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Objective—In vivo visualization and quantification of edema, or ‘tissue swelling’ following 

injury, remains a clinical challenge. Herein, we investigate the ability of reflective terahertz (THz) 

imaging to track changes in tissue water content (TWC) – the direct indicator of edema-by 

comparison to depth-resolved magnetic resonance imaging (MRI) in a burn-induced model of 

edema.

Methods—A partial thickness and full thickness burn were induced in an in vivo rat model to 

elicit unique TWC perturbations corresponding to burn severity. Concomitant THz surface maps 

and MRI images of both burn models were acquired with a previously reported THz imaging 

system and T2-weighted MRI, respectively, over 270 min. Reflectivity was analyzed for the burn 

contact area in THz images, while proton density (i.e. mobile TWC) was analyzed for the same 

region at incrementally increasing tissue depths in companion, transverse MRI images. A 

normalized cross-correlation of THz and depth-dependent MRI measurements was performed as a 

function of time in histologically verified burn wounds.

Results—For both burn types, strong positive correlations were evident between THz reflectivity 

and MRI data analyzed at greater tissue depths (>258 μm). MRI and THz results also revealed 

biphasic trends consistent with burn edema pathogenesis.

Conclusion—This work offers the first in vivo correlative assessment of mobile TWC-based 

contrast and the sensing depth of THz imaging.

Significance—The ability to implement THz imaging immediately following injury, combined 

with TWC sensing capabilities that compare to MRI, further support THz sensing as an emerging 

tool to track fluid in tissue.
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I. INTRODUCTION

Maintenance of tissue fluid balance is critical for normal tissue structure and function. In the 

case of a tissue injury, regardless of its etiology (i.e. thermal, mechanical, toxic, or 

ischemic), an imbalance in interstitial fluid can occur. Resultant cell swelling and 

extracellular fluid accumulation in the tissue is clinically expressed as edema. Edema has 

important clinical consequences, including increased hydrostatic pressure within the 

interstitial space that 1) affects tissue function and electrical stability and 2) exacerbates the 

extent of tissue necrosis by microvascular occlusion [1], [2]. Edema is, therefore, an 

important diagnostic target for assessing the extent and severity of tissue viability in vivo.

The most common method for evaluating edema is by clinical examination, during which 

tissue swelling and turgor are routinely examined [3]. This technique, however, requires 

considerable clinical expertise and is very difficult to assess, if possible, when deeper tissues 

are involved. Adjunctive methods include water displacement volumetry that can determine 

the extent of edema but not its distribution in tissue [4]. The indicator-dilution technique 

provides a direct measurement of tissue water content (TWC) and is the current standard for 

assessing the distribution of body fluids. It is, however, an invasive method that requires 
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blood sampling. Given the need for a clinically acceptable, non-invasive, and accurate 

technique for detecting edema, imaging TWC could provide useful spatiotemporal 

diagnostic and prognostic information.

Early evidence suggests that visualization of TWC changes in superficial tissues may be 

possible with reflective terahertz (THz) imaging [5]–[7]. The THz band refers to non-

ionizing electromagnetic waves in the 100 GHz to 10 THz frequency range [5], [6]. 

Reflection imaging of biological tissue at THz wavelengths has shown high contrast in 

rapidly and efficiently distinguishing abnormal tissue from healthy tissue in cornea and in 

skin injuries [7]–[10]. Reflective THz imaging is unique in that it: I) offers distinct 

advantages over earlier transmission-based systems for in vivo applications due to the high 

THz absorption in tissue [6], [8], [11]; II) probes the dielectric properties of tissues using 

simple optical components [5], [6], [12], [13]; and III) is minimally perturbed by surface 

characteristics like hair and tissue surface roughness [5], [14]. Unlike depth-resolved images 

of tissue acquired with magnetic resonance imaging (MRI), THz images of tissue are 2-

dimensional (2D) reflection maps representing an aggregate tissue property. Because water 

constitutes ~70% of the weight of soft tissue, and the THz frequency dielectric constant of 

water is significantly higher than that of non-water constituents, the aggregate reflected 

signal observed with in vivo THz imaging is interpreted as TWC [15], [16]. However, liquid 

water displays broad absorption bands rather than narrow absorption signatures in the THz 

band. Consequently, this observation does not identify TWC as the primary source of 

contrast in THz imaging. Therefore a companion imaging modality is currently needed to 

interpret contrast in THz tissue data [5].

A recent study on THz contrast has proposed using MRI to verify the contributions of TWC 

to THz imaging of superficial tissues [17]. Despite its limited access and associated costs, 

MRI resolves depth information and provides comprehensive, layer-specific anatomical and 

physiological data on TWC in a single setting. Among the multitude of sequences available, 

T2-weighted (T2w) MRI has previously been used to visualize the hydration state of skin in 
vivo [18]–[20], [20]. In T2w images, skin layers filled with water appear bright and tissues 

with high fat content appear dark. Tissue contrast in T2w MRI is primarily determined by 

differences in the transverse component of proton relaxation time (T2), where longer T2 

relaxation times are associated with protons that are part of mobile water molecules and 

shorter T2 times are associated with lipid-rich environments. Relative proton density - the 

fraction of mobile water protons available in the tissue - can be directly calculated from the 

T2 relaxation time in T2w images [21]; measured proton density is associated with water and 

no other macromolecules (i.e. lipids) when T2w MRI imaging is used. In fact, relative proton 

density has been used to distinguish protein-bound water from “free” water (i.e. effusion or 

edema) in superficial tissues that have also been explored with THz imaging. These tissues 

include uninjured and diseased skin in vivo [20], [22], [23] as well as wounds of increasing 

severity (superficial, superficial partial, deep partial, and full thickness) ex vivo [16]. Among 

wound models, in vivo burn injuries are characterized by the biggest inflammatory reaction 

and result in substantial and rapid edema formation [24]–[26].

