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Abstract. The terahertz (THz) absorption and index of refraction of brain tissues from a mouse model of
Alzheimer’s disease (AD) and a control wild-type (normal) mouse were compared using THz time-domain spec-
troscopy (THz-TDS). Three dominating absorption peaks associated to torsional–vibrational modes were
observed in AD tissue, at about 1.44, 1.8, and 2.114 THz, closer to the peaks of free tryptophan molecules
than in normal tissue. A possible reason is that there is more free tryptophan in AD brain tissue, while in normal
brain tissue more tryptophan is attached to other molecules. Our study suggests that THz-absorption modesmay
be used as an AD biomarker fingerprint in brain, and that THz-TDS is a promising technique for early diagnosis of
AD. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.1.015014]

Keywords: Terahertz spectroscopy; Alzheimer’s disease; brain imaging; absorption; index of refraction; torsional–vibrational modes.

Paper 150554RR received Aug. 15, 2015; accepted for publication Jan. 4, 2016; published online Jan. 27, 2016.

1 Introduction
There is an increasing interest in developing a better understand-
ing of brain disorders. Photonics offers an opportunity to study
brain tissue and diagnose brain diseases, such as brain tumors
and Alzheimer’s disease (AD). AD is a progressive neurodegen-
erative disease, a leading cause of dementia, with loss of cog-
nitive functions, memory, and thinking skills. Early detection of
AD is desired for earlier and thus more effective treatments.
Cerebrospinal fluid analysis, neuroimaging (e.g., MRI), neuro-
psychological testing, blood testing, and some other methods
have been used for AD diagnosis. These methods are either
time consuming or high in cost,1 and their reliability may
depend on the disease severity.2

One characteristic of AD patients is the low level of trypto-
phan. Tryptophan is an essential amino acid for all cells, and it
affects brain serotonin synthesis. Serotonin regulates aging,
learning, and memory of animals. Acute tryptophan depletion
or tryptophan degradation will lead to low serotonin in the
brain and may affect the pathogenesis of AD.3–5 On the other
hand, tryptophan is also a key intrinsic fluorescent molecule
for cancer and bacteria detection and can be used to examine
the microenvironment of tryptophan in tissues.6

Recently, Terahertz time-domain spectroscopy (THz-TDS)
was used to probe the vibrational modes in biological systems
and has been applied to detect concentration changes of amino
acids by comparing the phase and magnitude changes of the
THz spectra.7–9 THz-TDS offers a new method for pathology
imaging of thin tissues or cell smears. It has been shown to
be potentially useful as a diagnostic tool for protein sensing
and histomorphology studies of healthy and diseased tissue.
THz protein sensing of tissue is particularly applicable in dis-
eases where an abnormal level of protein accumulation occurs,
as in the formation of amyloid beta (Aβ) protein plaques and tau
protein threads in the cerebral cortex of the brain due to AD.

Applying THz-TDS, Yu et al.9 were able to measure the absorp-
tion and refraction index of free tryptophan film and powder and
found dominant torsional–vibrational modes of the tryptophan
molecule.

The present study is the first time that THz absorption and
index of refraction of AD and normal brain tissues were mea-
sured. The THz spectral absorption peaks are attributed to tor-
sional motion of tryptophan molecule in the tissues. The
hypothesis is that the difference of tryptophan torsional frequen-
cies, interactions, and concentrations in AD versus normal tis-
sues can be measured and distinguished from THz spectra. The
objectives of the present study are to find major fingerprints in
brain tissues by comparing the THz spectra in AD and normal
tissues in a mouse model of AD, and to propose THz-TDS as a
new method for early diagnosis of AD.

2 Materials and Methods

2.1 Brain Tissue Preparation

The absorption and index of refraction of brain tissues from AD
and control (wild-type) mice were measured with THz spectros-
copy. Mice were purchased from Jackson Laboratory and housed
at the City College Animal Facility under conditions described
previously.10 An 8-month-old triple transgenic ADmouse harbor-
ing PS1M146V, APPSwe, and tauP301L transgenes in a uniform
strain background11 was used. Another wild-type mouse at the
same age was used as control. Experimental procedures were
approved by the Institutional Animal Care and Use Committee
of the City College of New York.

