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The molecular bases of Alzheimer disease and related neurodegenerative disorders are becoming better un-
derstood, but the means for definitive diagnosis and monitoring in vivo remain lacking. Near-infrared optical
spectroscopy offers a potential solution. We acquired transmission and reflectance spectra of thin brain tis-
sue slabs, from which we calculated wavelength-dependent absorption and reduced scattering coefficients
from 470—1000 nm. The reduced scattering coefficients in the near infrared clearly differentiated Alzheimer
from control specimens. Diffuse reflectance spectra of gross brain tissue in vitro confirmed this observation.
These results suggest a means for diagnosing and monitoring Alzheimer disease in vivo, using near-infrared

optical spectroscopy. © 2008 Optical Society of America
OCIS codes: 170.0170, 170.3660, 170.6510, 290.5825.

Alzheimer disease (AD), the most common form of de-
mentia seen in clinical practice, is a progressive, ter-
minal, neurodegenerative disorder. The largest risk
factor for AD is advanced age, and the public health
impact of AD and related disorders is increasing in
proportion to the increasing numbers of elderly. AD
presents clinically as progressive memory loss, but
the only definitive diagnostic tests that now exist re-
quire neuropathologic examination of brain tissue,
conducted almost exclusively postmortem.

As knowledge of the molecular features of AD and
related neurodegenerative disorders advances, strat-
egies for pharmaceutical interventions that imple-
ment this knowledge are being vigorously pursued
[1]. However, to our knowledge there is currently no
method for monitoring pathogenic response to such
interventions in human clinical trials or for defini-
tively diagnosing these disorders at an early stage,
where intervention could be most beneficial.

Numerous articles document efforts to apply con-
ventional medical imaging techniques to the diagno-
sis and monitoring of AD [2]. Magnetic resonance im-
aging (MRI) has provided a wealth of functional [3] or
anatomic [4] information. Development of radionu-
clide markers targeting parenchymal amyloid depos-
its is a breakthrough in the application of positron
emission tomography (PET) [5]. Even optical tech-
niques, while not yet widely applied in clinical prac-
tice as MRI or PET, have made parallel contributions
to these efforts, utilizing functional information [6,7]
or exogenous markers in mice [8].

We prepared spectroscopy samples from unstained,
unfixed, postmortem temporal poles, flash frozen at
autopsy and brought to room temperature immedi-
ately before measurement, thus minimizing postmor-
tem and freeze-thaw effects. All brains were neuro-
pathologically confirmed as AD or non-AD control.
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We prepared thin tissue slabs for transmission and
reflectance measurements from each of two AD and
two non-AD brains. Each AD case was late stage,
Braak stage V and Braak stage VI [9]. Specimens
were partially thawed to obtain microtomed sections
approximately 1 mm thick. Fully thawed tissue
samples were mounted in optical cells with 1 mm
path length and .15 mm thick windows. The tissue
fully contacted the cell windows but was not com-
pressed in the cell. Cells were mounted in the inte-
grating sphere of a Cary 5 spectrometer. For reflec-
tance measurements, the geometry to reject specular
reflection of the incident beam was used. Total inte-
grated reflectance and transmission spectra were ac-
quired over the wavelength range 470-1000 nm.
Elapsed time from tissue sectioning to completion of
data acquisition was less than 4 hours.

For gross tissue diffuse reflectance measurements,
one temporal pole from each of five AD and four
non-AD brains was used. Each temporal pole was
several cubic centimeters in volume. Each specimen
was placed on a microscope cover slip that fully sup-
ported it. Incident light from a water-filtered Xe arc
source, coupled into the central fiber optic of a low
—OH fiber bundle, was delivered to the air-exposed
surface of the tissue from a distance of 10 mm, pro-
viding a spot size of 15 mm?2. The incident angle was
30°, to minimize the specular component of the de-
tected reflectance signal. The cover slip was mounted
to provide a free path to a mirror positioned about 20
cm below, which had been oriented to divert light
that had propagated through the sample and cover
slip from possible backreflection into the signal detec-
tion fibers. Six detection fibers were arranged around
the delivery fiber concentrically, in a close-packed ar-
rangement; all fibers were 200 um core, NA=0.22.
The proximal termination of the detection fibers was
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a linear array that was positioned at the 100 um en-
trance slit of an Acton Spectra-Pro 150 spectrograph
coupled to an Andor DU 434 FI CCD, TE cooled to
-60°C.

Figure 1 shows a set of transmission (7') and reflec-
tance (R) spectra for 1 mm thick tissue slabs of one
AD specimen and one non-AD control specimen. To
describe light propagation in the brain tissue slabs,
we adapted the two flux model implicitly derived
from the radiative transport equation [10]. The re-
sulting equations, used to describe the tissue reflec-
tance, R, and transmission, 7', in terms of the absorp-
tion coefficient (u,) and reduced scattering coefficient
(u.) are presented in Eqs. (1) and (2):

1-r2

R= C, (1)

r

rA
T= [C - m(l - exp[— 1(1 + )\)T])]GXP(’)’T)

+ [_ C+ m(l —exp[-1(1- ?\)T])]

Xexp(- y7), (2)
where
C=rA2(1 -r)(1+ y)(1-r?exp(-2y7)
X[1=7((1+ /(1 -7)) exp(-2y7)
+(r(1+ /(1 =) - 1)exp(- (1 + ) 7)]

r=[(a(1-A)-ybA]l-1,

y=a[(1-A)(1-A+2b/aM)]V2, A=u!/(ug+pl), and 7
=(uq+pm.)L, where L is the tissue thickness.