Herein, we seek to investigate the potential of THz imaging for edema assessment by 

correlating THz frequency tissue reflectivity measurements with relative proton density 
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measurements captured by T2w MRI in burn-induced edema models. It is important to note 

that MRI is only used here for pre-clinical research purposes, as its cost and limited 

portability make it inappropriate for TWC characterization in patients, especially critical 

patients. Burn wounds in rats are known to severely and acutely perturb TWC and, thus, 

were selected as the model for this correlative study [27]–[31]. A partial thickness burn and 

a full thickness burn were induced in vivo to the abdominal skin of rats using an established 

contact wound protocol that exhibits markedly different TWC perturbations corresponding 

to burn severity [10], [32]. Partial thickness, or 2nd degree, burns involve the epidermis and 

dermis to reticular dermis skin layer [33], [34]. Full thickness, or 3rd degree, burns involve 

the whole thickness of the skin and possibly subcutaneous tissue [33].

Concomitant THz and MRI images of both burn models were acquired with a previously 

reported reflective THz system and 7T MRI prior to thermal insult, 90 min, 210 min, and 

270 min following burn induction [6], [10], [16]. Previous work in THz wound imaging has 

shown that partial thickness and full thickness burns produce pronounced and distinct 

spatiotemporal changes in THz image contrast. Therefore, similar to THz imaging, we 

hypothesized that MRI TWC-based contrast would: I) exhibit unique signal characteristics 

for each wound model; and II) agree with trends observed in the companion THz burn 

imagery [6], [10], [35].

Following histological assessment of burn severity in each wound model, a one-to-multiple 

cross-correlation across time was performed between THz and depth-dependent MRI 

imaging, respectively; at all time points, a single reflectivity measurement across the burn 

region in the THz image was compared to relative proton density measurements performed 

at multiple burn depths in the companion MRI image to: I) investigate mobile TWC (i.e. 

edema) as the underlying biophysical driver of observed changes in THz reflectivity and II) 

quantify, for the first time in vivo, the tissue depths at which THz imaging can potentially 

probe edema.

II. Materials And Methods

A. Injury-Induced Cutaneous Edema

All experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC). Two male Sprague Dawley rats weighing 180–200g (Harlan laboratories, 

Hayward, CA) were used as preclinical models to investigate the effects of burn-induced 

edema on reflective THz imaging contrast. While pigs are a more appropriate genomic 

model of human skin, THz imaging in bulk tissue is insensitive to molecular-based 

mechanisms [36]. Rats are also widely available, convenient in size, and tractable in nature, 

lending them as an attractive model [32]. Finally, there are few known differences in edema 

physiology between rats and other candidate animal models.

Surgical preparation of the rats began with administration of extrinsic intradermal fiducial 

markers to allow for image registration between the THz images, visible images, and 

histology. 72 h prior to burn induction, each rat was anesthetized using isoflurane (4% and 

1% for induction and maintenance, respectively), the skin from the abdomen was shaved to 

expose a 5 cm × 5 cm area of bare skin, and three tattoos were applied to the abdomen; 
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intradermal injections of non-metallic green ink were administered via a sterile 28G needle 

to form the apices of a right triangle. Once tattooed, both subjects were awoken and allowed 

to recover for 72hr.

B. THz and MRI Imaging Systems

A 7T small bore MRI scanner (Bruker Biospin, Switzerland) was used to acquire MR 

imagery of in vivo burns [16]. To obtain high-resolution images a 160 mm gradient was used 

to achieve a pixel size of 86 microns in depth in combination with a small surface 

radiofrequency coil (3 cm in diameter) to improve the signal-to-noise ratio (SNR). High-

resolution T2w multislice multiecho (MSME) MR images of abdominal skin prior to and 

following burn induction were obtained by varying Te (Tr = 500 ms, eight TE values 

including 14, 28, 42, 56, 70, 84, 98, and 112 ms) within a 44 × 11 mm2 field of view (FOV) 

and a slice thickness of 2 mm, corresponding to a voxel dimension of 172 × 86 × 2000 μm3. 

A total stack of six axially oriented MRI slices required an image acquisition time of ~40 

min. The aforementioned protocol has previously been used to acquire spatially resolved 

imagery of ex vivo skin burns with high contrast and SNR [16].

A reflective THz imaging system was used to acquire THz images of uninjured skin and 

burn tissue [6], [8], [10]. The THz system operates in reflection mode at a center frequency 

of 0.525 THz with ~125 GHz bandwidth. The effective center frequency and bandwidth of 

the system are constrained by the THz source’s power spectral density and the detector’s 

spectral responsivity. As reported in our previous in vivo THz imaging work, this bandwidth 

is sufficient to overcome speckle and is sensitive to changes in tissue water content with 

good spatial resolution [37]. The system consists of a photoconductive switch based THz 

emitter, Schottky diode detector, and a novel gated receiver for high SNR, high dynamic 

range measurements of THz power. The Schottky diode detector is mounted in a 0.381 × 

0.1905 mm rectangular waveguide (WR1.5) to limit the system detection to the 400 GHz – 

700 GHz band. These spectral parameters are chosen to balance TWC sensitivity and 

sufficient spatial resolution, while mitigating clutter in the acquired image [6]. The THz 

beam is handled by quasi-optical imaging system that focuses the radiation to a 1 mm2 

diameter spot at a 36 mm standoff distance. THz imagery was generated by raster scanning 

the imaging subject beneath the fixed, focused THz beam at a 1 ms per-pixel integration 

time. An image with a 60 mm × 60 mm FOV required a scanning time of ~10 min using a 

0.5 mm step size.

On the day of the burn study, visible and THz images of the uninjured, tattooed abdominal 

skin of anesthetized rats in supine position were captured with an SLR camera and the THz 

imaging system. In comparison, control scans of the animal in prone position were acquired 

using a T2w MSME sequence with the 7T animal instrument. A 12 μm thick optical Mylar 

window (~3.1 cm in diameter), transparent to THz illumination, was lowered onto the 

abdominal skin during THz imaging to flatten the imaging plane and minimize effects from 

non-uniform surface contours.

