total of 21 images – a control image, 17 continuous 

scans and 3 follow up images. Videos depicting the wound evolution for four rats over three days 

have been uploaded as supplemental material.  

a) 

 

Left Center Right 

   
   



 

 

b)  
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Fig 8.2: a) H&E sections from left, center and right regions of Rat A’s burn, b) THz images in gray and color 

8.3.2 Histological analysis

 

Fig 8.3 Sample preparation for histopathological analysis

Fig 8.3   shows the resected skin from Rat A in the rostrocaudal axis. The orientation of skin is 

the same as the orientation of the visible and THz images. T
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Fig 8.2: a) H&E sections from left, center and right regions of Rat A’s burn, b) THz images in gray and color 
showing the evolution of burn over 3 days 

8.3.2 Histological analysis 

 
 

8.3 Sample preparation for histopathological analysis 

shows the resected skin from Rat A in the rostrocaudal axis. The orientation of skin is 

the same as the orientation of the visible and THz images. Three sharpie dots and a line served as 

 

Fig 8.2: a) H&E sections from left, center and right regions of Rat A’s burn, b) THz images in gray and color 

 

shows the resected skin from Rat A in the rostrocaudal axis. The orientation of skin is 

hree sharpie dots and a line served as  
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external fiducial markers. The burn region was divided into three segments and marked with dots 

using India ink. These served as histology markers. Segments were cut orthogonal to the longer 

edge of the burn in the left, center and right regions containing the dots respectively. Each of the 

three segments gave 6 sections each which were H&E stained and analyzed to determine burn 

severity.  

 

 

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

 

 Classification of the above burns into burn severity category was based on depth of injury 

measurements calculated by measuring collagen discoloration, patency of blood vessels and 

infiltration of neutrophils and macrophages in the dermal space[179, 180].  
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 The two temperatures used for our study gave partial thickness and full thickness 

severities. Biopsies from rats induced at 200º C showed a complete loss of collagen crystallinity 

which caused the change in H&E stain color from red to blue. Full damage all through the 

dermis up to the subcutaneous layer and blocked blood vessels were noticed in full thickness 

burn sections. In contrast patent blood vessels and neutrophils and macrophages were used as 

distinguishing features for deciding whether a section was of partial or full thickness severity. A 

blind examination of sections was carried out for an unbiased analysis. 
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Table 8.2: H&E sections of partial thickness and full thickness severity across burn wound in 4 
rats. * denotes scratching was observed between day 2 and 3 

 

Rat  Burn severity 
 Left  Center Right 

C 
130ºC 

Partial  

 

Partial  

 

Partial  

 
E 

130ºC 
Partial  

 

Partial 

 

Partial 

 
H 

200º 
C 

Full 

 

Partial  

 

Full  

 
J 

200º 
C  

Full* 

 

Full*

 

Full*
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8.3.3 Image analysis 

 Representative scans from partial thickness and full thickness burns at time points - 

immediate post burn (t=0), 30 min, 1.5 hr, 7 hr and 72 hrs following burn induction are presented 

below.  

Table 8.3 a) & b) THz images of partial thickness and full thickness burn wounds over 72 hrs. 
Visual changes in THz images were noticed in images at these time points 
 
a) 
 
 
Time Partial thickness (Rat C) 

130º C 
Full thickness (RatH) 

200º C 
Control 

  
Immediate 
Post burn 

  
30 min  

  
1.5 hr 

  
7 hr 

  
72 hr 
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b) 

 

Time Partial thickness (Rat E) 
130 

Full thickness (Rat J) 
200 

Control 

  
Immediate 
Post burn 

  
30 min 

  
1.5 hr 

  
7 hr 

  
72 hr 
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 The following time periods were selected based on visual appearance of significant 

morphological changes in the field of view across all rats. The immediate post burn image for 

both the burn severities appear brighter than their corresponding controls. It has been reported 

that thermal injury is followed by an instantaneous inflammatory response beginning as early as 

couple of minutes post injury[48].For burns less than 10% total body surface area, this response 

is local and confined to the vicinity of the injured area[47, 48, 181]. Rapid transudation of fluid 

from intravascular to extravascular space increases the net water content of injured tissue. This 

physiological response is captured in the first 30 min by our THz system which is sensitive to 

changes in water concentration in the tissue. The flow of water to and from the site of injury is 

