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We present biomedical imaging using a single frequency terahertz imaging system based on a low
threshold quantum cascade laser emitting at 3.7 THz (A\=81 wm). With a peak output power of
4 mW, coherent terahertz radiation and detection provide a relatively large dynamic range and high
spatial resolution. We study image contrast based on water/fat content ratios in different tissues.
Terahertz transmission imaging demonstrates a distinct anatomy in a rat brain slice. We also
demonstrate malignant tissue contrast in an image of a mouse liver with developed tumors,
indicating potential use of terahertz imaging for probing cancerous tissues. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2194229]

Since Hu and Nuss showed the first imaging in the fre-
quency range between 0.1 and 2.0 THz,' the development of
terahertz technology has focused on the 0.3—10 THz fre-
quency gap between photonics and electronics and initial
demonstrations have generated tremendous interest in the
fields of sensing and imaging. Although there have been suc-
cesses in demonstrating the feasibility of biochemical sens-
ing using either terahertz time-domain spectroscopy2_4 or
continuous wave (cw) terahertz radiation based on the
photomixing,s’6 its potential for medical applications is only
beginning to be explored. Because of its low interference and
nonionizing characteristics, terehertz imaging is expected to
be a powerful technique for safe, in vivo medical imaging
(e.g., wound healing assessment and cancer progression
tracking) and detailed imaging of soft tissues. A few research
groups have demonstrated pioneering work in this field.>"®
The demonstration of caries and skin cancer detection,g‘10
and comparison of malignant and normal biological tissue
imaging have been reported.“_13

These early successes were made possible using tera-
hertz pulsed imaging (TPI) and cw terahertz imaging. While
time-domain TPI has the advantage of providing a broad
frequency spectrum, it is based on picosecond terahertz
pulses which require an expensive femtosecond laser and
also has problems in generating narrow linewidth spectral
data. By contrast, the cw terahertz imaging technique is more
attractive for coherent detection with higher dynamic range
of the signal to noise ratio due to its higher power spectral
density. However, the current approaches for generation of
cw terahertz radiation have been based on photomixing using
a photoconductive antenna, which very severely limits the
output power to ~1 uW at frequencies above 1 THz. Recent
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technological advances in the area of quantum cascade lasers
(QCLs) have made possible the aﬁplication of QCLs for the
generation of terahertz radiation = over a range of useful
frequencies.lj’16 The potential compact and cost effective
system based on high power QCLs will bring a great advan-
tage in medical imaging over TPI and photomixing technol-
ogy. QCL can also have an additional benefit to use such a
frequency beyond either technique can generate without los-
ing the merit of coherent detection. There are still challenges
for QCLs to reach higher operating temperatures,16 neverthe-
less, milliwatt peak terahertz powers can already be very
useful for medical imaging and other applications. However,
very few grou]i')s have demonstrated biomedical imaging us-
ing QC lasers. !

In this letter, we report biomedical imaging using a tera-
hertz quantum cascade laser operating at 3.7 THz (A
=81 um). We achieved a large dynamic range and high spa-
tial resolution in the transmission imaging mode.

The terahertz quantum cascade laser used in this experi-
ment is based on a bound-to-continuum intersubband transi-
tion design in a GaAs/AlGaAs heterostructure grown by mo-
lecular beam epitaxy. Details of the growth and fabrication
have been published elsewhere.'® The structure consists of
120 periods of active region [widths of 16.5 (2.4), 21.1 (2.7),
10.5 (1.7), 12.7 (1.3), 15.2 (1.), 18.3 (0.7), and 10 (4.2) nm
(Al sGag gsAs layers are in parentheses)], embedded in a
single plasmon waveguide. The laser was mounted on the
cold finger of an open-flow helium cryostat. Specially de-
signed 2 mm thick polypropylene windows were used for the
cryostat, as they exhibit ~90% transmission at the laser
wavelength and work as a hyperboloidal lens. The threshold
current density for the laser is 0.16 kA/cm? and the laser
emission is at a frequency of 3.7 THz (~81 um).

Figure 1 shows the schematic diagram of the terahertz
imaging system in which the laser beam is tightly focused.