Before MRI imaging, the Mylar window was removed and two 0.75 cm MRI fiducial 

markers (Radiance filled Ortho-SPOT Packets, Beekley Medical, Bristol, Connecticut) were 

positioned superior and inferior to the designated burn induction area and a visible image 
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was acquired. The rat was then placed on the surface coil in prone position for MRI 

scanning of the uninjured skin; this positioning of the coil on the abdominal skin increased 

the SNR.

Upon completion of the control scans, a full thickness and partial thickness burn were 

induced on the rat abdomens. A 2 mm × 19 mm rectangular brass brand was secured to a 

thermocouple (OMEGA, Stamford, Connecticut) to accurately monitor the absolute 

temperature of the brand. The brand was heated to 200°C and 130°C using a hot plate, 

positioned between the fiducial markers using a high-precision manual z-stage, and applied 

to the abdomen with a constant pressure for 10s to induce a full thickness and partial 

thickness burn, respectively [10], [16]. Each rat received one burn to minimize the total 

burned body surface area, thus reducing effects of shock on the physiologic wound response.

Visible and THz imaging of a burn region covered a 60 mm × 60 mm FOV. THz images only 

include tissue under the Mylar window, and this measures 11.4 cm2. MRI covered a 

registered volume of 44 mm × 11 mm × 92 mm. Parallel THz and MRI imagery were 

acquired continuously over a 5 h period. The rats were then returned to the vivarium and 

euthanized 3 days following burn induction because the final status of a burn wound 

typically manifests 72 h following thermal insult [26].

C. THz and MRI Image Analysis

It is important to clarify the kind and spatial dimension of information captured in a THz 

image of tissue versus that in a MRI image of the same specimen. THz imaging furnishes a 

2D surface reflection map of tissue that arises from the column integrated electromagnetic 

properties of the tissue down to a depth limited by absorption, system SNR, etc. Consider 

the recursive field reflection coefficient in equation (1) [9], [38].

Γi =
ρi + Γi + 1e

− j2δi

1 + ρiΓi + 1e
− j2δi

, ΓN + 1 = ρN + 1 (1)

This equation describes the field reflectivity of a stack of N homogenous, isotropic layers 

with uniform thickness sandwiched between two half spaces. Γi is the field reflectivity of the 

stack from layer i to N, ρi is the field reflectivity from layer i-1 to layer i and δi is the 

complex path length of layer i. In a skin model, Γi, ρi, δi are all functions of the layer 

thickness and the water content at a particular layer. In the limit of optically thin layers, the 

aggregate reflectivity of skin (which displays a water content gradient) can be simulated by 

increasing the number of layers until the forward traveling incident radiation has been 

attenuated to some appreciably small level and then terminating the stack with a half space 

whose electromagnetic properties are equal to the final stack layer. Using the established 

formalism, we write the field reflectivity of the skin as Γ1.

For this study we assume that imaging contrast is strongly dependent on tissue water 

content, and thus the reflectivity of skin is a function of transverse dimension (x,y) and the 
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tissue water content is a function of observation time (tm): Γ1 → Γ1(tm, x, y). The system 

utilizes a 0-bias rectifier and thus the system pixel value is a function of the THz reflectivity 

of the pixel position:

R tm, x, y = Γ1 tm, x, y 2 (2)

The recursive relation equation (1) continually references the electromagnetics properties of 

adjacent layers and thus equation (2) can be thought of as a column integrated (weighted 

average) reflectivity with the depth dependent weighting described by the term e
− j2δi

Thus, similar to its companion visible image, a THz image is represented only in the 

horizontal (x) and vertical (y) dimensions and, therefore, does not provide reflectivity 

resolved in the depth (d) dimension (Fig. 1A). THz image sets are displayed in a standard 

false color map where black-red-yellow-white denotes increasing reflectivity. For all time-

series THz burn images, a white linear contour measuring 5 mm was drawn to transversely 

segment the burn contact tissue along the x-dimension. Pixel-by-pixel reflectivity values of 

the white contour were normalized to the maximum THz reflectivity acquired from an 

aluminum calibration target (i.e. ideal reflector) and zero THz reflectivity measured in the 

absence of a reflecting target (i.e. air). The calibrating reflector was positioned in the same 

manner and stand-off distance as abdominal skin during the initial THz system scans. Using 

the mean value theorem, the mean reflectivity of the contour at time tm along the length of 

the contour, x, is expressed as

R tm = 1
Δx∫Δx

R tm, x dx (3)

R(tm, x) was calculated at all time points for both burn wound models. Using this analysis of 

THz imagery, a single profile of mean reflectivity associated with the burn image feature 

(i.e. white linear contour) was plotted as a function of time for both a partial thickness and 

full thickness burn wound model.

While the companion MRI scan is similarly 2D (Fig. 1B), this image provides the spatial 

distribution of TWC in burn tissue along the x-dimension and across multiple skin layers 

(i.e. d-dimension). Specifically, the x-dimension of every T2w and T2-mapping image pair 

spatially maps to the length of the white linear contour drawn in its companion THz image. 

Mapping between MRI, visible, and THz imagery was achieved by capturing contiguous 

MRI slices of known thickness (2 mm) along the y-dimension of the burn, measured to be 

~20 mm, that include the MRI fiducial markers. MRI images are displayed in a gray-scale 

color map where black-grey-white indicates increasing intensity and T2 relaxation time for 

T2W and T2-mapping images, respectively. The MRI signal, S, for a T2W image is:

Bajwa et al. Page 7

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2019 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



S = k ⋅ Nexp −
TE
T2

(4)

where k is a function of the instrument’s receiver gain, N is proportional to the mobile 

proton density, T2 is the transverse MR relaxation time, and TE is the echo time.