To apply this model to the observed reflectance and
transmission spectra requires evaluation of the pa-
rameters a and b, which include the effects of the
phase function and boundary conditions. We deter-
mined these two parameters by fitting the reflectance
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Fig. 1. (Color online) Total reflectance (R) and transmis-

sion (T) spectra, acquired with an integrating sphere, of
1 mm thick brain tissue slabs from confirmed AD (broken
curve) and non-AD (solid curve) cases.
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and transmission modeled by Egs. (1) and (2) to
Monte Carlo simulations. Figure 2 shows the fit of
modeled reflectance and transmission to Monte Carlo
simulations for a=1.859 and 6=0.5536, for biomedi-
cally relevant values for u, and u.; for reflectance,
the largest error is less than 3%. Using these values
for a and b, we determined the values of u, and u,
that gave the best fit of the model to the observed re-
flectance and transmission spectra. Figure 3 presents
the wavelength-dependent optical constants for AD
and normal brain tissues over the wavelength range
470—-1000 nm, which are consistent with prior re-
ports at single or a few wavelengths [11,12].

Scattering shows a clear difference between AD
and non-AD tissue, while absorption, dominated by
hemoglobin, provides less distinction. Importantly,
the slope of the wavelength-dependent reduced scat-
tering coefficient for AD brain is distinct from that of
non-AD control.

Figure 4 shows mean diffuse reflectance spectra of
the intact temporal pole specimens from AD and
non-AD control cases. Each mean spectrum is the av-
erage of five AD and four non-AD spectra (one spec-
trum per specimen) for each diagnosis. The diffuse
reflectance spectra confirm that scattering and slope,
particularly in the range of 670—970 nm, where there
is little absorption, significantly differentiate AD
brain tissue from non-AD control brain tissue, with
p=0.005 for slope and p=0.002 for intensity (two-
tailed, Student’s ¢-test).

The definitive neuropathologic features that distin-
guish AD from normal brain are neuritic plaques
(NPs) and neurofibrillary tangles (NFTs). NPs are
predominantly extracellular deposits of B-amyloid
peptide fibrils, and NFTs are intraneuronal accumu-
lations of abnormally phosphorylated and oxidized
tau protein.

The increased scattering observed for AD brain tis-
sue compared with control brain tissue is consistent
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Fig. 2. (Color online) Reflectance and transmission (R, T")

calculated for a turbid slab of 1 mm thickness using Egs.
(1) and (2) (solid curve) and Monte Carlo simulations (sym-
bols) over a range of 0.01=pyx,=10.0 (cm™) and 1=pu/
=100 (cm™'). Open symbols indicate reflectance; solid sym-
bols indicate transmission. Triangles, u; =100 cm™1; circles,
ur=10 cm™!; diamonds, u.=1cm™.
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Fig. 3. (Color online) Absorption (u,) and reduced scatter-

ing (u;) coefficients for non-AD and AD brain tissue ob-
tained by fitting Eqgs. (1) and (2) to experiment (Fig. 1).

with the histopathologic changes known to occur in
AD, in the form of NPs and NFTs. Both NPs and
NFTs are dense protein aggregates whose character-
istic physical chemical properties are distinct from
surrounding tissue. As such, NPs and NFTs should
behave as small light-scattering particles that con-
tribute to the reported differences between diseased
and nondiseased brain tissue: the presence of NP and
NFT increase light scattering in the AD brain. Fur-
thermore, the characteristic sizes of NPs and NFTs,
several tens of micrometers, would be expected to
contribute to a steeper slope in the long-wavelength
region of the scattering spectrum, because they are
large scatterers compared with the surrounding
light-scattering tissue compartments (nuclei, or-
ganelles, etc.) [13]. This again is consistent with the
steeper slope observed for AD compared with non-AD
brain tissue in the 670-970 nm region of the re-
ported spectra.

Near-infrared (NIR) light propagates harmlessly
through the overlying tissue, bone, and cerebrospinal
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Fig. 4. (Color online) Mean diffuse reflectance spectra of
intact temporal pole specimens from neuropathologically
confirmed AD cases (AD), n=5, and control cases (non-AD),
n=4. Error bars indicate the standard error of the mean for
the AD and non-AD populations based on the spectra mea-
sured for each group.

fluid to probe the brain noninvasively. Histopatho-
logical features of AD such as NPs and NFTs are
dense protein aggregates distinct from normal histol-
ogy, which should provide characteristic light-
scattering signatures. These and other features of AD
pathology may also contribute distinct NIR fluores-
cence [14] and absorption spectra as well. Thus a di-
rect connection between the inherent optical proper-
ties of brain tissue and the known neuropathological
features of AD and related neurodegenerative dis-
eases can be provided by NIR optical spectroscopy,
without the need for exogenous markers.
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