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Abstract

One of the hallmark pathologies of Alzheimer’s disease (AD) is amyloid plague deposition. Plaques
appear hypointense on T,- and T,"-weighted MR images probably due to the presence of endogenous
iron, but no quantitative comparison of various imaging techniques has been reported. We estimated
the T4, T, To™, and proton density values of cortical plaques and normal cortical tissue and analyzed
the plagque contrast generated by a collection of T,-, T,"-, and susceptibility-weighted imaging (SWI)
methods in ex vivo transgenic mouse specimens. The proton density and T4 values were similar for
both cortical plaques and normal cortical tissue. The T, and T," values were similar in cortical
plaques, which indicates that the iron content of cortical plaques may not be as large as previously
thought. Ex vivo plagque contrast was increased compared to a previously reported spin echo sequence
by summing multiple echoes and by performing SWI; however, gradient echo and susceptibility
weighted imaging was found to be impractical for in vivo imaging due to susceptibility interface-
related signal loss in the cortex.
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INTRODUCTION

Amyloid precursor protein (APP) is a normal transmembrane protein found in cells throughout
the body. One of the products of proteolytic degradation of APP in the brain is amyloid 8

peptide (Ap). Disordered amyloid metabolism is believed to be central in the pathogenesis of
Alzheimer’s disease (AD). One of the principal defining pathologies of AD is amyloid plaque
deposition (1), the reduction of which has been identified as a major therapeutic objective

(2). Murine models of AD have been created by inserting one or more human mutations into
the mouse genome (3,4). These transgenic mice display extensive plaque formation, whereas
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plaques are not found in wild-type mice. Transgenic mouse models of Alzheimer’s disease
allow controlled study of this phenomenon and enable testing of anti-amyloid interventions
that might be useful in humans.

Benveniste et al. first demonstrated the ability of MRI to visualize amyloid plaques in ex vivo
human brain specimens (5). Subsequent works by multiple groups have investigated imaging
plaques in transgenic mice without exogenous contrast agents. Plaques have been visualized
ex vivo using spin-echo (SE) (6,7) and fast spin-echo (FSE) (8) techniques, both being T,-
weighted, and gradient-echo (GRE) techniques (9). In vivo plaque detection has been
performed using a wider array of techniques, including Ty ,-weighting (10), macroscopic T
mapping (11), FSE imaging (12), SE imaging (6,13), and gradient-echo (GRE) imaging (9,
14).

It has been postulated that the inherent contrast of plaques is due to the accumulation of iron
(6,9,14). Iron reduces both T, and T," in and near the plaque causing the plaque to present as
a hypointense region. Since each of the previously mentioned studies were conducted with
differing mouse models, ages, imaging parameters and experimental design, it is difficult to
compare them in order to determine the ideal plaque imaging method. Furthermore, no work
has investigated the ability of susceptibility-weighted imaging (SWI) to increase plaque
contrast. Naturally occurring iron in the plaque should cause a phase shift in the plaque voxel,
which could provide increased contrast in SWI images (15,16). In this work we quantitatively
compare the ability of various imaging methods to visualize cortical plagues ex vivo. We used
ex vivo brain specimens of transgenic mice because a study of this scope would be impractical
in vivo due to prohibitively long scan times. Ex vivo specimens were used to estimate T,
T,", and T4, from which optimal parameters could be determined for nine different imaging
sequences: spin-echo (SE), fast spin-echo (FSE), multiple spin-echo (mSE), multiple
asymmetric spin-echo (mASE), gradient-echo (GRE), multiple gradient-echo (MGRE), mASE
with SWI (mASE-SWI), GRE with SWI (GRE-SWI), and mGRE with SWI (mGRE-SWI).
The parameters and experimental setup were based on the previously reported spin-echo
sequence used to image individual plaques in vivo and ex vivo (6,13). Although relaxation
values will differ between in vivo and ex vivo specimens, the ex vivo comparison provides a
starting point for future in vivo studies. After ex vivo comparison, a double transgenic amyloid
precursor protein/presenillin 1 (APP/PS1) (3) mouse model was imaged to subjectively
compare the gradient-echo, spin-echo and asymmetric spin-echo sequences.

