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Recently, terahertz wave imaging has been shown to have potential in medical and biological
applications. However, absorption by liquid water in tissues hinders the measurement of thick
samples. In this study, porcine tissue was frozen to temperatures below −33 °C to prevent this
absorption. Consequently, the striated muscle and adipose tissue could be clearly distinguished in
the terahertz time-domain spectra owing to the difference in absorbance values and refractive
indices. We demonstrated two-dimensional map of absorbance and terahertz pulse delay, which
clearly shows the spatial distribution of the tissues. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3106616�

With the development of technology for generating and
detecting terahertz waves, various applications have been
proposed in the past decade. The penetrability and appropri-
ate spatial resolution of terahertz radiation enables perspec-
tive imaging, and the fingerprint spectra in this frequency
region can be used for chemical identification.1 This technol-
ogy has useful applications for imaging in the medical field
since different tissues have different optical properties, such
as absorbance, refractive index, and reflectance.2–6 Several
studies have proposed the use of terahertz-wave imaging for
observing skin burns7 and dental tissue8,9 and detecting skin
cancer,10–13 liver cancer,14–16 and breast tumor.17 However,
the water in the tissues hinders observation by this method.
Water strongly absorbs terahertz radiation �as much as
�300–1000 dB /cm�,2 allowing only a very weak terahertz
transmission signal.6 Only reflection-type imaging tech-
niques succeed in observing tumors in vivo at the surface of
the skin.13

In this study, the sample was frozen and the terahertz
transmission spectra could be measured without absorption
of radiation by liquid water. Sliced porcine tissue �available
commercially as pork loin meat� was used as a sample; the
striated muscle and the adipose tissue were clearly seen as
red and white regions, as shown in Fig. 1. The tissue was cut
into slices having a thickness of about 1.7 mm, which were
sandwiched by a pair of 2-mm-thick quartz windows. The
windows were attached to a copper cell and cooled to
−33 °C by the circulation of a coolant, and the temperature
of the cell was monitored using a thermocouple. The cell was
installed at the focal point of a commercial terahertz time-
domain spectrometer �TDS� �Aispec: pulse IRS-2300�. The
position of the cell was moved by a two-axis mechanical
stage and two-dimensional spectroscopic images were ob-
tained. The spot size of the terahertz beam was about 1 mm
full width at half maximum at 1.0 THz. The optical path of
the terahertz wave was purged by nitrogen gas in order to
remove water vapor.

Figure 2 shows terahertz time-domain wave forms mea-
sured at 22 and −33 °C at points �a�–�e�. The transmitted
pulse is clearly seen in all of the tissues at −33 °C, while
those at 22 °C are weaker due to the absorption of the ra-
diation by water. Figure 3 shows the refractive indices and
absorbance calculated using the wave forms shown in Fig. 2.
Taking into account the Fresnel reflection at the interface
between the sample and the windows, the complex refractive
indices of the sample ñ=n− i� was calculated by using the
following equations:

n��� =
c

�d
����� + arg� ñ����ñq��� + 1�2

�ñq��� + ñ����2 �� + 1, �1�

���� = −
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where T��� and ���� are the power transmittance and the
phase difference between Fourier transformed spectra of the
sample and the reference d is the thickness of the sample ñq
is the previously measured complex refractive index of
quartz. Since these equations cannot be solved for n and �,
the values were calculated numerically, i.e., starting from
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FIG. 1. �Color� Photographs of the porcine tissues in the sample cell.
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roughly estimated values of n and �, the solutions of the
equations were calculated iteratively until self-consistent re-
sults were obtained.18 The thickness d of the sample was
estimated to be 1.2 mm from the distance between main
pulse peak and the second peak in trace �a�; the second peak
is due to the Fresnel reflection of the quartz window. The
absorbance � was obtained by using the following equation:

���� =
2�����

c
log10 e .

The absorbance values of the adipose tissue and striated
muscle increased continuously and reached the lower limit of
the dynamic range of terahertz-TDS around 2.0 at 1.5 THz,
respectively.19 As in the case of the spectra of human tissues
measured at the normal temperature, both the above spectra
showed no characteristic peaks, and the absorbance of the
striated muscle was 2.5–3.0 times higher than that of the
adipose tissue. The refractive indices of the tissues are about
1.6 and 1.8, respectively, which is in good agreement with
those obtained for human tissues.2

Traces �d� and �e� in Figs. 2 and 3 were recorded from
the interface region between the striated muscle and the adi-
pose tissue. In these positions, the terahertz beam spot cov-
ered both tissues at the same time. When the terahertz pulse
passed through the region where the interface plane was par-
allel to the terahertz propagation direction, two separate tera-
hertz pulses were transmitted and superimposed in the time-
domain data and showed double peaks, as seen in trace �d� of
Fig. 2. On the other hand, when the interface was perpen-
dicular to the propagation direction, the observed time-
domain wave form showed a single pulse peak at an inter-
mediate time delay, as seen in trace �e�. When the interface
was tilted, both these effects were observed simultaneously.
These effects result in a drastic change in the shape of the
Fourier-transform spectra. For example, the peak around 0.6
THz in trace �d� of Fig. 3 is due to the interference of the
double pulse in the time-domain wave form.

Using the obtained spectra, the two-dimensional spectro-
scopic image of the sample was created. In the measurement,
the cell was moved to a position 200 �m away and the
imaging spectra for 100�100 pixels �20�20 mm2� were
recorded in 7 h. Figure 4�a� shows the two-dimensional plot

FIG. 2. �Color� Terahertz time-domain wave forms of the porcine tissue
measured at 22 and −33 °C. The positions of traces ��a�–�e�� are specified in
Fig. 1.

FIG. 3. Refractive index �solid line� and absorbance �dashed line� of the
porcine tissue measured at −33 °C. The positions of traces ��b�–�d�� are the
same as Fig. 2.

(a)

(b)

FIG. 4. Two-dimensional map of the absorbance at 1.0 THz �a� and the
maximum peak position in the time-domain data �b�.
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of the absorbance at 1.0 THz. The small spots of adipose
tissue distributed in the striated muscle appear in good con-
trast as dark areas. However, this contrast does not reflect the
difference in the absorbance but the decrease in the terahertz
pulse intensity at the interface of different kind of tissues. To
overcome this problem and achieve a clear distinction be-
tween tissues, the position of the peak maximum in the tera-
hertz time-domain wave form was used for the mapping
showed in Fig. 4�b�. Since the terahertz peak position at the
interface lay between those of the two tissues, the position of
the peak maximum changed continuously. Therefore, the ef-
fect of the multiple pulses at the interface was not strong and
the tissues could be clearly distinguished. On the other hand,
the small spots of the adipose tissues in the striated muscle
were not clearly visible.
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