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Abstract. We demonstrate how the terahertz properties of porcine
adipose tissue and skeletal muscle are affected by formalin fixing.
Terahertz radiation is sensitive to covalently cross-linked proteins and
can be used to probe unique spectroscopic signatures. We study in
detail the changes arising from different fixation times and see that
formalin fixing reduces the refractive index and the absorption coef-
ficient of the samples in the terahertz regime. These fundamental
properties affect the time-domain terahertz response of the samples
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1 Introduction

Now that the hurdle of generating terahertz radiation has been
overcome,' there is increasing interest in the terahertz (THz
=102 Hz) region in applications ranging from pharma-
ceuticals™ to dental* and medical imaging.S’6 In this paper,
we define the THz range as 100 GHz to 10 THz. THz radia-
tion is nonionizing, nondestructive, and noninvasive: "® the
low energy of the THz radiation does not damage the sample.’
Toward the higher frequency end of the THz range (from
~1 THz and above), there are vibrational modes correspond-
ing to protein tertiary structural motion: such intermolecular
interactions are present in many biomolecules. Other molecu-
lar properties that can be probed in the THz range include
bulk dielectric  relaxation modes'®  and phonon
modes''—these can be difficult to probe using other tech-
niques. For instance, nuclear magnetic resonance spectros-
copy can determine the presence of various carbon bonds;
however, it cannot be used to distinguish between molecules
with the same molecular formula, but different structure
(isomers)."? THz spectroscopy is able to distinguish between
isomers and polymorphs13 and is therefore emerging as an
important and highly sensitive tool to determine biomolecular
structure and dynamics.M’15 Indeed, THz spectroscopy can
distinguish between two types of artificial ribonucleic acid
(RNA) strands when measured in dehydrated form.'® Further-
more Fischer et al. demonstrated that even when the molecu-
lar structure only differs in the direction of a single hydroxyl
group with respect to the ring plane, a pronounced difference
in the THz spectra is observed.'” Intermolecular interactions
are present in all biomolecules, and because biomolecules are
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the fundamental components of biological samples, they can
be used to provide a natural source of image contrast in bio-
medical THz imaging.]8

Several THz studies of freshly excised tissue have high-
lighted the sensitivity of THz imaging to biological tissues.
For instance, THz images of skin cancer have shown contrast
between healthy and diseased areas.'® The contrast can be
attributed to differences in the fundamental properties of the
tissues:'” diseased skin tissue (basal cell carcinoma) has been
found to have an increased absorption coefficient compared to
the adjacent normal tissue.”” In a breast cancer study, THz
images of freshly excised human breast tissue revealed tumor
margins that correlated well with those from histology,” and
recent THz reflection spectroscopy of freshly excised rat tis-
sues has been able to distinguish between healthy tissues from
different organs.”' However, it is not always possible to obtain
fresh samples for a study; the most common preservation
technique is formalin fixing.

Formalin fixing is used to preserve tissues for routine his-
topathological diagnosis, and the resulting samples are often
useful for retrospective studies. However, along with sample
variability, the sample distortion caused by formalin fixing
can present challenges. For example, DNA information is of-
ten spoiled by the fixing process.22 Previous THz images of
histopathological samples have been able to reveal contrast
between different tissue types. Knobloch et al. imaged
formalin-fixed and paraffin-embedded samples in transmis-
sion geometry, and contrast between the soft tissue and the
cartilage of a pig larynx was seen at particular frequency
windows.? Similarly, they observed contrast between the
healthy and diseased areas in an image of a histopathological
human liver sample with metastasis. However, it would be
useful to know if there would have been more THz contrast if

1083-3668/2009/14(6)/064017/7/$25.00 © 2009 SPIE

November/December 2009 + Vol. 14(6)



Sun, Fischer, and Pickwell-MacPherson: Effects of formalin fixing on the terahertz properties of biological tissues

Quartz Window

Fig. 1 Photograph of a sample to be imaged placed on the quartz
window.

the samples had been measured fresh, or conversely if the
fixing process had enhanced the THz contrast.

In this paper, we present a controlled study to investigate
the effects of formalin fixing on the THz properties of two
different tissue types (porcine adipose tissue and muscle). The
optical properties of fresh and formalin-fixed samples in the
THz frequency range were measured using THz reflection
spectroscopy. The results are compared, and we discuss how
the fixing process can affect image contrast in THz images of
biological samples.