Ex vivo experiments were performed on the fixed brain specimens of four 9-month-old APP/
PS1 transgenic mice (3), one 22-month-old APP transgenic mouse, and two 4-month-old wild-
type mice. In order to obtain fixed ex vivo brain specimens the animals were perfused
transcardially with PBS and fixed with neutral buffered 10% formalin after an overdose with
sodium pentobarbital (200 mg/kg, i.p.). The brain was removed, fixed further in formalin
overnight, and equilibrated in 0.1 M sodium phosphate, pH 7.4, for 24 h. The brain was
embedded vertically in 2% agar in a 15-mm outer diameter glass tube for ex vivo MRI. After
imaging the ex vivo brains were sectioned and stained for Thio-S and iron using the same
protocol as described by Jack et al. (13). In vivo experiments were performed on a 12-month-
old APP/PS1 transgenic mouse. The mouse was anesthetized using 1.0-1.5% isoflurane and
0,/N20 and positioned in a custom-built cradle for head immobilization during imaging. Body
temperature was monitored by a rectal probe and maintained with a hot water circulating
system. Experimental protocols were approved by the Institutional Animal Care and Use
Committees of both the University of Minnesota and the Mayo Clinic in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.
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MRI experiments were performed with a Unity Inova spectrometer (Varian, Palo Alto, CA)
interfaced to a 9.4-T/31-cm horizontal bore magnet equipped with actively shielded gradients
capable of 450 mT/m in a rise time of 200 ps (Resonance Research, Inc., Billerica, MA). RF
transmission and reception was performed with a quadrature surface coil consisting of 1-cm
diameter loops.

The relevant relaxation time constants of plaques and normal cortical tissue were estimated ex
vivo in order to give guidance in choosing echo times and repetition times for the various
sequences. The T4 value of cortical plaques and normal cortical tissue was estimated in the
fixed brains of two 9-month-old APP/PS1 transgenic mice; the T, and T," values, the proton
density, and the frequency shift of cortical plaques and cortical tissue were estimated in the
fixed brains of four 9-month-old APP/PS1 transgenic mice. Normal cortical tissue was defined
as a region within the cortex with homogenous intensity. In any region of interest there is likely
to be numerous plaques too small to be detected by MRI. Since this is necessarily the
background tissue for identifying large plaques, it has been defined as normal cortical tissue.
The density of small plaques in normal appearing regions will depend on the age and strain of
the mouse; therefore, the results may differ for different mouse populations.

The Tq values of normal cortical tissue and cortical plaques were estimated using the saturation
recovery method with the SE sequence (6). Images were acquired with a resolution of 60 x 60
x 120 pum3; 29 different repetition time (TR) values ranging from 50 ms to 12000 ms; echo
time (TE) = 24 ms; spectral width (sw) = 30 kHz; x, y, and z matrices of 256 x 96 x 32 with a
field-of-view (FOV) of 15.36 x 5.76 x 3.84 mm?; total imaging time was 60 hr.

The T, values of normal cortical tissue and cortical plaques were estimated using the SE
sequence with a single localizing 180° pulse in the z direction. The 180° localizing pulse in the
y direction was removed to allow for the acquisition of shorter echo times for a more reliable
T, estimation. Images were acquired with a resolution of 60 x 60 x 120 um3; TR = 2000 ms;
10 different TE values ranging from 6.88 ms to 75.88 ms; sw = 60 kHz; x, y, and z matrices of
256 x 192 x 32 with a FOV of 15.36 x 11.52 x 3.84 mm?; total imaging time was 3.4 hr. The
spectral width was increased for the T, estimations to attain a shorter echo time.