visualized in the THz images acquired at t=0 and t=30 min. At 1.5 hrs post burn, the shape of the 

burn becomes discernible in both the burn groups as evident from the THz images. Literature 

reports that edematous response following burns continues to rise and has been found to be 

maximal around 3 hours post burn[182].A similar response is seen in the THz images acquired 

over the span of first few hours for both burn categories. A tissue ring of low reflectivity which 

has been seen previously by our group and been hypothesized to be the zone of stasis is observed 

in both burns in all the images. THz images of burn wound at 7 hrs begin to show fluid 

redistribution in the field of view. It is known that the rapid phase of edema is followed by 

redistribution and resorption. Resorption of fluid begins at about 24 hours post injury which is 

observed in our THz images as well[181]. No change is noted in the visible pictures taken 

corresponding to THz images over the continuous scanning period. The 72 hour image is taken 

for histological correlation. 
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 The THz images acquired over the course of three days show the influx and dissipation of 

edema in the wounded area. Shifts in hydration are observed in the follow up images acquired at 

day 2 & day 3.THz images of full thickness burns appear brighter than the partial thickness burns 

over the 7 hour period. However4 out of the 10 rats had burns of both partial thickness and full 

thickness nature hence nothing conclusive can be said unless the data is analyzed quantitatively.  

 

8.4 Preliminary statistical analysis 

8.4.1 Burn sections 

 Three segments corresponding to histology cuts along left, center and middle regions of 

the burn were used for statistical analysis. This accounted for variations across severity observed 

in some burns. The segments obtained from THz images were not registered with histology. It 

was however assumed that histology was representative of burn characteristic of that particular 

region.  

 Three vectors of equal length extending from the edge all the way across the burn in the 

caudal rostral direction were drawn. The vectors were randomly spaced across the burn. Each 

burn had a left, center and right reflectivity vector and was matched against burn severity of that 

region. 30 segments gave 17 partial thickness and 13 full thickness reflectivity vectors. Not all 

segments were used for the analysis.  
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Fig 8.5: Procedure for obtaining mean wound zone reflectivities. (Left) Cuts made through the burn wound in the 

visible picture translates to (right) reflectivities across the wound from the THz image 
 

 

 The first 5 mm of the vector were averaged to give m1 which represented mean 

reflectivity across the zone of coagulation. The next 1 mm was taken to be representative of zone 

of stasis and mean reflectivity m2was used for analysis. 

8.4.2 Partial thickness vs. full thickness 

 Images taken in the continuous scanning period (7 hours) were registered and normalized 

across all rats and hence used for statistical analysis. Control and follow up scans could not be 

considered for any quantitative analysis. 

 Multivariate statistical tests - Pillai’s trace, Wilks’ Lambda, Hotelling’s trace and Roy’s 

Largest Root were used for testing difference between partial thickness and full thickness burns  
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both for differences in mean reflectivities (m1 and m2 combined) and dependence on time. 

Images acquired at t=0 (immediate post burn), t= 1.5 hour and t=7 hour were used.  

 

Table 8.4 Results for partial and full thickness groups 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 and full thickness burns cannot be 

distinguished from one another on the differences in reflectivities when all three time points are 

considered. However a pairwise test between the two groups without taking time into account 

gives a significant result which suggests that there is a significant difference in the wound 

reflectivities of partial thickness and full thickness burns but time adds variability. Other image 

time points were also explored and similar results were obtained. Partial thickness and full 

thickness burns have significantly different wound reflectivities but the time at which they 

become apparent is unclear.  
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8.4.3 Partial thickness 

 Differences in reflectivities across the zones of coagulation (m1) and zone of stasis (m2) 

within individual groups were tested. Time points t=0, t=1.5 hr and t=7 hr were used and time of 

acquisition was treated as a covariate for multivariate tests.  

Table 8.5 Results for the partial thickness group  

 

Tests 
 

p-values Significance 

Multivariate 
 

0.018 Yes 

Time Interaction 
 

0.011 Yes 

Pairwise (m1 vs. m2) 
 

0.018 Yes 

 

 

 

 

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

indicating that a significant difference in mean reflectivities for zones of coagulation and partial  

thickness is observed. The time interaction is also significant meaning that these zones are 

distinguishable at all the time points. These results could infer that couple of min after injury, 

wound zones can be differentiated in partial thickness burns on the basis of their reflectivities. 