2 Experimental Methods
2.1 Imaging System

The THz pulsed imaging (TPI'") system used in this study
was the TPI Imaga 1000 (TeraView Limited, Cambridge,
United Kingdom). Detailed information about the system can
be found in our previous work. 27 Briefly, the system uses
photoconductive devices to generate and detect THz light: the
optical excitation is achieved by an 800-nm femtosecond
pulsed laser. The system has a reflection geometry such that
the THz pulses are collimated and focused using off-axis
parabolic mirrors onto the top surface of a z-cut 2-mm-thick
quartz window with an angle of incidence of 30 deg. The
sample is placed on the quartz window, and the reflected THz
pulse from the quartz/sample interface is detected coherently
by a photoconductive receiver. In this system, the relaxation
of the excited carriers produced broadband electromagnetic
pulses typically with a full width at half maximum of 0.3 ps
and results in a usable frequency range from about
0.1 to 3 THz with an average power of ~1 uW. The THz
beam path was purged with nitrogen gas to remove water
vapor from the air, which would otherwise have attenuated the
signal.27 Figure 1 is a photograph of a tissue sample placed on
the quartz window of our system.

2.2 Sample Preparation

Three samples of white adipose tissue and two samples of
porcine skeletal muscle were taken from the same piece of
meat for investigation. The meat was from an abattoir and
stored in a refrigerator, it was first measured within 24 h of
collection. Adipose tissue was chosen because fatty tissue is
known to have significantly different THz properties from
other more fibrous/lean tissues; this means that it should be
easier to see the contrast before and during the fixing process.
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The focus of this study was to see how fixing can affect THz
image contrast—we are investigating intrasubject variation
rather than subject-to-subject (or intersubject) variation. Thus,
by taking all the samples from the same piece of meat, we
were able to study the effects of the fixation process without
added subject variation. The samples were therefore all
treated and handled in the same way and exposed to the same
environmental conditions. THz radiation can penetrate
through several millimeters of some dehydrated tissues; > >
therefore, to avoid potential etaloning within the sample after
the fixing, each sample was cut such that the thinnest dimen-
sion was no less than 1 cm in thickness. The fresh samples
were imaged before the formalin-fixing process began. A stan-
dard protocol was followed for this process,””~" whereby non-
buffered 30% formalin was used. The volume of formalin
applied to the sample was at least 20 times the initial sample
volume. The sample was then left to soak in the fixative in a
sealed container and refrigerated at a constant temperature
(4 °C). The penetration of formalin is related to the tempera-
ture of the solution,31 and thus, great care was taken to store
all samples and formalin at the same temperature. Before
placing the fixed tissue sample to be measured on the quartz
window, the sample was washed under running water for
20 min to remove the excess formalin and then dried using
blotting paper. During imaging, gentle pressure was applied to
the sample to ensure it made good contact with the quartz.20
This became more difficult as the fixing progressed because
the sample became more rigid. In order to monitor the
changes caused by the formalin, each sample was measured
after being fixed for 24, 48, and 72 h. Only data points where
the sample had made good contact with the quartz window
were used in the following results.

3 Results and Discussion
3.1 Frequency-Domain Analysis

The raw THz data obtained by our system are in the time
domain. However, because the fundamental optical properties
of interest, namely, the refractive index and absorption coef-
ficient, are frequency dependent, we present the frequency
domain analysis first.

By Fourier transforming the sample data and applying
Fresnel equations to both sample and reference data, as de-
tailed in Ref. 21, the refractive index and absorption coeffi-
cient were calculated. The reflection off the quartz/air inter-
face was used as the reference data throughout this study. The
calculated mean refractive index and mean absorption coeffi-
cient from the fresh and fixed sample measurements over time
are plotted in Figs. 2 and 3 for the muscle and adipose tissue
samples, respectively. Data for water and formalin are also
plotted for comparison. In Fig. 4, we plot the mean refractive
index and mean absorption coefficient from the adipose tissue
and skeletal muscle samples for both when the samples were
fresh and also after 72 h of formalin fixing. Following stan-
dard statistical methods, we calculate the 95% confidence
intervals™ for the tissue samples by averaging over all
samples of each tissue type (a total of >500 data points were
used for each tissue type). The confidence intervals are plotted
as error bars in Fig. 4 to illustrate that, both before and after
fixing, there are statistically significant differences between
the THz properties of the tissues (because the error bars do
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Fig. 2 (a) The mean refractive index and (b) absorption coefficient of skeletal muscle before and after formalin fixing for 24, 48, and 72 h. Bulk

water and formalin optical properties are also plotted for reference.

not overlap). The THz properties of water have also been
plotted alongside those of the fresh muscle to highlight that,
although the muscle tissue properties are close to those of
water, they are significantly different over most of the fre-
quency range investigated.