The T," values of normal cortical tissue and cortical plaques were measured using the GRE
sequence. Images were acquired with a resolution of 60 x 60 x 120 um3; TR = 659 ms; 10

different TE values ranging from 2.58 ms to 75.88 ms; sw = 30 kHz; x, y, and z matrices of
256 x 256 x 32 with a FOV of 15.36 x 15.36 x 3.84 mm3,

The relaxation parameter estimation was a two-stage analysis. The first stage consisted of
fitting the relaxation curves for each individual pixel identified as a cortical plague or normal
appearing cortical tissue using a non-linear least squares algorithm. In the second stage the
weighted average of the individual relaxation parameter estimates was calculated. The weight
given to each parameter estimate was inversely proportional to the standard error of the
estimate. To estimate the frequency offset of the plaques, a phase map was generated at each
echo time in the GRE sequence to determine the effective frequency offset of the plaques
relative to the normal cortical tissue. The average phase of the plaques was fit to a line to
estimate the average frequency offset. It should be noted that the estimated T, value may not
correspond to the actual T, value because the data was acquired with an echo train. Since this
study is concerned with the contrast produced by echo trains, the T, value estimated with an
echo train is the more useful value in this context.

The next portion of the study was designed to compare the ability of different imaging methods
to generate plaque contrast against normal appearing cortical tissue. The pulse sequence
diagrams for the sequences are shown in Fig. 1. The spin echo sequences (SE, mSE, mASE,
and mASE-SWI) were all based on the previously reported SE sequence (6). The multiple-
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echo sequences (MSE, mASE, and mGRE) generated an echo train with no phase encoding
performed between the echoes. In this way, the set of phase-encoded echoes collected at each
TE produced a fully encoded image that was processed independently. The images were
summed in absolute value mode to increase the signal-to-noise ratio (SNR). The receiver gain
was equal for all of the echoes. The GRE based sequences are shown in Fig. 1a. The GRE
sequence acquired only one echo, while the mGRE sequence acquired 8 echoes. The echoes
were acquired with unipolar readout gradients to minimize the variation from image to image.
The SE sequences are shown in Fig. 1b. The spin echo asymmetry is indicated by At. The SE
sequence acquired one echo with At = 0, the mSE sequence acquired 5 echoes with At = 0,
and the mASE sequence acquired 5 echoes with At = 8 ms.

The parameters for all sequences were designed to give the same resolution (60 x 60 x 120
um3) and total acquisition time (1 hr 30 min). The echo times for all sequences were chosen
to give optimal plaque contrast based on the results of the relaxation estimates. The SE sequence
parameters were: TR = 1758 ms; TE = 43 ms; sw = 30 kHz; x, y, and z matrices of 256 x 96 x
32 with a FOV of 15.36 x 5.76 x 3.84 mm3. The mSE sequence parameters were: TR = 1758
ms; TE = 28, 43, 58, 73, 88 ms; sw = 30 kHz; X, y, and z matrices of 256 x 96 x 32 with a FOV
of 15.36 x 5.76 x 3.84 mm3. The mASE sequence parameters were TR = 1758 ms; TE = 30,
45, 60, 75, 90 ms; At = 8 ms; sw = 30 kHz; x, y, and z matrices of 256 x 96 x 32 with a FOV
of 15.36 x 5.76 x 3.84 mm3. The FSE sequence parameters were TR = 1758 ms; TE = 45, 60
ms; echo train length = 2; Ney = 2; sw = 30 kHz; X, y, and z matrices of 256 x 96 x 32 with a
FOV of 15.36 x 5.76 x 3.84 mm3. The GRE sequence parameters were TR = 659 ms; TE = 39
ms; sw = 30 kHz; x, y, and z matrices of 256 x 256 x 32 with a FOV of 15.36 x 15.36 x 3.84
mm3. The mGRE sequence parameters were TR = 659 ms; TE = 15, 23, 31, 39, 47, 55, 63, 71
ms; sw = 30 kHz; x, y, and z matrices of 256 x 256 x 32 with a FOV of 15.36 x 15.36 x 3.84
mm3. The GRE sequences required a larger FOV in y because there was no refocusing pulse
to select a slab in the y direction. To generate the SWI images, a phase map was generated
using a filtered k-space to remove the sources of slowly varying phase. The phase map was
mapped to a phase mask and then multiplied into the magnitude image 5 times. In vivo GRE,
SE, and mASE images were acquired with the same parameters given above, except the GRE
sequence had TE = 23 ms.