The zones remain distinguishable several hours after injury.  
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8.4.4 Full thickness 

 The same sets of tests were repeated for the full thickness 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 (m1 vs. m2) 
 

0.094 No 

 

 

 

All the tests gave insignificant results. Full thickness 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 thickness severity were inflicted on adult rats. 

There were 5 rats in each group with one burn per animal. The burns were induced by the same 

person for all the rats with temperature and time of contact being precisely monitored to ensure 

minimum variability in the burn induction process. The entire experiment was done 

unintermittedly for making the study as controlled as possible. These measures allowed us to 

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

 The immediate response to thermal injury is characterized by a rush of fluid to the site of 

injury. The inflammatory response begins as early as couple of minutes post injury and continues 

for a couple of hours. Researchers have reported a 75% increase in water content of burned over 

unburned skin at 30 minutes post injury with 90% of that increase occurring in the first 5 to 10 

min[53]. Edema formation is reported to be maximal 4 to 6 hours post injury and begins to 

resolve by 24 hours [52,181,182]. THz imaging captures the influx, redistribution and dissipation 

of edematous fluid in the burn region for both the burn severities. An overall increase in 

reflectivity is observed in the first post burn image across all rats. Image acquisition time of the 

reflective THz system is in the order of a couple of minutes which allows us to visualize the 

immediate post burn response. The subsequent images continue to appear more reflective though 

the increase in reflectivity is not homogenous across the field of view. The image acquired at 1.5 

hours post burn for all the rats shows a clearly defined burn region with a dark ring of low 

reflectivity enveloping the burn. Classic burn wound pathophysiology describes three concentric 

burn wound regions: zone of coagulation, zone of stasis and zone of hyperemia[42].  Zone of  



 

 

 

146

 

stasis is the intermediate region between the central zone of devitalized tissue and the outermost 

zone of hyperemia. This region is characterized by low perfusion and ongoing hypoxia. 

Hypoperfusion and free radical injury in the zone of stasis increases intravascular permeability 

promoting the leakage of fluid in the interstitial spaces[58].This translates to the appearance of 

zone of stasis as a low reflectivity region surrounding the burn in the THz images. Regions of 

high reflectivity in the vicinity of zone of stasis observed in the THz images relate to local fluid 

shifts occurring across the burn wound zones.  

 Several groups have reported the difficulty in inducing uniform contact burns. Factors 

such as skin thickness, skin hydration, blood supply and convective heat loss often cause varied 

susceptibility to thermal injury[183, 184]. This problem was addressed by analyzing the severity 

across three regions in the same burn. Skin segments from left, center and right regions chosen at 

random were submitted for histopathological evaluation. The results showed that 4 out of 10 rats 

had both partial and full thickness regions. Preliminary burn imaging experiments did not 

incorporate a thorough histological examination and due to lack of sufficient histological 

examination cannot be used as a reference for partial thickness and full thickness response in 

THz images. Other confounding factors inhibiting comparison between the present and previous 

results were small sample size, shape and size of the brand and burn temperature. However the 

previous experiments identified burn zone curves as a parameter for distinguishing between 

severities and were used for quantitative analysis for the present study.  

 The parameters investigated for distinguishing among partial thickness and full thickness 

burns were reflectivities of zone of coagulation and zone of stasis and how these changed with  
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time over the 7 hour period. Due to lack of image registration follow up scans could not be 

included in the analysis. Overall reflectivities of partial thickness and full thickness burns across 

for both the zones were significantly different but their dependence on time could not be isolated. 

The time variability was further investigated by analyzing the groups separately. It was 

discovered that for partial thickness burns the mean reflectivities of stasis and coagulation wound 

zones were different. The reflectivities were distinguishable as early as immediate post burn and 

remained significantly different for the entire 7 hour period. The full thickness group on the other 