Mice were anesthetized with a mixture of ketamine and xyla-
zine (41.7∕2.5 mg∕kg body weight), decapitated, and their
brains were dissected and postfixed overnight with 4% parafor-
maldehyde in 0.1 M phosphate buffer (PB)12,13 and subsequently
immersed in 30% sucrose in 0.1 M PB for up to 48 h. Prior to
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slicing, brains with hippocampus regions were quickly frozen
and then sliced coronally at thicknesses of 150 and 250 μm
using a freezing stage microtome (American Optical, Buffalo,
New York). The 150- and 250-μm brain tissue slices were
then placed on a TPX-sheet and quartz-plate substrate, respec-
tively, and left to dry at room temperature. The thicknesses of
TPX and quartz substrates were 0.25 and 1.25 mm, respectively,
and the effect of thickness and its variation on brain tissue spec-
tral measurements were negligible.

The region of interest (ROI) was on brain hippocampus
(∼2 × 5 mm) and the beam spot was about 1.5 mm in diam-
eter. One sample each was measured for AD and normal tis-
sues, respectively; each sample was measured three times at
different spots within the ROI at low humidity (∼10%), and
then averaged. The inhomogeneity of the tissue samples
might affect the magnitude of absorption peaks and contrast,
but it would not shift peak frequencies. The THz wave
absorption in AD and control samples were compared with
that in the pure tryptophan samples under same experimental
conditions.

2.2 Terahertz Spectroscopy

Figure 1 shows a schematic diagram of the THz experimental
setup. THz radiation is produced by optical rectification (OR)
method.9,14,15 The key parts of the THZ setup are numbered
in Fig. 1. A Ti-Sapphire 100-fs pulse laser (#1) is used as the
pump generator for THz source. The laser source is a
Coherent Mira-Seed, a RegA 9000 amplifier pumped by a
Veri-V18 laser (solid-state, single-frequency, CW 532 nm,
Coherent Inc., Santa Clara, California). The average output
power of the laser source is 700 mW at λ ¼ 800 nm, with
the pulse duration 100 fs and repetition rate 250 kHz. Both
the emitter and detector are ZnTe crystals with 110 orientation.
The focal length for both THz TPX-lenses is 100 mm; the spot
size of the THz beam on the samples is around 1.5 mm. The
linear polarized light output from the pump laser is divided
into two parts by a beam splitter (#4), (a) the higher portion
(pump optical arm 70%) of the beam power is focused onto
the emitter (#6) (ZnTe crystal, 110-orientation, thickness
2 mm) by a short-focus lens (#5); and (b) the lower portion
(30%) of the beam goes into a receiver optical arm. The emitted
beams are collimated by a parabolic mirror (#7) and focused into
a sample (#9) by a TPX (polymethylpentene) THz-lens (#8,
focal length 100 mm). The THz-wave, refracted and partially
absorbed by the sample, is collimated by a second THz-lens
(#8) and focused by a second parabolic mirror (#10) onto a
ZnTe detector (#13). This ZnTe detector is the same as the emit-
ter (thickness 2 mm, 110 orientation). Both the ZnTe emitter and
detector are placed at the focal points of the offset parabolic mir-
rors (#7, #10), respectively. The polarization (E-vector direc-
tion) of infrared pump beam (800 nm) is parallel to the ZnTe
emitter crystal 110-orientation, and parallel to the receiver opti-
cal arm beam polarization. The polarization of emitted THz
wave has the same orientation as the polarization of the
pump beam. The pump optical arm and receiver optical arm
must have the same optical length. For precise equalizing of
both arm lengths, back-reflector prism-mirrors (#2, #12) are
installed on the translated stages. The receiver optical arm

Table 1 Frequencies at peak absorption in Alzheimer’s (AD) and nor-
mal (N) tissues.

Frequency (THz)

Peak 1 Peak 2 Peak 3

Tryptophan9 1.435 1.842 2.114

150-μm tissue AD 1.44 1.8 2.11

N 1.51 1.8 2.06

250-μm tissue AD 1.44 1.85 2.1

N 1.5 1.79 2.145

Note: AD, Alzheimer’s tissue; N, normal tissue.

Fig. 1 Setup of experiment. 1. Ti-Sapphire laser (800 nm); 2. translated-stage prism-mirror; 3. mirror, 4.
beam-splitter (T∕R ¼ 30∕70); 5. short-focus lens; 6. THz (ZnTe) emitter; 7. parabolic mirror; 8. THz-lens;
9. tissue sample; 10. parabolic mirror with a hole; 11. long focus lens; 12. soft-driven translated-stage
prism mirror; 13. ZnTe detector; 14. λ∕4-waveplate; 15. Wollaston-prism; 16. balanced detector; 17. lock-
in-amplifier; 18. PC; 19. chopper.
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beam is usually named the probe beam. This method of THz-
TDS was called pump-probe method.9,14,15 The probe beam is
focused by a long-focus lens (#11), goes through the hole in the
center of the parabolic mirror (#10) collinearly to the focused
THz beam, and shoots at the same point on the detector as
the focused THz-beam.