The sequences were compared by manually identifying plaques common to all nine image sets.
After zero-filling by a factor of two in the in-plane directions, a 5 x 5 pixel ROl was drawn
around each plaque. Another 5 x 5 pixel ROl was drawn in a region of normal appearing cortical
tissue near the plaque. The plaque contrast-to-noise ratio (CNR) was calculated as,

S-S
CNR=—'_"P_

v o
i (1)

where Sy is the mean of the signal in the tissue ROI, Sy is the mean of the signal in the plague
RO, a; is the variance of the i" pixel in the plaque ROI, and N is the total number of pixels in
the plaque ROI. Eq. 1 is adapted from the visibility equation derived by Constable and
Henkelman (17). The average CNR was calculated across all five brain specimens for each
sequence. A total of 427 plaques were counted in the five specimens.

In order to correlate histologic sections with MR images, images of the individual histologic
sections were combined to create a digitized 3D volume of the specimen. In order to match the
through-plane resolution of the histologic and MR images, appropriate multiples of the 30-um
histologic sections were used. The digitized histologic volume was then spatially matched to
the ex vivo MRI volume using an image analysis software package (18). A linked cursor system
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in the image analysis software program was then used to identify amyloid plagues common to
the three spatially registered digitized datasets: ex vivo MRI, and in vitro Thio-S staining, and
in vitro iron staining.

The calculated relaxation parameters are shown in Table 1. The optimal echo times were
calculated using the equation

T p
In( z/T; )T4T}

TE= ’ 7
Tz - Tz (2)

where T,!is the T, or T," value for normal cortical tissue, and TP is the T, or T, value for
cortical plaques. The maximal T, contrast occured at TE = 42.1 ms; the maximal T," contrast
occured at TE = 38.8 ms. The average phase of the plaques relative to the normal tissue was
fit to a line to arrive at a frequency shift of —0.7 Hz.

Fig. 2 shows representative ex vivo images from the three major classes of sequences: T -,
T,-, and susceptibility-weighted. Fig. 3 shows the same magnified region for all nine sequences.
The average CNR of all counted plaques is shown for each imaging method. The images are
ordered by increasing CNR (defined in Eqg. 1). The multi-echo imaging sequences (designated
by a lower-case ‘m’) all produced increased plague CNR compared to their single echo
counterparts. Similarly, all SWI1 imaging sequences produced increased plaque CNR compared
to the magnitude-only counterparts. Fig. 4 shows the correlation between the mGRE sequence,
Thio-Sand iron staining. Red arrows indicate plaques that were common to all three modalities,
black arrows indicate plaques that were present in the MRI and iron staining, and white arrows
indicate plaques that were present in MRI and Thio-S staining. Fig. 5 shows representative ex
vivo images of a wild-type mouse brain using the three major classes of sequences. It can be
seen that none of the imaging methods introduce hypointense regions that could be falsely
identified as plaques.

Fig. 6a shows a typical image from a GRE sequence in vivo. The echo time of this image was
23 ms, which is less than the optimal echo time for plaque contrast of 39.3 ms as estimated ex
vivo. Although the optimal echo time will differ in vivo, it is unlikely to be significantly
different from what was estimated ex vivo. The results were similar for manual shimming as
well as automated shimming using FASTMAP (19). The severe susceptibility artifacts at the
cortical interface at long echo times were judged to severely limit the utility of GRE- and SWI-
based sequences for in vivo imaging. Fig. 6b shows a typical image from a SE sequence in
vivo, and Fig. 6¢ shows a typical image from a mASE sequence in vivo with 8 ms of spin echo
asymmetry. It was found that 8 ms was the maximal T," weighting that could be applied without
susceptibility-induced signal loss in the cortex.

DISCUSSION

The fact that plaques contain iron has led to the assumption that T,™-weighting would be
superior to T,-weighting in creating plaque contrast. The T, and T," estimates presented here
are surprisingly similar, which may indicate that the iron concentration in the plaques is not as
high as previously thought (20-22). The iron and Thio-S staining indicate that different
individual plaques can have a wide range of fibrillar amyloid and iron concentrations, which
could resultin arange of To and T," values. The values given here are an average for all plaques
identified. A more comprehensive study is needed to see if there is a correlation between the
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concentrations of iron, amyloid and T» in individual plaques. The similar T, and T," values
may explain why previous studies have not succeeded in resolving cortical plaques with GRE
sequences (14,23). The echo times in these studies were all less than 15 ms, which is not an
optimal echo time according to the T," estimates presented here. These studies took place at
7T and 11.7 T, respectively, so the T," values will differ slightly. However, an echo time of
15 ms is likely too short to generate significant contrast at those field strengths. Other studies
have used T,-weighted methods to visualize plagues, which our current results indicate will
give similar contrast to T, -weighted methods for a given echo time. The frequency shift of
the plaques, presumably caused by the naturally occurring iron content of plagues, is small,
but long gradient echo times can be used to generate phase contrast due to this frequency shift.