© 2006 American Institute of Physics
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FIG. 1. Schematic diagram of terahertz imaging system using a quantum
cascade laser at 3.7 THz.

It consists of four off-axis parabolic mirrors. An off-axis
parabolic mirror (PM1) collects the emission from the
terahertz-QC laser, which is then focused and transmitted
through the polypropylene hyperboloidal window. The laser
beam divergence angle is about 25° and we use a 7.5 cm
diameter off-axis mirror to minimize loss. The collimated
terahertz radiation is then focused by PM2 to the point where
the sample is mounted. The focal length of PM2 is 10 cm.
The sample is mounted on a computer controlled x-y trans-
lational stage and moves in the plane perpendicular to the
optic axis. We designed the sample holder so that it is trans-
parent to the laser beam and tissues can be safely fixed on it.
The terahertz beam transmitted through the sample is colli-
mated again by a PM3 which is then refocused by PM4 onto
a helium cooled germanium bolometer. The focal length of
PM4 is 10 cm. The terahertz-QC laser is operated under
pulse mode at 28 K. A pulse width of 300 ns and a repetition
rate of 1 kHz are chosen after considering the frequency re-
sponse of the Ge bolometer. The peak output power of the
laser is 4 mW, which converts to a pulse energy of about
1.2 nJ.

The fundamental mode of the laser is TM (n=1), al-
though the shape of the terahertz beam is expected to be
elliptical, considering the geometry of the edge emitting
laser Waveguide.18 We evaluated the beam spot size
of our terahertz laser in the sample plane where the beam
is tightly focused using the knife-edge method.”® A sharp
metallic blade was placed in the focal plane and moved
along the x (horizontal) and y (vertical) directions,
perpendicular to its orientation length. The collected
signal was then analyzed using the error function, I(x)
=IO%(1+erf{2x"m[(x—xc)/d]}), where I, is the full beam
intensity, x is the position, x.. is the center of distribution, and
d is the width at half maximum. Assuming the beam intensity
profile follows a Gaussian distribution, spot sizes were deter-
mined at the full width at half maximum of the Gaussian
curves. The best spot size, which determines the image reso-
lution, was 280 um (x) and 340 um (y) in diameter, which
is still larger than the diffraction limited spot size. Another
important factor that influences the image quality is the sig-
nal to noise ratio (SNR). The noise level due to the dark
current of the detector was 1 mV. This gives a dynamic
range of 2000:1, which is 33 dB in our system.

In the following, we demonstrate images of various bio-
logical tissues taken using our terahertz-QC laser system. In
this study, we focus on the transmission image technique,
however, the reflection image modality can give similar or
even better information where water absorption is crucial and
forbids obtaining clear contrast. To examine the capabilities
of our transmission image technique and to achieve a clear
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FIG. 2. Optical (photograph) image (a) and terahertz image (b) of the
sample prepared from freshly cut liver, fat, muscle, and tendon. For the
terahertz image the lowest transmission is indicated by black and highest
transmission by white.

interpretation of the terahertz images, we first made a simple
model of a sample containing different kinds of tissues.
Freshly cut pieces from various different parts (i.e., liver, fat,
muscle, and tendon) of untreated tissue were prepared and
mounted on the sample holder. To ensure the exact same
transmission condition is achieved, these four tissues were
mounted together on the sample holder. This way, the same
sample thickness was obtained by adjusting the separation
between the top and bottom plates of the sample holder. A
thickness of 2 mm was chosen for this study. Figure 2 shows
the resulting terahertz images from these samples and a com-
parison with their optical images (photograph). The sample
sizes were 20X 3 mm? and the image consists of 671 pixels
with a spacing of 300 um between neighboring pixels. The
total scanning time takes 30 min. Although there is a little
fuzziness of each boundary, the four different sections were
clearly distinguished by differences in transmitted power that
come from variations in water and fat content. Liver contains
more fat cells than muscle or tendon tissues, therefore liver
and fat exhibit similar transmission in this measurement.
Muscle and tendon contain higher water content and very
little fat, therefore, exhibit muscle and tendon rather small
transmission and in turn produce a very dark image. The
change of contrast within the same tissue, especially muscle,
is due to the inhomogeneity of the samples, which can be
partly seen in the photograph. The absorption coefficients of
the four different tissues were obtained at a frequency of
3.7 THz from the intensity measurement of the transmitted
power of terahertz radiation. The transmitted power intensity
of terahertz radiation of each tissue was determined from the
average value of 100 data points in this case. Considering the
difference of absorption coefficients between fat tissues (B)
(which is fat+water) and others, quantitative differences in
water content of each tissue were compared. The results are
summarized in Table I. A and B are expected to have similar
water content, and the contrast between B and C comes from
~8% increase of the water content.