Parametric analyses were performed on T2-mapping MRI slices at Te= 28 ms. Those MRI 

slices with the greatest observable contrast in the dermal layer of the burn were selected for 

image analysis at each time point. These slices mostly reside in the center of the wound, and 

therefore did not capture the fiducial markers positioned at the extremes of the MRI slice 

stacks. To analyze mean T2 relaxation time and mean relative proton density (i.e. mobile 

TWC) as a function of depth in each T2-mapping image, a white contour, measuring 5 mm 

in length, was drawn along the x-dimension of the burn contact area. The same contour was 

superimposed at incrementally increasing depths (~86 μm) in the dermis, measuring ~700 

μm in thickness.

For all time points (t=0 min, 90 min, 210 min, and 270 min), the mean T2 time and the 

associated standard deviation was calculated using ImageJ (NIH, Bethesda, MD) by fitting 

to relation to equation (4) the signal intensity S from the contour at every depth in T2-

mapping images. Note that S is a function of the instrument’s receiver gain, k, which is 

optimized for each longitudinal time point. Consequently, N of the burn tissue was 

normalized to that of the previously described MRI fiducial marker to obtain comparable N 

values across all time points in the study. Mean proton density at time tm and depth dn is 

expressed as

N tm, dn = 1
Δx∫Δx

N tm, dn, x dx (5)

Using this analysis of MRI imagery, multiple profiles of mean T2 time and relative proton 

density associated with the image feature (i.e. white linear contour) were plotted as a 

function of time and depth for both burn wound models.

Collectively, this THz and MRI image analysis demonstrates there is a one-to-multiple 

relationship between THz imaging and MRI data, respectively, at each time point; for both 

burn types, THz imaging results are plotted as a single temporal profile, whereas MRI 

imaging results are plotted as unique temporal profiles for each tissue depth. Because only 

relative proton density is a direct measure of mobile TWC, a one-to-many correlation across 

time was required between THz reflectivity of the burn region and relative proton density 

measurements acquired by MRI at specific tissue depths in the same tissue. Using this type 

of correlation, we can not only investigate how well THz reflectivity correlates with TWC-

based MRI measurements, but also determine at which MRI depths in the tissue these 

correlations are strongest. This analysis addresses the core aims of the study: 1) to 
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investigate TWC-based contrast of THz imaging and 2) determine tissue depths at which 

THz imaging can probe TWC.

D. Normalized Cross-Correlation

Normalized cross-correlation is a method that can be used to compare reflectivity and depth-

dependent relative proton density of images acquired with THz imaging and MRI, 

respectively, by first normalizing these measurements and then calculating the displacement 

of one relative to the other. This is also known as a sliding dot product. Vectors of time 

dependent variables used in the normalized cross-correlation are defined as follows;

N dn = N t1, dn N t2, dn N t3, dn (6)

R THZ = R t1 R t2 R t3 (7)

The cross correlation coefficient of the THz time series with the depth dependent MRI 

relative proton density series is written as the inner product

ρ dn = 〈
N dn − mean N dn

N dn − mean N dn
,

R THz − mean R THz

R THz − mean R THz
〉 (8)

where the mean and magnitude of a vector v  in ℝM is:

mean( v ) = 1
M ∑m = 1

M vm (9)

‖ v ‖2 = ∑m = 1
M vm

2 (10)

The inner product of the two vectors, u  and v , in ℝM is:

〈 u , v 〉 = ∑m = 1
M umvm (11)

The result is a temporal correlation coefficient (p) between THz reflectivity across the burn 

and relative proton density at each MRI burn depth for both a partial thickness and full 

thickness burn wound.
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E. Histological Assessment

A blind histological analysis of burn tissue harvested at 72 h post injury was compared to 

visible imagery to assign burn severity. Histological features in burn wounds are known to 

manifest by 72hr following thermal insult, and therefore this endpoint was used to harvest 

tissue and histologically determine burn severity (i.e. partial thickness and full thickness) 

(Fig. 2). Three regions of the burn wound (i.e. left, center, and right) were harvested, 

transferred to 10% formalin solution, and submitted for histopathological evaluation. All 

tissue samples were sectioned orthogonal to the major axis of the burn and some contained 

an intradermally injected tattoo marker for orientation of the tissue specimen. Six 

histological slices of 5|im thickness were acquired from each tissue block, stained with 

hematoxylin and eosin, and analyzed to determine burn severity. Histology sections included 

both burned and healthy areas, providing a control area consisting of unburned tissue to 

which the burned area was compared. A blind investigation of depth of injury was used to 

confirm that the 130°C and 200°C wound were a partial thickness and full thickness burn, 

respectively. Complete epidermal necrosis, muscle necrosis, collagen discoloration, and 

occluded vessels were used to characterize a full thickness wound. In regards to depth of 

injury, these histological features extend into the dermis and subcutaneous layer. In contrast, 

patent vessels as well as intact skin and muscle tissue that did not exhibit signs of cellular 

damage were used to classify a partial thickness wound [10].

III. Results

Parallel THz and MRI time-series imagery of a partial thickness bum and full thickness bum 

induced in the abdominal skin of anesthetized rats were acquired over a 5hr period (Fig. 3). 

This time window was selected based on previous observations of apparent morphological 

changes in the FOV and motivated by the evolution of the wound response following acute 

injury [39]. During THz imaging, burn wounds were imaged under a thin (12 μm) film 

Mylar window to eliminate confounding effects from non-uniform surface contours (Fig. 

3A). Solid red arrows and dotted red arrows in MRI images of Fig. 3B denote the location of 

the burn contact area and resultant edema formation in the dermis, respectively. Visual 

inspection of the time-series MRI images shows the positions of these arrows are not at their 

original position. This shift in position is neither arbitrary nor relevant to tissue swelling, but 

instead due to the difficulty in repositioning the animal after transferring the subject between 

the MRI scanner and THz imager at each time point. Despite the red indicators not being 

spatially registered, the burn contact area and resultant edema are successfully captured in 

the FOV of MRI images for both subjects at all time points.