The first conclusion drawn from the ex vivo comparison was that for a given acquisition time,
a FSE technique is inferior to a summed echo technique. It is postulated that this is due to the
blurring caused by FSE techniques (24). The ex vivo results also indicate that T, -weighted
images provide superior plague CNR compared to To-weighted images, and SWI images
provide the greatest CNR. The similar T1 values between plaques and normal tissue indicate
that the differing TR between the SE- and GRE-based sequences is not a factor in plaque
contrast. The T, and T," decay curves indicate that the contrast for a single gradient or spin
echo will not be significantly different, but the gradient echo sequences gave consistently
higher CNR. This could be due to a slight blooming effect in the gradient echo images. An
increase in the apparent size of the plaques will decrease the partial volume effect and increase
contrast. Furthermore, the multi-gradient echo sequences allow one to sum more echoes in the
high contrast echo time region, which results in a greater overall CNR. Although the frequency
shift of the plaques is less than 1 Hz, the phase accumulated at long echo times is still large
enough to give a large increase in plaque CNR through SWI. Therefore, when performing ex
vivo imaging, the mGRE-SWI sequence will provide the greatest plaque CNR for a given scan
time. It should be noted that the plaque darkness in the images may not correlate exactly with
the calculated CNR in Fig. 3. The plaque darkness is determined by the difference between the
plaque signal and the background signal without regard to the uncertainty in the value of the
plaque signal. That variance can be significantly different between the sequences; therefore,
the plaques may appear darker in one sequence despite the fact that the CNR is reduced. In this
work the calculated CNR value was assumed to be a more suitable measure of plaque visibility
than simple visual inspection. The lack of hypointense pixels in the ex vivo images of the wild-
type mouse brain indicate that the T,"- and susceptibility-weighting do not introduce structures
into the image that could be erroneously identified as plaques.

Itis apparent in Fig. 3 that the CNR of some plaques increases dramatically in moving from a
SE sequence to a GRE or SWI sequence, while the CNR of other plaques appears to change
minimally. Qualitative analysis of the iron and Thio-S stains do not present a predictable pattern
as to which plaques will have increased CNR and which will not. It is likely dependent on
plaque size, iron content and amyloid content. Previous studies by EI Tannir El Tayara et al.
have shown that the T, value of cortical tissue containing plaques is not related to amyloid load
(20,25). This indicates that the relaxation mechanisms involved are not solely dependent on
the amount of iron or amyloid alone. They are more likely a complex interplay between the
amount and morphology of the iron and the amyloid as well as other factors yet to be studied.

The in vivo GRE images indicate that the air-to-tissue and/or the fat-to-skull interfaces cause
large enough susceptibility artifacts to make GRE- and SWI-based methods impractical for in
vivo visualization of cortical plaques. GRE imaging techniques have been used to visualize
striatal plagues in vivo (9,14,26); however, most molecular biology studies focus on cortical
and hippocampal plaques in these animal models of human AD. The longest gradient echo
time that could be reached without areas of severe signal loss in the cortex was less than 10
ms, but the T," contrast is not large enough to visualize plaque until the echo time is greater

Magn Reson Med. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chamberlain et al.

Page 7

than 20 ms. Similarly, the phase accumulated by the plaques is too small to make SWI imaging
feasible at echo times shorter than 20 ms. Thus, the in vivo techniques for cortical plaque
imaging are optimally performed with spin-echo based sequences. A mASE sequence with a
small amount of spin echo asymmetry could increase plague contrast without inducing
excessive susceptibility artifacts. Future studies will be needed to validate the ability of the
MASE to resolve individual plaques in vivo. Although SWI appears to be impractical for in
Vivo mouse imaging, it may be suitable for in vivo human imaging due to the increased distance
from the air/tissue interface to the region of interest.

