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Abstract: Terahertz instrumentation has improved significantly in recent years such that THz imaging

systems have become more affordable and easier to use. THz systems can now be operated by non-THz

experts greatly facilitating research into many potential applications. Due to the non-ionising nature of THz

light and its high sensitivity to soft tissues, there is an increasing interest in biomedical applications including

both in vive and ex vivo studies. Additionally, research continues into understanding the origin of contrast

and how to interpret terahertz biomedical images. This short review highlights some of the recent work in

these areas and suggests some future research directions.
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Introduction

Terahertz (THz) light (Tera =10, 1 THz =1x10" Hz) is
a million times lower frequency than X rays and is non-
ionising. Therefore, it would be safe and desirable to
use THz light for medical imaging for both screening
and diagnostic purposes if the technology could be
developed appropriately. THz light is strongly absorbed by
intermolecular bonds e.g., hydrogen bonds present in water
and N-H bonds present in proteins. This means it is very
sensitive to subtle changes such as increased water content
or blood flow which could be due to the presence of disease.
THz light is also able to probe the molecular structure
of chemicals and resolve thin layers of materials e.g.,
pharmaceutical tablet coatings and the stratum corneum
of the skin (in certain locations). In this review, we update
our previous overviews from 2012 (1) and 2014 (2), and
summarise recent findings relevant to advancing the usage
of THz imaging for medical applications. In Section 2 we
summarise advances in THz biomedical understanding,
including work on both the origin of contrast and in tissue
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modelling. Sections 3 and 4 discuss new findings from
in vivo and ex vivo studies respectively and in Section 5 we
highlight some areas of interest for future study.

New advances in THz biomedical understanding
Origin of contrast

Early studies of the origin of contrast between healthy and
diseased tissue in the THz region focused on changes in
water content (1,3-5). However, water content differences
are not only limited to differences between healthy
and diseased tissues; it is often seen that fat and muscle
tissue have different THz optical properties, a difference
that is dominated by their different water contents (6).
Additionally, a recent study of bacteria found in infectious
diseases observed significant differences in the THz
spectrum of these cells, which was attributed to small
changes in water content (7). However, the likelihood that
water content variation is not the only cause of contrast has
been highlighted in numerous studies (8-10). For example,
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in 2010 Sy et al. showed that water does not exclusively
cause the differences observed in the refractive index
and absorption coefficient between healthy and cirrhotic
liver tissues, but that structural changes in the cells were
responsible in part for the changes in the THz optical
properties (9).

In addition to structural changes, it is also likely that the
molecular changes between diseased and healthy tissues
could affect the THz response. A recent study involving
methylated DNA, an aberrant DNA type found in early
stage cancers, found it has a distinctive molecular resonance
at 1.67 THz. By quantifying the THz spectral amplitudes
at 1.67 THz, the degree of DNA methylation is ascertained
and these results matched the gold-standard commercial
enzyme-linked immunosorbent assay (ELISA) like reaction
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Figure 1 Demonstrating the hysteresis effect due to slow freeze/
thaw cycles in porcine tissue. (A) Optical images of the fresh
porcine muscle and fat samples; (B) absorption coefficient vs
refractive index for fresh, frozen and thawed porcine muscle

samples. Adapted with permission from (6).
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method well, and noting greater precision when using
THz (11).

Given the observed effects of both water content and
structure on the THz optical properties of tissues, the
chosen preservation technique and the corresponding
effects on both the water content and structure should be
carefully considered. Our group has recently reported that
slow-freezing a tissue (as opposed to snap-freezing) causes
damage to the structure of biological samples which have
high water content (such as muscle). This was evident in
the hysteresis effect observed in the optical properties of
the fresh and thawed porcine samples (shown in Figure 14)
when the slow-freezing technique was used (6). The
hysteresis in the data is highlighted in Figure 1B.

Consequently, a way to preserve the water content of
fresh tissue could be useful. In this respect, we investigated
the advantages of gelatin embedding freshly excised samples.
Figure 24 shows a photograph of porcine skin embedded
in gelatin. The cross sectional diagram in Figure 2B
shows how the sample reflectivity is measured in this set up.
Gelatin embedding preserved bio samples from dehydration
and retained structural integrity for at least 35 hours (12)
whereas storing the sample in a petri dish on gauze caused a
10% reduction in the measured absorption coefficient after
only 2 hours.