Temporal profiles of normalized THz reflectivity were generated for the burn contact site in 

each wound model (Fig. 4). In comparison, multiple temporal profiles of mean T2 time and 

relative proton density were generated for specific tissue depths associated with the same 

burn contact region in spatially mapped MRI image sets (Fig. 4).

THz images of the rat abdomen prior to inducing a full thickness and partial thickness burn 

(Fig. 3A) display mostly uniform THz reflectivity across the FOV. Companion mean T2 

times of the epidermis (T2=34±5 ms), dermis (T2=26±7 ms), and hypodermis (T2=57±8 ms) 
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are consistent with previously published in vivo MRI values for skin (t=0 min in Fig. 3B) 

[20], [22].

Following thermal insult (t=90 min), THz reflectivity across the burn region and T2 time and 

relative proton density of burn tissue at tissue depths > 258 μm rise and fall together with a 

biphasic trend. As originally hypothesized, the evolution of THz reflectivity and MRI tissue 

measurements is not identical for each wound severity. For a full thickness wound 

immediately following burn induction, THz imaging captures a drop in THz reflectivity in 

the wound contact area (Fig. 4A–B) while MRI detects an increase in relative proton density 

(i.e. mobile TWC) in the same burn region with respect to uninjured skin (t=0 min). This 

increase in relative proton density is evident across varying depths – between 172 and 688 

μm – in the dermis of the burn tissue (Fig. 4A).

By comparison, a partial thickness wound is characterized by an increase in both THz 

reflectivity and relative proton density in the burn contact area for depths > 258 μm 

immediately following thermal injury (Fig. 4C). These measurements are also greater in 

magnitude than those in a full thickness wound. For example, at a depth of 516 μm, relative 

proton density (Fig. 4C) and T2 time (Fig. 4D) for the same region of a partial thickness 

wound at t=90 min compared to that of uninjured skin are 3.6% and 7% greater, respectively. 

The corresponding THz reflectivity for a partial thickness burn is calculated to be 7% greater 

than that of uninjured skin. In contrast, reflectivity and MRI differences between burn tissue 

and uninjured tissue are not as substantial in a full thickness wound at t=90 min. MRI and 

THz parameters associated with the burn contact area both peak at t=210 min and visibly 

decline at t=270 min in each of the two burn severity models. For a depth of 516 μm at 

t=210 min the THz reflectivity, T2 time, and relative proton density of a partial thickness 

wound are 20%, 45%, and 7% greater, respectively, than values in uninjured tissue. In 

contrast, all mean THz and MRI measurements at their temporal peak for a full thickness 

wound are lower in magnitude; for the corresponding dermal depth at 210 min the THz 

reflectivity, T2 time, and relative proton density are 1%, 15% and 5% greater, respectively, in 

a full thickness wound compared to uninjured skin. Finally, a concurrent decline in mean 

THz reflectivity, T2 time, and relative proton density becomes visible in both burn types by 

t=270 min (Fig. 4).

IV. Discussion

Because edema is a generic component of the tissue injury response, it has become an 

important diagnostic indicator of tissue viability. In the past, edema could not be used as a 

diagnostic target, because the extent and distribution of cellular edema was difficult to 

qualitatively or quantitatively assess under the microscope; even with increases as large as 

100% in cell volume, the cellular diameter increases by only 26% [40].

Although electron microscopy may reveal the presence of edema features including 

membrane blebbing, detachment of actin filaments, and swelling of the endoplasmic 

reticulum, this technique is not suitable for assessing the regional extent and distribution of 

edema, especially in patients. In vivo imaging methods, such as MRI, have augmented this 

but are still financially and practically incompatible with a range of edema-related 
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applications. Moreover, the lengthy acquisition times required to obtain an image render 

these technologies unsuitable for detecting or monitoring the acute, and often rapidly 

developing onset of edema. Early visualization of fluid shifts, therefore, specifically calls for 

TWC imaging capabilities on the order of minutes for a FoV that spans the injured area.

Rapid THz imaging systems have previously been used to generate pathology-specific 

contrast in burn wounds, cancer tissue, and cornea in vivo [8], [10], [15], [17], [35], [37], 

[38]. Although novel, these results, do not I) confirm mobile TWC (i.e. edema) as the 

dominant contrast mechanism of THz imaging or II) quantify tissue depths at which THz 

imaging can potentially probe TWC. Such a validation study requires correlating THz 

imaging to a modality that not only relies on TWC to generate image contrast, but also one 

that affords cross-sectional images of tissue in the depth dimension. MRI is a method for 

both evaluating and spatially localizing TWC in vivo. Specifically, T2w MRI furnishes 

depth-dependent parameters – T2 relaxation times and relative proton density – that are both 

sensitive to the amount and the physical state of TWC [41]; an increase in T2 time and 

proton density is directly correlated with greater TWC [42]. Burns are characterized by 

massive shifts in TWC (i.e. edema), and, therefore, serve as an appropriate injury model to 

investigate TWC-based THz imaging contrast. By comparing THz imaging to T2W MRI, we 

demonstrate that it is possible to use reflective THz imaging to rapidly and non-invasively 

track fluid shifts in an in vivo injury-induced edema model with excellent contrast and 

sensitivity. THz reflectivity measurements of the burn contact area rise and fall with 

companion MRI measurements acquired of the burn tissue region at greater skin depths 

(>258 μm) as a function of time. Moreover, the biphasic pattern and distinct magnitudes of 

these measurements for both burn types agree with burn edema pathogenesis commonly 

observed in partial thickness and full thickness wounds as well as predicted electromagnetic 

behavior of tissue [26].

Immediately following burn induction of a full thickness burn (t=90 min), THz imaging 

captures a drop in THz reflectivity in the wound contact area (Fig. 4A–B) while MRI detects 

an increase in relative proton density (i.e. mobile TWC) and T2 time in the same burn region 

with respect to uninjured skin (t=0 min). This increase in both MRI parameters is evident 

across varying depths – between 172 and 688 μm – in the dermis of the burn tissue (Fig. 