The THz pulse transmitted through a sample goes into the
detector, which has a high birefringence. The electric field com-
ponent of the THz-pulse modulates the amplitude of the bire-
fringence. The infrared probe beam pulse goes through the
detector and changes its own polarization (from linear to ellip-
tical), which is synchronized to variation of intensity generated
by THz-pulse electric field. This change in polarization of infra-
red probe beam is analyzed by a λ∕4-waveplate (#14) and a
Wollaston prism (#15). The THz-signal appears as a derivative
curve at the output of a balance detector (#16), goes into lock-in-
amplifier (#17), and is analyzed by a PC (#18). ATHz-box filled
with nitrogen is used to eliminate water absorption which may
influence the THz spectra obtained from the samples.

The profiles of absorption and refraction index were obtained
from measured THz signals by performing fast Fourier trans-
form (FFT).9,14

3 Results and Discussion
Figure 2 shows the THz temporal profiles through the AD tissue,
normal tissue, and pure substrate samples. Figure 3 shows the
power of THz-radiation, obtained after applying FFTof the tem-
poral profiles. Different shapes and magnitudes measured
between AD and normal tissues suggest more absorption in
AD tissue. The absorption (Fig. 4) and index of refraction
(Fig. 5) were obtained from FFT data and summarized in
Tables 1 and 2, respectively.

Figure 4 shows three peaks of absorption in the AD tissue at
frequencies 1.44, 1.8, and 2.114 THz, respectively, while the
peaks in normal tissue were slightly shifted from AD tissue.
Previous studies7–9 measured the absorption spectra and
index of refraction of tryptophan in 0.2 to 2.2 THz range,
and reported two dominating torsional–vibrational modes at
about 1.435 and 1.842 THz. A third free tryptophan mode
was detected at 2.114 THz by Yu et al.9 (unpublished) and at
2.14 THz by Laman et al.8 The higher frequency mode at
peak 3 (∼2.1 THz) appears to interact differently with the
host environment than peaks 1 and 2 (1.435 and 1.842 THz,

respectively).8 Tables 1 and 2 summarize the modes and indices
of refraction observed in the experiments. The frequencies at
absorption peaks in AD and normal tissues match those of
free tryptophan torsional–vibrational modes, showing that
these absorption modes originate from the tryptophan molecule.
The effect of etalon from multiple reflections of Fabry–Perot
effect between substrate surfaces and tissue surfaces are
shown to be minimum in terms of differences in any mode
frequencies and small variations in transmission.9 In addition,
compared with spectra peaks in normal tissue, peaks in AD tis-
sue are closer to those of tryptophan, suggesting that tryptophan
in AD brain tissue is less bonded to other molecules than in nor-
mal brain tissue. In normal tissue, tryptophan is more bonded to
other molecules, and the THz mode at ∼2.1 THz may be more
easily affected by those tryptophan-bonded molecules.
Therefore, any changes of these molecules would lead to bigger
changes of THz mode in normal tissue than in AD tissue, as
shown by the shift from 2.06 to 2.145 THz in normal brain
with thickness changes from 150 to 250 μm, while it is barely
affected in AD tissue (from 2.11 to 2.1 THz). The tryptophan
molecular motions and electronic transitions could be affected
by the amyloid deposits and tau proteins threads. More studies
are needed for further validation of this observation.

The indices of refraction (Table 2) in AD tissue (n ¼ 1.44

and 1.52 for 150- and 250-μm thickness tissue, respectively)
are bigger than those in normal tissue (n ¼ 1.41 and
n ¼ 1.42, respectively) and free tryptophan powder film
(n ¼ 1.175),9 indicating that AD has additional polarizability
contributed by the dielectric constant that increases the index

Fig. 2 THz pulse signals passing through substrate with AD brain tis-
sue (dash line), substrate with normal tissue (solid line), and the sub-
strate without tissue (dot line).