Tissue modelling

Effective media approximations (EMAs) have been widely
used to estimate the permittivity of biological tissues. Given
the permittivity of the sample and the dehydrated tissue,
also called the biological background, the volume fraction

Topas plate
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Figure 2 Instead of freezing tissue or removing water content, gelatin embedding presents an alternative way to preserve tissue for terahertz

imaging studies. (A) Photograph of gelatin embedded porcine skin; (B) schematic cross-section of the THz measurement of a gelatin

embedded sample. Adapted with permission from (12).
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Figure 3 Diabetic foot measurement studies using THz. (A) Photograph of the measurement set-up. THz images plotting the calculated

water volume for (B) a control and (C) a diabetic patient. (D) Calculated water volume for control and diabetic patients using data from the

centre of the big toe. Adapted with permission from (22).

of water in the sample can be estimated. The Bruggeman
model (13) combined with the double Debye model (14,15)
and stratified media theory can be used to calculate the
reflectivity of samples resembling multi-layer structures (16).
This approach has been used successfully iz vivo on both rat
skin (17) and rabbit cornea (18-20). The Bruggeman model
is also used to estimate the safety thresholds in the THz
range of skin and cornea (21). As well as the Bruggeman
model, the Landau-Lifshitz-Looyenga EMA has been used
to estimate the THz permittivity of human skin (22). For all
EMAs, the accuracy of the underlying material permittivity
is crucial. Researchers have used dehydrated tissue to
estimate the biological background (16,22), and Debye
theory and finite difference time domain (FDTD) methods
have been used to model the THz response of breast (23)
and skin (24) tissue.

The applicability of THz tissue modelling in a diagnostic
context has been recently demonstrated in the screening
of diabetic foot syndrome (22). Diabetic foot syndrome
causes dehydration of the foot skin, increasing the risk of
developing severe ulcers which can eventually necessitate
amputation if not treated. A photo of the set up for this
in vivo study is given in Figure 34, along with the resulting
THz images (Figure 3B,3C) and classification via water
content. Accurate skin modelling allowed the water fraction
of the foot skin to be estimated, and a remarkable difference
was noted between the diabetic and control groups,
particularly in the toe region as plotted in Figure 3D.
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Although there is still some overlap between diabetic and
control group, researchers are planning a wider and more
rigorous clinical trial.

The THz properties of skin are known to vary widely
between different locations on the body, resulting from
both different hydration levels and structural properties
such as stratum corneum thickness (4). In extracting these
accurate values for different regions, Zaytsev et al. proposed
a highly accurate algorithm, considering errors from both
imaging window aberrations and digital noise (25). Thus,
any technique to measure skin hydration level such as the
diabetic foot syndrome study presented earlier (22) needs
to be carefully calibrated. This is further complicated by
the variability in skin hydration between different patients
and, if an imaging plate is used, the occlusion properties of
the skin.

The strong attenuation of biological tissue necessitates
the use of reflection geometry for THz in vivo spectroscopy
and imaging. In this context, image registration and
measurement repeatability are aided by asking subjects
to place the region of interest onto an imaging window
(normally made of a low absorption material such as
crystalline quartz). However, this window occludes the
skin during the measurements, consequently increasing
the water concentration in the skin and changing the THz
optical properties (26). The decay of the THz signal during
the 20 minutes of occlusion was found to be significant,
particularly in the first three minutes. Furthermore, the
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Figure 4 Corneal THz reflectivity maps for two rabbit subjects, with the central corneal thickness (CCT) measurement range in millimetres

and corresponding Corneal Tissue Water Content (CTWC) given in percent, supplied from ultrasound measurements. Time increases,

from left to right and top to bottom for each image series. The dotted circles overlaid on the top left cornea of each image denote the

ultrasound probe location.

occlusion leads to a gradient across the acquired image due
to the raster scan induced time differences between the
first and last point measured. Sun ez 4/. were able to model
this amplitude decay using a bi-exponential function (26)
and subsequently retrieve the un-occluded image, thereby
removing a systematic error from the measurement.

In vivo imaging and spectroscopy

Several studies using iz vivo THz imaging have essentially
been based upon mapping changes in water content. Taylor
et al. first demonstrated THz imaging of cornea of rabbits
in vivo using a THz reflection system with central frequency
at 0.1 and 0.525 THz respectively. Their experimental
results showed that THz imaging could measure the
water content in the cornea iz vivo and that the change
on the corneal tissue water content (CTWQC) distribution
does not necessarily correlate with the corneal central
thickness (CCT) (19,20,27). As illustrated in Figure 4,
the THz reflectivity varies across the cornea, and in the
rabbit measurements shown in Figure 44 the reflectivity
changes the most in regions where the ultrasound probe is
not measuring the CCT, suggesting that the CCT will not
always be a good measurement of the CTWC. The same
group also imaged the fluid shifts caused by burn-induced
edemas, comparing the THz results with T2-weighted MRI
results (28,29). The THz reflectivity results displayed a high
correlation with the MRI results for both partal thickness
and full thickness burns; in fact, for partial thickness
burns the THz reflectivity demonstrated a greater change
and contrast in comparison with the MRI results. The
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quantitative method for evaluating the extent of the edema
demonstrated in this study suggests that THz spectroscopy
could be a powerful diagnostic tool for monitoring burn
healing.