4A). The inconsistency between measurements acquired with both imaging modalities is not 

arbitrary but instead explained by burn pathophysiology and how this tissue response 

markedly varies in the first hour following a full thickness injury: a survey of the literature 

indicates burn edema pathogenesis of a full thickness wound is first characterized by an 

immediate, localized drop in mobile TWC due to a transient cessation of vascular perfusion 

[25], [26]. This response is only on the order of minutes. With respect to THz-tissue 

behavior, stratified media modeling of skin predicts that the THz reflectivity of a tissue 

system imaged at our center operating frequency (~525 GHz) decreases approximately 

linearly with decreasing TWC [9]. Because THz imaging (~10 min acquisition time) is 

performed before MRI (1 hr acquisition time), this immediate decrease in TWC for a full 

thickness burn is observed as a decrease in THz reflectivity; Following this initial, transient 

drop in TWC, a full thickness wound is known to be characterized by a subsequent increase 

in TWC [26]. Because an MRI image takes approximately an hour to acquire, TWC 

captured in these images correspond to the second phase of the full thickness burn edema 
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response: the increase in TW C is reflected by a greater T 2 relaxation time and relative 

proton density at t=90 min with respect to the pre-burn values. After t=90, THz reflectivity 

trends mirror those observed in companion T2 times and proton density measurements at 

greater skin depths (>258 μm); both modalities visualize the same phase of the burn edema 

response, and therefore identical TWC. Because both THz and MRI measurements did not 

visualize the same TWC content at t=90 min, this time point was excluded in the normalized 

cross-correlation of the full thickness burn.

As expected, THz and MRI measurements for a partial thickness burn at t=90 min both 

increase with respect to uninjured skin because this wound type is not known to be 

characterized by an immediate, transient drop in TWC; a partial thickness burn wound is 

characterized by immediate and greater mobile TWC (i.e. pronounced arteriolar 

vasodilation), and, therefore, its THz and MRI imagery is expected to show greater THz 

reflectivity and relative proton density from the time of burn induction [25], [26].

The immediate change in reflectivity between uninjured tissue and injured tissue differs 

from that reported in previous studies, likely due to 1) the heterogeneity in TWC between 

uninjured subjects and 2) the type of burn induction technique used [15], [35]. While some 

THz burn studies use a scald burn method, our group induced a contact burn wound using a 

heated brand in rat skin [10], [37]; exposing the prepared skin to a heated brand causes 

immediate tissue coagulation, with a clear demarcation between viable and necrotic tissue 

[43]. This layer of necrotic tissue is similar to a dry eschar, which appears to block the heat 

conduction to the deep vascular plexus, thus resulting in small, while still observable 

perturbations in TWC and THz reflectivity [43]. In a scald burn, there is no necrotic layer 

which can function as a barrier to stop conduction. Therefore, the deep vascular plexus is 

damaged, resulting in large TWC perturbations, and, therefore, large changes in reflectivity 

between uninured and injured tissue [43]. Burn severity using a scald technique, however, is 

less controlled [44].

While both MRI and THz data peak at t=210 min for both burn models (Fig. 4), peak values 

observed in the partial thickness wound are greater than those of a full thickness wound. 

These findings agree with well-established reports of peak edema being greater in partial 

thickness burns than in full thickness burns due to a marked decrease in dermal perfusion as 

burn depth increases [24], [26]. The difference in the quantity of edema formation between a 

partial thickness and full thickness burn is based on the local capillary and interstitial 

changes as well as the general status of the vascular space [45]–[49]. Most of the vasculature 

and lymphatics are located in the dermis layer [50]–[53]. In a full thickness burn, which 

affects all the skin layers, the dermal lymphatics are destroyed, impairing the transport of 

fluid to the burn site. This effect results in decreased blood volume and blood flow to the 

burn tissue, which, in turn, results in less edema compared to a partial thickness burn (i.e. 

TWC) [25], [26], [54]. Conversely, partial thickness burns only involve the epidermis and 

some layers of the dermis, and, as a result, the underlying vasculature is les damaged 

compared to a full thickness wound. This result leads to better vascular perfusion, and 

therefore more edema (i.e. TWC) in partial thickness burns [25], [54]. As shown by Fig. 4, 

the partial thickness burn tissue is characterized by higher total water content, that is proton 

density sensitive [42]. A coincident increase in water binding capacity, that is T2 sensitive, 
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results in greater magnitudes for T2 time in the partial thickness wound. As expected, THz 

reflectivity of a tissue system of higher TWC (i.e. a partial thickness burn) is greater than 

that of a tissue system of lower TWC (i.e. a full thickness burn). Deeper layers of partial 

thickness wounds are also known to have increased edema, which is reflected by the higher 

mean relative proton densities that characterize MR measurements at greater depths (Fig. 

4C) [26]. The concurrent decline in THz and MRI parameters in both burn severities by 

t=270 min (Fig. 4) is consistent with the start of the final resorption phase of the edema 

response [25].

In both burn models, THz reflectivity of burn tissue correlates with parallel measurements of 

depth-dependent relative proton density as a function of time (Fig. 5). The most important 

result is that the correlation between THz and MRI measurements is strong for depths 

greater than ~300 μm; layers of the dermis (300–600 μm) are known to experience the 

greatest changes in TWC following injury [26], [54]. Specifically, strong positive 

correlations are evident at greater depths in the dermal tissue: at 688 μm, temporal 

coefficients (p) computed with normalized cross-correlation are as high as 0.97 and 0.86 for 

a full and a partial thickness wound, respectively. Depth-dependent variation in p is also 

correlated between the wound severities. These results suggest that mobile TWC strongly 

contributes to the observed THz imaging contrast, and that THz imaging tracks movement of 

water at dermal tissue depths that are relevant to edema assessment [24]–[27], [55].