The refractive index of the skeletal muscle decreased as
the fixation time increased and seemed to converge after 48 h.
Comparing the fresh and fixed samples, the refractive index
changed noticeably at the lower frequencies, falling from 2.6
(fresh) to 2.2 (72 h) at 0.2 THz. From ~0.8 THz and above,
the curves of the fixed samples started to plateau toward a
refractive index of 2 [Fig. 2(a)]. Because water was being
removed from the tissue, it is logical that the absorption co-
efficient should also be reduced by the fixing process, as
shown in Fig. 2. Before fixing, the absorption coefficient of
the skeletal muscle tissue was ~120 cm™! at 0.2 THz; it de-
creased rapidly to 60 cm™! after only 24 h. During the first
24 h, the percentage of moisture being replaced was at its
greatest, but as the fixing progressed there was less and less
water left to be displaced and so the changes in optical prop-
erties decreased and tended toward zero as the fixing time
increased. Other studies have also indicated that THz proper-
ties are dependent on the sample hydration. For instance,
Stringer et al. investigated ex vivo samples of human cortical

fresh fat
- fixed fat (24h)

1.8 - fixed fat (48h) |1
. —— fixed fat (72h)
517N
o
£
216}
:
& 15}
1.4f
1. i i i i i
31 0.3 05 0.7 0.9 1.1

Frequency/THz
(a)

bone and found that dehydrating the sample reduced both the
absorption coefficient and the refractive index of the
samples.3 3

Similarly, above 0.6 THz, the refractive index and absorp-
tion coefficient of the white adipose tissue decreased as the
fixation time increased. However, the changes in the adipose
tissue refractive index were not as significant as for the
muscle. We explain these observations by considering the mo-
lecular interactions of the formalin with both muscle and adi-
pose tissue.

Formalin is a saturated solution of formaldehyde (HCHO),
water, and methanol. Unlike most antibacterial and germicidal
agents, which poison the bacteria and germ cells, formalde-
hyde kills cell tissue by dehydrating the tissue and bacteria
cells and replacing the normal fluid in the cells with a gellike
rigid compound.34 Additionally, the structure of the protein in

the “new” cell will resist further bacterial attacks.>>>® Tissue
and bacterium cells are made of protoplasm and, as such,
contain large amounts of moisture. Skeletal muscle cells con-
tain several types of protein and have a high water content.
The water content in the muscle tissue is about 75-80%,” and
from Fig. 2, we see that the refractive index and absorption
coefficient of the fresh muscle are close to those of water.
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Fig. 3 (a) The mean refractive index and (b) absorption coefficient of white adipose tissue before and after formalin fixing for 24, 48, and 72 h.
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Fig. 4 The mean refractive index and absorption coefficient for fresh and fixed samples of fat and muscle. Error bars represent 95% confidence
intervals. The water data were acquired in transmission, and the error bars are too small to be seen on this graph.

Additionally, the refractive index and absorption coefficient of
formalin are much lower than those of water or fresh tissue.
The introduction of formaldehyde into the tissue dries out the
protoplasm and destroys the cell. Because water is being re-
moved from the tissue, it is logical that the absorption coeffi-
cient should be reduced by the fixing process. Similarly, the
refractive index is also reduced and becomes closer to that of
formalin. In contrast to the muscle tissue, white adipose tissue
cells contain a single large fat droplet and the water content is
about 10—30%,37 which is far less than the muscle tissue. This
means there is very little water for the formaldehyde to dis-
place, and thus, we do not see such significant changes in the
THz properties of the adipose tissue.

3.2 Time-Domain Analysis

The amplitude and phase of a THz pulse reflected off a me-
dium are dependent on the complex refractive index of the
medium (as well as the incident pulse). As in optics, if a THz
pulse is reflected by a medium of higher refractive index, then
it incurs a phase change of 180 deg. Conversely, if a THz
pulse is reflected by a medium of lower refractive index, then
there is no phase change. Given that in Section 3.1 we have
seen changes in the refractive index and absorption coeffi-
cients of the samples during the fixing process, we also expect
to see changes in the reflected THz pulses.

To analyze the reflected time-domain pulses meaningfully,
the system response was removed. This was done by decon-

Journal of Biomedical Optics

064017-4

volving the sample pulse by the reference pulse and applying
a bandpass (double Gaussian) filter to reduce the noise as
detailed in our previous work.” The resulting waveforms for
the three fresh adipose tissue samples and two fresh skeletal
muscle samples and their corresponding means are illustrated
in Fig. 5. From Fig. 5, we see that there is some variation
between samples from the same type of tissue but that this
variation is slight. In Fig. 6, we illustrate the effects of the
formalin fixing by plotting the mean deconvolved waveforms
of each tissue type.