Fig. 3 THz power transmitted through AD brain tissue, normal tissue
and substrate. (a) Tissue thickness 150 μm, TPX substrate sheet.
(b) Tissue thickness 250 μm, quartz substrate plate.
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of refraction due to electronic, ionic, and dipolar mechanisms.
Water’s index of refraction (n ¼ 2) can also increase due to
these mechanisms, and thicker tissues may contain more
water. Therefore, thin tissues (150 and 250 μm) were used in
this study to eliminate the influence of water on index of refrac-
tion. In AD mice, intraneuronal Aβ (Aβi) is observed at age of 3
months. Synaptic dysfunction measured electrophysiologically
at 6 months (abnormal long-term potentiation) correlates with
the progressive accumulation of Aβi prior to detection of extrac-
ellularAβ (Aβe) and neurofibrillary tangles containing phospho-
rylated tau protein (NFT). At the age of 6 months, Aβe plaques
are observed first in the cerebral cortex and then in the hippo-
campus, while NFT are first observed in hippocampus and then
in the cerebral cortex at 12 months of age.11 The higher refrac-
tion index of AD brain is associated with the different compo-
nents in AD than in normal tissues, which is most likely due to
amyloid plaques and tau protein fibers in AD tissue.

THz spectroscopy has been applied to distinguish healthy
and diseased brain tissues.16–18 Among these studies, Oh
et al.16 demonstrated that THz reflection intensity was higher
in freshly excised rat brain tumors (orthotopic glioma) than
in normal tissue; Meng et al.17 measured higher index of refrac-
tion, absorption coefficient, and dielectric constant in paraffin-
embedded mouse gliomas than normal brain tissues. Our exper-
imental observations of higher refractive index and absorption
coefficient in diseased tissues are consistent with the study on
tumor tissues by Meng et al.17 but peaks of tryptophan THz
spectra were not clearly observed in their study. Study of

Png et al.18 showed lower THz absorption in cingulate gyrus
and inferior frontal gyrus but higher absorption in superior fron-
tal gyrus (SFG) of AD brains. They attributed the opposite
behavior of SFG to scattering from uneven surface of the sam-
ple. Different preparations of tissue samples may influence the
experimental results since fresh tissues may contain more water,
which will contribute greatly to the absorption. In the present
study, tissues were first fixed by paraformaldehyde and then
immersed in sucrose solution before slicing. Sucrose is a cryo-
protectant/partial dehydrant that prevents the formation of ice
crystal artifacts in frozen tissue sections, especially important
in the cellular “gray matter” which freezes at a different rate

Fig. 5 Refraction index of THz waves transmitted through AD and
normal tissues. (a) Tissue thickness 150 μm, TPX substrate sheet.
(b) Tissue thickness 250 μm, quartz substrate plate.

Table 2 Index of refraction at peak absorption in Alzheimer’s (AD)
and normal (N) tissues.

Index of refraction

Peak 1 Peak 2 Peak 3

150-μm tissue AD 1.452 1.439 1.449

N 1.405 1.413 1.404

250-μm tissue AD 1.532 1.516 1.514

N 1.441 1.402 1.405

Note: AD, Alzheimer’s tissue; N, normal tissue.

Fig. 4 Absorption spectra of THz wave in AD and normal brain tis-
sues. (a) Tissue thickness 150 μm, TPX substrate sheet.
(b) Tissue thickness 250 μm, quartz substrate plate.
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than the highly lipid myelinated “white matter.” In addition, it
seems that 30% sucrose freezes at approximately the same speed
and to the same hardness as formalin- or paraformaldehyde-
fixed brain tissue. In addition, sucrose’s THz modes are at
3.05 and 3.24 THz,19 beyond the upper limit of THz spectra
(2.5 THz) in the present study. Therefore, tissue preparation
in the present study greatly eliminated the influence of water
and/or sucrose on experimental measurements.

The goal of the study is to propose a new technique for
detecting AD by comparing the THz spectra of AD and normal
brain tissues with free tryptophan. A qualitative result has been
obtained that THz spectra of AD brain tissue are closer to those
of free tryptophan, suggesting that tryptophan molecules in AD
mouse brain tissue are more isolated and freer than in a normal
mouse. Future studies may be conducted on more brain tissue
samples to gain a quantitative assessment of AD diagnosis using
THz imaging.

In conclusion, the present study is the first to detect optical
molecular torsional modes due to tryptophan difference between
AD and normal mouse models using THz technique. These THz
absorption modes may be used as a fingerprint for AD diagno-
sis, which proposes a new method for early detection of AD.
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