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

 Among body’s early reactions to thermal injury, edema is the most dramatic 

physiological response. For burns covering less than 10% total body surface area the response is 

localized to the vicinity of the wound. Degree of burn severity influences the magnitude of fluid 

shifts and resultant edema. Full thickness injuries cause complete coagulation of vessels in the 

affected tissue thereby limiting edema formation. Partial thickness burns on the other hand have 

better vascular perfusion and therefore are more edematous. This explains the pronounced local 

fluid shifts occurring across the wound zones in partial thickness injuries. Our system which uses 

water as the primary contrast mechanism is able to detect these hydration shifts and is able to 

outline the zone of stasis in partial thickness burns. This distinction is evident as early as 10 min 

post burning and remains significant over 7 hours. Thermal insult to the tissue in deep burns 

results in greater tissue loss and lower perfusion as compared to milder burns. This renders the 

centrally affected coagulated zone indistinguishable from the peripheral zone of stasis over the 7 

hours. While this prevents us from identifying the boundary of stasis zone in full thickness burns, 

it could be used as a parameter in distinguishing between the two burn severities.  Monitoring of  
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full thickness burns over longer periods of time may provide a better insight into the behavior of 

the zone of stasis and its interaction with other two zones.  

 Burn wound progression, a process by which partial thickness burns convert to full 

thickness burns is a product of primary tissue loss and secondary consequences like altered 

perfusion, edema and toxic inflammatory mediators in the zone of stasis. Early identification of 

this zone can prevent progressive tissue loss. The present investigation suggests that Reflective 

THz imaging system might be able to identify the zone of stasis boundary as early as 10 min post 

injury. These results could have relevant clinical implications where early diagnosis dictates 

treatment. Early identification of vulnerable zone can prevent tissue loss, better treatment 

planning preventing delayed healing, likelihood of hypertrophic scarring and wound infection.  A 

big sample size is however required to substantiate this claim.  

 Through the present investigation we might have identified burn classifiers for Reflective 

THz imaging. Reflectivities across burns, difference in reflectivities across zones of coagulation 

and stasis and time dependence of the evolution of these features are parameters that should be 

examined to differentiate between burn severities.  
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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 subjects. Though repeatability was 

demonstrated and an attempt to quantitatively analyze the data was made, more subjects are 

needed to substantiate the above claim. It was observed that the system is prone to drift which  



 

 

 

adds variability to the data. System issues such as drift, absence of a calibration phantom make it 

hard to normalize the data across all animals on different days. Control and follow up images 

could not be compared to the 7 hour images due to lack of external fiducial markers. For some 

rats, three sharpie dots in the field of view were experimented as fiducial markers. It was 

observed that the sharpie dots disappeared on day 2. 

taken over three days and across all rats, a robust fiducial marker needs to be 

histological correlation of burn zones was not performed for

image to histological registration and financial constraints prevented such an analysis. 

Fig 8.7 Intraspecimen, intraspecimen and histological registration scheme for future experiments
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adds variability to the data. System issues such as drift, absence of a calibration phantom make it 

ta across all animals on different days. Control and follow up images 

could not be compared to the 7 hour images due to lack of external fiducial markers. For some 

rats, three sharpie dots in the field of view were experimented as fiducial markers. It was 

observed that the sharpie dots disappeared on day 2. Hence for image registration of all images 

taken over three days and across all rats, a robust fiducial marker needs to be 

histological correlation of burn zones was not performed for the above experiments. Lack of THz 

image to histological registration and financial constraints prevented such an analysis. 

 

 

Intraspecimen, intraspecimen and histological registration scheme for future experiments

adds variability to the data. System issues such as drift, absence of a calibration phantom make it 

ta across all animals on different days. Control and follow up images 

could not be compared to the 7 hour images due to lack of external fiducial markers. For some 

rats, three sharpie dots in the field of view were experimented as fiducial markers. It was 

Hence for image registration of all images 

taken over three days and across all rats, a robust fiducial marker needs to be determined. Finally 

the above experiments. Lack of THz 

image to histological registration and financial constraints prevented such an analysis.  

 

Intraspecimen, intraspecimen and histological registration scheme for future experiments 
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 The above figure suggests improvements in image registration over the current set of 

experiments. Three robust dots in the imaging field of view could solve the intraspecimen, 

intraspecimen and histological registration all at once. 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 THz system can visualize and detect 

burns of partial and full thickness severities. Burn wounds cause local variations in skin 

hydration which are exploited by the systems sensitivity to water and translated as contrast in the 

THz image. The advantage of this technique is two-fold in not only visualizing the burn but also 

in identifying burn wound zones which presently remain a clinical challenge. The results were 

obtained in vivo in rats, are repeatable and impervious to the shape and size of rats. Further 

partial thickness and full thickness burns could be distinguished from one another based on 

hydration changes that are specific to the physiologic response to the burn type.  
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