Because plaques are on the order of the voxel size, the CNR of plaques is directly related to
the ability to detect them. We believe this ex vivo study provides a valuable comparison of a
large group of imaging sequences in their ability to generate plaque contrast. Based on the
findings presented here, future in vivo studies on mouse models of Alzheimer’s disease can
make educated pulse sequence design choices.
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Figure 1.

Pulse sequence diagrams. (a) The gradient echo sequences use an hyperbolic secant pulse to
excite a slab then perform 3D imaging on that slab. The GRE sequence acquires a single
gradient echo, and the mGRE sequence acquires 8 echoes. The readout gradients are unipolar
to minimize distortions between the echoes. (b) The spin echo sequences are fully adiabatic
sequences to minimize flip angle variation across the object. The sequence has a spin echo
asymmetry equal to At, which is zero for the SE and mSE sequences.
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Figure 2.

Representative images from To-, T,™-, and susceptibility-weighted imaging sequences in a 22-
month-old ex vivo APP brain specimen. (2) An image from the mSE sequence (Tp-weighted).
(b) An image from the mGRE sequence (T, -weighted). (c) An image from the mGRE-SWI
sequence (susceptibility-weighted).
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a FSE CNR=316Db SE CNR=36.3c¢c GRE CNR =448

d mSE CNR=885e MASE CNR=935f GRE-SWI CNR=109

g mGRE CNR=135h mASE-SWI CNR=218 i mGRE-SWI CNR =238

Figure 3.

Magnified images from all nine sequences in a 9-month-old ex vivo APP/PS1 brain. The images
are ordered by increasing plaque CNR (defined in Eq. 1). The multi-echo imaging sequences
(designated by a lower-case ‘m’) all produced increased plaque CNR compared to their single
echo counterparts. Similarly, all SWI imaging sequences produced increased plague CNR
compared to the magnitude-only counterparts.

Magn Reson Med. Author manuscript; available in PMC 2010 May 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Chamberlain et al.

Page 12

1

Figure 4.

Magnified images from the mGRE sequence (a), Thio-S staining (b), and iron staining (c). Red
arrows point to plaques that were common to all three images. Black arrows point to plaques
that were common to MRI and iron staining. White arrows point to plaques that were common
to MRI and Thio-S staining.

Magn Reson Med. Author manuscript; available in PMC 2010 May 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Chamberlain et al.

Page 13

f mGRE-SWI

Figure 5.

Representative images from To-, T,"-, and susceptibility-weighted imaging sequences in a 4-
month-old ex vivo wild-type brain specimen. (a) An image from the mSE sequence (To-
weighted). (b) An image from the GRE sequences (T, -weighted). (c) An image from the
MGRE-SWI sequence (susceptibility-weighted). It can be seen that none of the imaging
methods introduce hypointense regions that could be falsely identified as plaques.
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mSE

Figure 6.

Representative in vivo images from the GRE, SE, and mASE sequences in a 12-month-old
APP/PS1 mouse. (2) The GRE image showed cortical signal loss due to the susceptibility
mismatch interfaces at TE = 23 ms. Sinuses inferior to the image border also caused a rippling
artifact in the image. Since plaque contrast is maximal near 40 ms, this effect makes in vivo
plaque imaging with GRE-based sequences impractical. (b) The SE sequence that was
previously demonstrated to visualize plaques in vivo. (c) The mASE sequence provides
increased SNR and image quality compared to the SE sequence. A quantitative comparison of
the SE and mASE sequence in vivo is beyond the scope of this study, but it will be needed in
the future.
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Estimated values of the relaxation parameters of cortical plaques and normal cortical tissue in ex vivo APP/PS1 brain

specimens.

Table 1

Cortical Plaques | Normal Cortical Tissue
Proton density (a.u.) 1.00+0.10 1.042 +0.081
T, (s) 1.51+0.07 1.64 +£0.03
T, (ms) 321+22 56.6+1.3
T," (ms) 31.1+16 49.4+30
Frequency shift (Hz) -0.7+0.2 0.0+0.1
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