THz reflectivity and companion TWC measurements of the upper dermis (at 86 μm and 172 

μm) are anti-correlated. These depths, however, correspond to skin layers and tissue 

interfaces (i.e. the dermoepidermal junction) that are not known to contribute to the edema 

response, and, therefore, are less clinically significant and only of scientific interest. [22]. 

Because MRI signal varies markedly at tissue boundaries, anti-correlations at these depths 

may be due to system-related constraints and not pathophysiology. Conversely, changes in 

signal may also be due, in part, to wave interference effects. Further THz electromagnetic 

modeling work is currently being performed to explore the potential thin film-like properties 

of these tissue layers. Similar to stratified media modeling previously published on the 

cornea, a detailed, layer-by-layer, model of burn tissue is required [9]. Many groups have 

published on the accuracy of using the double Debye model as a baseline and perturbing the 

relaxation time until the fit converges with the observed spectra [9], [56]–[59]. Our group 

proposes to use effective media theory to compute tissue dielectric properties through the 

use of the estimated fill factor of water to tissue. When the tissue water content is changed 

by thermal insult and the subsequent physiologic response, the fill factor can be modified to 

compute the effective dielectric function at the tissue hydration of interest. This 

methodology models what is thought to occur in burn wounds and serves as a good starting 

point when performing system design calculations for expected reflectivity, sensitivity, etc. 

To illustrate the variability of the skin electromagnetic properties, two candidate variation 

types will be explored: 1) localized TWC perturbation, where the edema occurs primarily at 

the epidermis/dermis interface; and 2) global variation with fixed surface hydration where 

the edema penetrates all the skin layers but the top surface remains intact.

From a technological standpoint, the TWC shifts that we observed with THz and MR 

imaging are the first to be imaged in vivo for both modalities. Furthermore, a comparative 
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analysis shows that THz imaging can offer rapid measurements on TWC for potential edema 

assessment and provide these measurements earlier than existing clinical and research 

techniques (Table 1). The time frame of edema assessment includes 1) the time when the 

technique can be implemented and 2) the acquisition time. Contributions from both 

measurements are of clinical importance for early and rapid detection of fluid shits 

following cutaneous injury.

Although a clinician’s assessment typically requires the least amount of time to perform, the 

clinical manifestations of edema occur secondarily to the subcutaneous accumulation of 

edematous fluid and adipose tissue; visual assessment of edema is delayed by a few hours 

because fluid build-up -perceived clinically as an increase in tissue volume - is only visually 

apparent after tissue volume has doubled [60]. Water displacement methods, during which 

the affected area is submerged in a cylinder filled to a known level of water and the amount 

of water displaced by the tissue measured, are very time-consuming; two successive 

measurements require ~ 20–30 min, while the setup alone involves an additional 30 min [4]. 

This technique, therefore, is not suitable for measurement of TWC of patients in the 

immediate postoperative period. In comparison, histochemical evaluation of tissue biopsy 

samples can take on the order of days due to the preparation and processing times [61].

Among the techniques listed in Table 1, only THz and MRI imaging can be used 

immediately following injury. Although a powerful tool, MRI of the skin, at present, 

functions mainly as a research technique. The clinical utility of MRI for diagnosis of burn 

wounds or tissue viability based on resultant edema remains unknown, largely due to 

patient-related factors, including delays in self reporting, and technological constraints.; 

slow data acquisition times, cost, and limited access essentially preclude the use of MRI for 

the detection of processes such as acute inflammation or edema. For example, a T2w MRI 

image measuring 44 mm × 11 mm requires ~40–60 min to acquire, while our THz imaging 

system acquires a larger FOV (60 mm × 60 mm) in ~10 min using limited rectilinear 

scanning speed. Further, improved beam scanning designs and automation techniques will 

allow image acquisition time limited only by SNR. Currently our pixel acquisition time is 10 

ms/pixel. We anticipate an acquisition lower limit of 60 mm × 60 mm / 0.5 mm / 0.5 mm × 

10 ms/pixel = 144 seconds with no degradation in per pixel SNR.

Although the spatial resolution of THz images is generally inferior to that of images 

generated by high-field animal MRI, the transverse resolution is on par with MRI systems. 

Furthermore, the high contrast and speed (with respect to T2W MRI) of THz imaging, 

combined with sensing capabilities that correlate with those of TWC-based MRI, suggest 

that THz imaging may surpass MRI in early TWC assessment. Future efforts should 

facilitate the translation of THz technology for clinical use through improvements in 

imaging speed and optical architectures. These advancements may enable both timely and 

informed THz mapping of tissue edema and the extent of fluid extravasation into tissues in 

patients sustaining severe burn injuries, trauma, or other medical conditions leading to fluid 

shifts [64].
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V. Conclusions

Edema, the build-up of fluid in tissue, is often an underlying cause of infection and 

morbidity. Quantifying and visualizing edema, however, remains a clinical challenge. We 

show that it is possible to non-invasively and rapidly detect fluid shifts in burn-induced 

edema models using reflective terahertz (THz) imaging. THz imaging of a partial thickness 

and full thickness burn wound induced in an in vivo rat model was correlated with 

companion T2-weighted magnetic resonance imaging (MRI), which relies on tissue water 

content (TWC) to generate contrast and offers TWC measurements in the depth dimension. 