Scar healing can also be detected and observed using THz
in vivo imaging, even when the scars are barely visible by
eye. In recent work by the MacPherson group (30), there is
clear contrast between the refractive index of the scars and
the surrounding skin on four subjects. The healing process
of a hypertrophic scar during 6 months post injury is also
monitored: whilst contrast in the absorption coefficient
decreases with time, the contrast of the refractive index
remains significant, as highlighted in Figure 5. This work
shows the potential of THz to quantitatively measure subtle
changes in skin properties noninvasively.

Skin flaps are an important tool for reconstructive
surgery: a skin flap is a mass of tissue used for grafting that
normally retains its own blood supply during transfer to
another site. A recent pilot study using THz spectroscopy
shows promise for early assessment (24 hours) of skin flap
viability (31). Researchers compare the visible and reflective
THz images from 3 bipedicle flaps (flaps which retain a
blood supply) and 3 fully excised flaps from rats for seven
days post-operation. THz images illustrated the local
differences in tissue water content as early as 24 hours post
operation whereas visual images required 48 hours before
the differences became evident. This is because necrotic
excised flaps hold less water in the skin and THz imaging is
very sensitive to changes in water content. THz reflection
spectroscopy may offer an objective method to evaluate the
viability of the tissue flaps instead of the current standard
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Figure 5 (A) Absorption coefficient, (B) refractive index and (C) visual image of a hypertrophic scar six months post-injury. The refractive

index image continues to show significant differences between normal and scarred tissue, which may be indicative of some realignment of

collagen fibres in the scarred tissue. Adapted with permission from (30).

which strongly depends on surgeon skill.

Skin melanoma presents itself as a dysplastic nevus
(abnormal mole) and survival of this form of cancer depends
on early detection. In a recent series of studies Zaytsev et al.
measured dysplastic and non-dysplastic skin nevi from four
patients using iz vivo THz pulsed spectroscopy and the
results show that there are clear differences in the Cole-
Cole diagrams of dysplastic and non-dysplastic skin nevi
(32-34). These studies demonstrate the importance of
investigating different ways to visualize the THz optical
properties; in this case the imaginary part of the dielectric
permittivity had less obvious differences between dysplastic
and no-dysplastic nevi than the real part.

Finally, since ex vivo studies of glucose levels in blood
(35,36) have shown some promise there has been a move
towards developing in vivo biosensors for glucose. THz
attenuated total reflection (ATR) spectroscopy has shown
potential to noninvasively monitor blood glucose levels
in vivo (37). By monitoring the reflected THz signals
from the palms of six healthy subjects a possible
correlation between the ATR amplitude and blood glucose
concentration was observed. Millimeter wave measurements
of rat blood glucose levels in vivo have also shown promise
in monitoring sugar levels (38) but it remains clear that
more work is needed to fully understand the observations.
However, in vivo, non-invasive monitoring of glucose levels
using THz technologies may be possible.

Ex vivo imaging

Ex vivo studies also hold importance particularly for
understanding contrast mechanisms and comparing to gold
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standards such as histology. Early research by Fitzgerald
et al. (8) has shown that THz light can differentiate ex vivo
cancerous breast tissue from the surrounding healthy
background. The origin of contrast between diseased and
healthy tissue could be different water contents as well as
the difference in the cell densities. More recently, in 2015,
Bowman er 4. (39) have investigated the contrast issue
by imaging dehydrated breast cancer slides. The samples
were formalin fixed, paraffin embedded infiltrating ductal
carcinoma (IDC) cut into 10, 20 and 30 pm slides. The
reflected amplitude at 1.5 THz was greater for the regions
with IDC compared to both the fatty and fibrous parts,
see Figure 6. Low-power pathology photos like Figure 64
reveal that the cell density in IDC regions is generally
greater which may be the cause of the greater reflection
(red areas) in the THz images (Figure 6B,6C). The same
group also compared using a transmission setup with
reflection geometry in the characterization of breast cancer
slides (40). They reported that in a transmission setup,
the extraction of THz parameters is less sensitive to phase
variation, so the calculation results are more robust whereas
in the reflection setup, obtaining an accurate measure of
absorption coefficient of fatty tissue is difficult because it is
very sensitive to phase error and the flatness of the imaging
window. However, reflection mode is more favourable for
measuring samples with high absorption, which is true of
many tissues, both excised and iz vive, due to the high water
content.