Next, we discuss the terahertz images of thin sections of
rat brain and liver. Both rat brain and liver samples were
fixed in formalin and sliced to a thickness of 2 mm. The
samples were not dehydrated in alcohol, but instead air dried
right before terahertz scanning, thus providing natural levels

TABLE 1. Comparison of absorption coefficient differences between fat
tissues (B) and others, and corresponding water content differences.

A (liver) C (muscle) D (tendon)
Aa 0.05 19.15 19.04
Water (%) 0.2 7.8 7.8
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FIG. 3. Optical (white light) image (a) and terahertz image (b) of a brain
slice. The sample size is 12X 10X 2 mm?>. Terahertz image consists of
1394 pixels. For the terahertz images the lowest transmission is indicated by
black and highest transmission by white.

of water content in the structures for terahertz imaging. Fig-
ure 3 shows comparison between optical image (a) and tera-
hertz image (b) of the slice of rat brain. The sample size was
12 X 10 mm? and the terahertz image consists of 1394 pixels
with 300 um spacing between each pixel. The contrast be-
tween inner white matter and outer gray matter is clearly
shown in brain image (b), where the white matter contains
more fat than the outer part, which naturally has higher con-
tents of water and proteins.

In Fig. 4, both healthy liver [(a) and (b)] and metastasis
liver [(c) and (d)] slices were investigated. The sample size
of the healthy liver slice is 10X 8 mm? and the size of the
metastasis liver slice is 12X 7 mm?. The terahertz images
consist of 2091 pixels in (b) and 2196 pixels in (d). Both
images have 200 um spacing between each pixel. The me-
tastasis liver sample for this experiment contains tumors de-
veloped by the research laboratory of the Department of On-
cology. Terahertz image (b) shows an interesting feature in
pathological term. We can observe the blood vessels in the
liver at both optical image (a) and terahertz image (b), but it
seems blood vessels are surrounded by more fatty tissues
than the other area, which is indicated in terahertz images as
white compared with the other area. In addition, terahertz
image (b) is directly compared with image (d) of metastasis
liver. Compared with relatively uniform transmission, which
results in smooth features in the terahertz image of a healthy
liver, terahertz image (d) of the metastasis liver is more com-
plicated. The tumors are fully developed in this liver, which
causes inhomogeneous tissue densities,'"" which the tera-

FIG. 4. Comparison between healthy liver and metastasis liver through tera-
hertz imaging method. The sample size of the healthy liver slice [(a) and (b)]
is 10X 82 mm?3 and 2091 pixels with 200 um spacing in terahertz image
(b). The sample size of the metastasis liver [(c) and (d)] is 12X 7 X2 mm?
and 2196 pixels in terahertz image (d). For the terahertz images the lowest
transmission is indicated by black and highest transmission by white.
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hertz image reflects as severe fluctuation of its transmission
characteristics. In addition, the tumor usually contains more
water and less fat, which is resolved in terahertz imaging as
darker areas. We also found the terahertz image contains
comparable information to the histological sample used in
pathological study. The histology sample is 5 um thick and
obtained under the treatment with chemicals. We did not
fully map the information between the terahertz image and
histological sample in this study, which is under investiga-
tion. However, clear relation between them indicates that
terahertz image contains information in far more depth com-
pared with optical images, and can be explained as a severe
structural deformation and variation of the tissue density due
to the aggressively developed tumors in liver.

In summary, we built a single frequency, 3.7 THz imag-
ing system using a quantum cascade laser. Biological tissues
were studied and a small mammalian brain slice and metasta-
sis liver tissues, were effectively probed and their structural
contrast was derived from differential absorption of terahertz
radiation.
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