This study was the first in vivo correlative assessment to investigate TWC-based contrast 

mechanisms and the probing depth of THz imaging. Normalized cross-correlation was used 

to compare THz reflectivity across the burn contact area with proton density measurements 

performed along the same region as a function of depth in the tissue for spatially mapped, 

transverse MRI imagery. Proton density measurements associated with greater burn depths 

in MRI imaging more strongly correlated with reflectivity of the burn region in THz 

imaging. For both a partial thickness and full thickness wound, the time course and 

magnitude of THz reflectivity and MRI measurements reflected known trends observed in 

burn edema pathogenesis. These combined results suggest THz imaging could enable earlier 

tissue viability assessment and treatment in patients sustaining severe burns, trauma, or other 

conditions leading to profound tissue edema.
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Figure 1: 
Spatial dimensions and segmentation of (a) a THz image and (b) its companion MRI image 

for a full thickness burn at t=90 min. Both THz and MRI images are 2-dimensional. While 

THz images provide reflectivity measurements in the x and y dimensions, MRI images 

furnish TWC information in the x and depth (d) dimension. In the T2w MRI scans, layers of 

the skin are clearly delineated where the outer bright thin line (red cursor) corresponds to the 

epidermis. The dermis (red solid rectangle) appears as a dark layer, while the hypodermis 

(red dotted rectangle) is bright. Dotted white rectangles denote the location of the burn 

contact region, which are magnified to show the burn segmentation methods used. For all 

time-series THz images, mean reflectivity is calculated for a single contour drawn along the 

x-dimension of the burn contact area. R(tm) represents the mean reflectivity at time tm along 

length x of the contour. Mean relative proton density is calculated for multiple contours 

drawn along the x-dimension of the burn contact region at incrementally increasing depths 

(d„) in the companion MRI image. N(tm, dn) represents the mean relative proton density at 

time tm and depth dn along length x of the contour. This analysis represents a one-to-

multiple relationship between THz and MRI data, respectively: At every time point, mean 

reflectivity across the burn region is compared to mean relative proton density for multiple 

depths of the burn tissue.
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Figure 2: 
Histological assessment of burn wound severity. Representative 2X hematoxylin and eosin 

(H&E) staining of a full thickness wound (A) and a partial thickness wound (B) 72 h post 

burn induction. Coagulation and red brick myocardial necrosis in the dermis and 

subcutaneous layers are used to classify (A) as full thickness. An intradermal fiducial marker 

(solid yellow arrow) is clearly visible. Scale bar, 800 μm. Revascularization of tissue as well 

as intact subcutaneous and muscle layers are used to confirm (B) as partial thickness. Scale 
bar, 600 μm.
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Figure 3: 
Concomitant THz and MRI time-series imagery of burn wounds in vivo. (A) 2D THz and 

visible imagery of a rectangular partial thickness and full thickness wound prior to and 

following burn induction (t=90 min) in rat abdominal skin in vivo. THz image sets are 

displayed in a standard false color map where black-red-yellow-white denotes increasing 

normalized THz reflectivity. Yellow asterisks in the abdominal skin of visible images at t=0 

min indicate intradermal fiducial tattoos. Blue scale bars, 5 mm. (B) Companion MRI 

imagery includes 2D transverse T2w MRI scans and T2-mapping. All MRI slices spatially 

map to white linear contours, indicated by solid white horizontal lines, shown in their 

respective THz and visible imagery. MRI images are displayed in a gray-scale color map 

where black-grey-white indicates increasing intensity and T2 time for T2w and T2-mapping 

images, respectively. At t=0 min in the T2w MRI scans, layers of the skin are clearly 

delineated where the outer bright thin line (red cursor) corresponds to the epidermis. The 

dermis (red solid rectangle) appears as a dark layer, while the hypodermis (red dotted 

rectangle) is bright. White horizontal scale bars, 1.9 mm. Localization of the burn and fluid 

ingress are demarcated by solid and dashed arrows, respectively. For both a, and b, “x,” “y,” 

and “d” in the axes denote the horizontal, vertical, and depth dimensions, respectively, of a 

rat imaged in supine position for the THz and visible images and in prone position for 

parallel MRI imagery. By t=210 and 270 min, MRI and THz signal, both of which appear 

brighter in a partial thickness wound, become spatially organized within the burn contact 

area of each wound.
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Figure 4: 
Temporal plots of THz and depth-dependent MRI parameters. Plots comparing mean relative 

proton densities (i.e. mobile TWC or edema) and mean T2 relaxation times at varying skin 

depths with normalized THz reflectivity as a function of time for a full thickness wound (A, 

B) and a partial thickness wound (C, D). Burns are induced at t=90 min. Normalized THz 

reflectivity is calculated from white horizontal line segments delineated in Fig. 1a. Mean 

MRI values are generated for similar contours that segment the same burn region at specific 

depths in the tissue (see Methods). All multi-colored depth traces correspond to the left axis 

of the y-y plots, while the red traces correspond to the right axis. Error bars, ± 1 standard 

deviation. THz reflectivity grows and declines in parallel with MRI measurements at greater 

depths (> 258 μm), and their biphasic pattern is consistent with fluid shifts previously 

reported for burn edema pathogenesis. As predicted, partial thickness wounds, which 

experience more dermal perfusion, reveal THz reflectivity and MRI values of greater 

magnitude compared to those of a full thickness wound.
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Figure 5: 
Temporal correlations of THz and MRI as a function of depth. Temporal normalized cross-

correlation coefficients were computed from THz reflectivity profiles and relative proton 

density profiles, which vary with depth, for both a partial thickness (pink) and full thickness 

(red) wound. THz reflectivity and MRI measurements of a full thickness wound at t=90 min 

was excluded. The horizontal axis corresponds to the variable dn in the Methods section. The 

vertical axis corresponds to p(dn) in equation 6 of the Methods section. The most important 

result is that temporal correlations between THz and MRI imaging performed at greater 

depths (>258 μm) result in large, positive coefficients (p).It is within these deeper tissue 

layers of skin, specifically the dermis, that most changes in TWC following injury occur. 

Surface layers of the dermis display strongly negative behavior. The crossover point at ~ 258 

μm is just beyond the dermoepidermal junction. The depth-dependent variation in the 

temporal correlation coefficients is also correlated between the wound severities. Results 

from both wound models suggest that mobile TWC strongly contributes to the overall 

observed THz contrast and that THz imaging tracks water movement at depths in tissue that 

may be useful for edema assessment.
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