Similar to the work outlined above, Wahaia et al. (41)
report a comparison of transmission images and reflection
images, this time focusing on 2 mm thickness paraffin
embedded carcinoma-affected colon tissues. The mean
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Figure 6 (A) Histology image and high-resolution THz images at 1.5 THz for regions I (B) and II (C). The reflected THz amplitudes for

the IDC regions are clearly higher than for the surrounding fatty and fibrous parts.

THz absorption coefficient reported for the colon tumor
is 23% greater than the control but is unfortunately still
not statistically significant. Since the sample is relatively
thick and non-homogenous, the accurate extraction of
THz parameters may be challenging, possibly necessitating
the further development of THz modalities such as THz
ellipsometry.

Oral cancer is easy to be ignored by both doctors
and patients because of its typical ulcerous appearance,
which leads to many patients missing their optimal
treatment timing. The most common diagnostic measure
is pathohistological biopsy, but this is a time-consuming
examination with a dimensional limitation and must be
observed from the perpendicular plane without horizontal
bio-information. Thus, a better method which can obtain
more diagnostic information should be developed for oral
cancer detection, particularly early stage. In 2013 Sim ez al.
(42,43) imaged seven freshly excised oral cancer tissues and
an oral malignant melanoma tissue using THz radiation at
both 20 and -20 °C. THz imaging of both types of frozen
tissues had greater sensitivity in the cancerous areas (as
identified by histology) compared to adjacent healthy tissue
and a larger difference in the refractive index and absorption
coefficient between the oral cancer and normal mucosa at
-20 °C was observed. The greater specificity of the frozen
samples was attributed to the removal of water, which links
back to the studies of the origin of contrast mentioned in
Section 2.1, but a dehydrated control is needed to evaluate
this hypothesis.

Research still continues into cancerous tissue and
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other tissues of the body in order to build up a better
understanding of the factors affecting the THz response.
For example, normal gastrointestinal (GI) tract tissues from
rats were recently measured using THz reflection imaging
and spectroscopy ex vivo (25). The distinctively low water
concentration in the stratified squamous epithelia (SSE)
results in a different reflected THz signal and spectrum
when compared to those of other GI tract tissues, again
highlighting the importance of water concentration in THz
contrast.

Finally, coherent imaging based on THz QCL
interferometry has recently emerged, providing an
alternative higher frequency technique to the sources of
either low frequency and high power, or of low power
and broadband nature. A THz QCL source operating at
2.59 THz with the emitted power ranging from ~290 to
730 pW has been shown to discriminate different types of
porcine tissue: epidermis, upper dermis and lower dermis
of skin, muscle and sub-dermal fat, including being able to
discern sub-surface features such as blood vessels that are
not apparent on the optical images (26).

Future challenges

There have been several advances in understanding the
origin of contrast in the past few years, but there is still
somewhat of a gap in the available technology to capture
fast, accurate terahertz images. Two key areas that should
be focused on in the future are imaging speed, and imaging
resolution.

qims.amegroups.com Quant Imaging Med Surg 2017;7(3):345-355
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Imaging speed

Many THz imaging systems currently use raster scanning
to capture the region of interest. In this technique, a single
source and receiver are scanned over a sample, measuring
the terahertz signal at each point sequentially. Consequently,
images take many seconds to acquire, ranging between a
few seconds to a few minutes depending on the required
signal to noise ratio and image resolution. This length of
time for acquisition severely limits iz vivo measurements
in particular, as the sample needs to be kept mechanically
stable for a long time. Furthermore, if occlusion is an
issue as shown earlier (16), the region of interest may give
erroneous data due to the dynamic nature of the sample
and the sequential process of acquisition. One option to
increase imaging speed is to synchronously acquire multiple
pixels at once through the use of an array of emitters
and/or detectors and there have been some significant
improvements presented recently on the development
of efficient microbolometer arrays for detection (44-46).
However, such arrays are not suitable for time-domain
imaging as they have limited ability to capture the spectral
information available, and arrays of time-domain sources
and detectors remain expensive and difficult to fabricate.
Another option therefore is to alter the imaging
paradigm itself, relying on the sparsity of spatial frequencies
in most images to perform compressed sensing (CS). First
demonstrated at THz frequencies in 2008 (47,48) this
technique has since been demonstrated, among others, by
using either random mechanically developed and switched
masks (49), a spinning disk set (50), electrically gated
graphene modulator arrays (51) and by photoexciting
a silicon substrate with an optical pattern (52). The
techniques demonstrated here rely on a binary state for
each pixel, i.e., the pixels are either on and off, in order to
eventually separate the response of each pixel through the
linear combinations recorded in the measurements. If a
true on and off state cannot be achieved, then this results in
a reduced signal-to-noise ratio. With the exception of the
mechanically derived patterns (such as different cards that
can be swapped in and out by hand, or the prefabricated
spinning discs) current demonstrations have suffered from
a relatively low modulation depth [around 50% at the
most (51)]. Recently however, our group has developed
and demonstrated a new modulation paradigm that is
based around modulating a conductive interface at a total
internally reflected (TIR) surface (53,54) (Figure 7). This
technique allows one to modulate a THz pixel close to
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100% using either electrical or optical control (depending
on the nature of the conductive interface), which will
greatly enhance the possible use of CS in THz point source
imaging. Techniques such as this may allow imaging speeds
approaching single second acquisition times to be possible
in the near future.