As seen in Fig. 6(a), when the fixing time increased, the
waveform amplitude of the adipose tissue also increased. This
was primarily because the refractive index of the adipose [Fig.
3(a)] was decreasing over the majority of the bandwidth (due
to the fixing), and this meant there was a greater difference
between the refractive index of the quartz (2.1) and that of the
adipose (e.g., 1.5 at 1 THz when fixed compared to 1.6 when
it was fresh). From Fresnel theory, this increased difference in
refractive indices resulted in a greater reflected amplitude.

As the fixing time increased for the muscle, three main
changes were apparent. A small peak started to appear pre-
ceeding the trough, and the width and magnitude of the trough
decreased. These changes can also be explained by consider-
ing the effects of the formalin on the refractive index and
absorption coefficient of the muscle. For the muscle, the for-
malin significantly reduced both the refractive index and the
absorption coefficient. Before fixing, the refractive index of
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Fig. 5 The deconvolved waveforms for fresh samples of (a) adipose tissue and (b) skeletal muscle.

the fresh muscle was greater than that of quartz (2.1) over the
whole of the frequency range measured. The fixing reduced
the refractive index so much that the refractive index became
lower than that of quartz at higher frequencies, and this was
the cause for the small peak, which appeared and increased as
the fixing time was increased. As the the refractive index and
absorption coefficient were reduced they became closer to the
optical properties of the quartz. This meant that the reflected
waveform was not as intense. Additionally, because the ab-
sorption coefficient was reduced there was less broadening of
the trough (as more of the higher frequency components were
preserved), and thus, we observed a narrower reflection.
Therefore, the formalin fixing can significantly affect the THz
properties of samples such that they are apparent in both the
frequency and time domain.

Figures 7(a) and 7(b) present the deconvolved THz wave-
forms for fresh and fixed tissue, respectively. In both figures,
we can see clear differences between the adipose tissue and
muscle waveforms; however, the differences are bolder for
the fresh sample. When investigating a biological sample, we
typically look at an image of the whole sample, and plot par-
ticular properties in the image. For instance, we may plot at
each pixel the maximum or minimum reflected waveform am-
plitude, or the refractive index at 1 THz.

Figure 8(b) is the THz image corresponding to the area of
interest in the photograph of the fixed tissue in Fig. 8(a). To
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form the image, the maximum amplitude of the deconvolved
waveform is plotted on a false-color scale. The more blue
regions have higher maximum waveform amplitude, and the
redder regions have lower maximum waveform amplitude.
The dark blue areas in the image correspond to where there
was no sample on the quartz window—these waveforms have
the highest amplitude because the reflected pulses are identi-
cal to the reference pulses. We can also see contrast between
the adipose tissue and the skeletal muscle: the region of this
image corresponding to the adipose tissue is pale blue, but the
rest of the image is more yellow/red. This is because the de-
convolved waveforms from the adipose tissue have the same
phase as the reference waveform, whereas the deconvolved
waveforms from the muscle undergo a phase change due to
the higher refractive index of the muscle relative to the quartz.
Therefore, despite reducing the differences in both the time
and frequency domain properties of the adipose and muscle,
we were still able to distinguish the adipose tissue from the
muscle in Fig. 8(b).

4 Conclusion

In summary, we have used THz pulse imaging and reflection
spectroscopy to determine the time- and frequency-dependent
optical properties of tissue undergoing formalin fixation. The
THz properties were affected by the formalin fixing as it (a)
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Fig. 6 The deconvolved mean waveforms for (a) adipose tissue and (b) skeletal muscle as the fixing time progressed.
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Fig. 7 The deconvolved waveforms for (a) fresh and (b) fixed white adipose tissue and skeletal muscle.

displaced water molecules and (b) introduced new intermo-
lecular interactions between the sample and the formalin. It is
well known that THz radiation is sensitive to hydrogen bond-
ing, and thus, water content changes. Additionally, we infer
that the newly introduced intermolecular interactions may
also have contributed to the THz response.

In our example study of adipose tissue and muscle, the
fixing process reduced the differences between the absorption
coefficient and refractive index. However, in this case, there
were still significant enough differences between the param-
eters for the two tissue types to be distinguished. In cases
where the differences between tissues are more subtle, this
may not be the case, and formalin fixing may prevent THz
imaging from being able to distinguish the samples. There-
fore, when investigating biomedical applications of TPI, it is
very important to understand the composition of biological
samples and be aware of how formalin fixing may reduce or
enhance THz image contrast.
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