Immaging resolution

In the far field, the imaging resolution of a THz
measurement is generally limited to the wavelength of
the light, which is of the order of hundreds of microns in
the THz range. Therefore, THz imaging of biological
structures such as individual cells are not possible using
far-field techniques that have been the focus of the
previously mentioned articles. Near-field imaging however,
whereby the evanescent wave is probed, makes it possible
to beat the diffraction limit and achieve sub-wavelength
resolution imaging (55). This has been used to study carrier
concentration in semiconductors, fundamental physics of
metamaterials, and radially polarized beam profiles (56-59).
Using such techniques in a biomedical context will improve
our understanding of cellular composition and may help
further understand the origin of context. Recent near-field
imaging studies of leaves and insects at 1.0422 THz have
achieved a pixel size of 35x35 pm, almost 10 times smaller
than the wavelength of the THz light (60). This is already
approaching the size of human cells, and as near-field
techniques move towards the nanoscale (56) in biomedical
contexts it may become possible to probe the structure of

cells themselves with THz light.

Conclusions

Since our 2012 review (1) there has continued to be
significant progress in developing THz technology for use
in biomedical fields of study. This has been driven in part by
the increased availability and affordability of turn-key THz
systems to research groups around the world. For both
in vivo and ex vivo imaging and spectroscopy, progress has
been made in understanding the origins of contrast and in
methods to improve contrast between healthy and diseased
tissues. In particular, ex vivo techniques have focused on
studying the effects of removing water from tissues to
understand further the role of hydration in the observed
differences between healthy and diseased tissues. These
excised tissue studies can be compared with gold-standard
histology which is a key step in demonstrating the viability
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Figure 7 (A) Schematic of the TIR optical pumping THz modulator (B) TIR signal for different optical pumping powers. In (C) a schematic

of a proposed compressed sensing imaging system based upon this approach is shown. (D,E) show the reflected THz intensity when either

no optical light is incident upon the TIR interface, or when optical light is pumping three of the four quadrants as shown by the dotted lines

and the inset legends (black: light off, red: light on), thereby demonstrating the potential for spatial modulation. Adapted from (53).

of THz technology. Because of its importance in affecting
the THz properties of tissues, removing the water does
generally reduce the differentiation between healthy and
diseased tissue, yet it is possible that dehydrated samples
suffer less from the natural variations in hydration present
between different subjects. In probing such samples, it
may be possible to glean some structural understanding of
diseased and healthy tissue, leading in the long run to both
clinical discoveries and more robust iz vivo measurements.
From the in vivo standpoint, the key bottleneck still
appears to be imaging speed and image registration. As has
been seen with our occlusion studies, a long measurement
time for an area leads to a systematic shift in the measured
THz response, and given the previously reported
dependency on water content this has the potential to
render accurate detection of healthy and diseased tissues
challenging. Furthermore, the slower the measurement the
longer the subject must remain still and in good contact
with the imaging window, which has knock on effects to the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

quality of the image registration as well as exacerbating the
issues of pressure which have not as of yet been carefully
studied in this frequency range. Improvements in THz
imaging speed, and the quest to develop a near-video rate
imaging system for THz spectroscopy will help to dispel
some of these issues, and it is expected that research groups
worldwide will continue to push the limits of imaging
speed. Finally, the wavelength of THz light does impact
the resolution of the images and by extension limits the
minimum size of THz pixels to the high sub-millimeter
range at best (in the far field). It is possible that future
near-field imaging may allow us to both differentiate tissue
margins and also, and perhaps more importantly, further
understand the underlying origins of contrast beyond the
hydration state.
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