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Abstract
A quantitative magnetization transfer (qMT) technique was employed to quantify the ratio of the
sizes of the bound and free water proton pools in ex vivo mouse brains. The goal was to determine
the pool size ratio sensitivity to myelin. Fixed brains from both shiverer mice and control
littermates were imaged. The pool size ratio in the corpus callosum of shiverer mice was
substantially lower than that in the control mice, while there was no distinguishable difference in
the pool size ratio in the gray matter. These results correlate with diffusion tensor imaging (DTI)
derived radial diffusivity which previously was shown to reflect myelin integrity in this animal
model. Histological study reveals the presence of myelin in control mice white matter and the
absence of myelin in shiverer mice white matter, supporting the qMT and DTI results. Our
findings support the view that qMT may be used for estimating myelin integrity.
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INTRODUCTION
Myelin damage is an important pathological feature in many central nervous system (CNS)
disorders, such as multiple sclerosis (MS) (1,2). Magnetic resonance techniques provide
useful non-invasive measures of the pathology in MS (3). Conventional MRI techniques
have played significant roles in white matter lesion (WML) detection in the clinical and
research settings. Though sensitive to demyelination, many of these MR techniques are also
affected by other white matter pathologies, such as edema, inflammation, and axonal
degeneration (4,5). In contrast, the macromolecular pool size ratio obtained by quantitative
magnetization transfer (qMT) imaging (6–8), the radial diffusivity obtained by diffusion
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tensor imaging (DTI) (9), and the myelin water fraction obtained by multiple T2
measurements (10–12), potentially provide more specific measures of myelin integrity.

qMT is a quantitative description of magnetization transfer (MT), which is the exchange of
magnetization between macromolecular protons (such as protons in myelin sheaths) and free
protons (such as protons in tissue water). Conventional MT imaging is produced by applying
an off-resonance pulse to selectively saturate the macromolecular protons and measuring the
change in the free water magnetization. One parameter generally used to characterize MT is
the magnetization transfer ratio (MTR), which is defined by MTR = (1 − S/S0) × 100%,
where S and S0 represent the signal with and without the saturation pulse, respectively.
MTR values have been shown to be smaller in MS lesions than in normal white matter, and
may be an indirect reflection of myelin (3). However, MTR is not a simple measure of
demyelination; it is also affected by other changes. For example, MTR decreases with
inflammation (5). Furthermore, MTR values are highly dependent on pulse sequence
timings, rf pulse shapes, and B1 variations, making comparisons between results from
different research sites difficult (13).

MTR values are a function of both relaxation and exchange and are therefore difficult to
interpret in terms of the underlying biological process. In contrast, qMT provides a more
specific description of MT by measuring the relaxation times of each pool of protons, the
exchange rates between pools, and the ratio of the pool sizes. qMT parameters have been
measured in normal brains and different disease models to investigate the sensitivity to
myelin. qMT measurements showed that pool size ratios are greater in white matter than in
gray matter (14), and smaller in MS lesions than in normal white matter (8), suggesting that
pool size ratio is capable of reflecting myelin contents. In addition, normal appearing white
matter (NAWM) in MS patients was studied by both MTR and qMT, and the results indicate
that the qMT measured pool size ratio has a greater sensitivity in detecting myelin loss (6).

There are several published qMT techniques which yield either all or a subset of the
relaxation and exchange parameters (15–19). Selective inversion recovery fast-spin-echo
(SIR-FSE) is a qMT technique that selectively inverts the free pool magnetization and fits
the resulting recovery to a bi-exponential function of the inversion time (20,21). We chose
this method over the more widely applied pulsed saturation qMT method due to the easy
implementation and data analysis of SIR-FSE. A more thorough discussion of the relative
merits of the two methods is given elsewhere (20).

DTI is also widely used in studies of white matter diseases. While the summary parameters
such as the apparent diffusion coefficient, the relative anisotropy, and the fractional
anisotropy are reported to be different between MS lesions and normal white matter regions
(22–24), none of these measures are capable of differentiating between the underlying
axonal injury and demyelination. In contrast, the DTI derived directional diffusivities have
demonstrated a much improved specificity. For example, DTI on mouse CNS has shown
that the radial diffusivity (perpendicular to the axon fibers) is capable of detecting the
presence of damage to myelin sheath in white matter, and the axial diffusivity (parallel to
the axon fibers) detects the presence of injured axons in white matter (9,25–28).

Since both qMT and DTI may be capable of detecting myelin damage, imaging using both
modalities on the same sample would provide confirmation of the myelin sensitivity, allow
comparisons between the methods, and is potentially beneficial for the development of an
optimized myelin marker. In this study, myelin pathology of CNS white matter tracts from
the shiverer mouse, which lacks the myelin basic protein (MBP), will be examined. The
myelin sheath in the CNS of shiverer mice is very thin, loose, or completely absent inmost
of the cases (29,30). On the other hand, there is nearly no axon degeneration or
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inflammation in shiverer mouse (31). Therefore, comparing shiverer mice to controls
provides an excellent model to estimate the sensitivity of MR techniques to myelin integrity.
Previous studies have used continuous wave (CW) and pulsed MT techniques to assess
shiverer mice spinal cord (32) and used DTI techniques to assess the sensitivity and
specificity of DTI to myelin integrity in shiverer mice brain (9). In the present study, a
similar analysis was performed on the myelination of control/shiverer mice brain by using
the SIR-FSE qMT method and comparing the results with DTI.

METHODS
Animal preparation

Six shiverer (6–8 week old, same type as used in the previous study (9), originally purchased
from The Jackson Laboratory, Bar Harbor, Maine, USA) and six control mice (littermates)
were euthanized and perfused with phosphate-buffered saline (PBS) followed by 10%
formalin/PBS solution through the left cardiac ventricle. The mice were decapitated and
their heads were kept in 10% formalin/PBS solution and stored at 4°C for 1 week. Before
imaging, each mouse head was washed by PBS solution and then transferred to a 10 mm
diameter cylinder filled with PBS solution.

Quantitative magnetization transfer imaging and diffusion tensor imaging
Each cylinder with a fixed number of mouse heads was placed in a 1 cm inner diameter
solenoid coil which serves as both RF transmitter and receiver. The mid-sagittal slice of
each brain was acquired in a 4.7 T Varian UNITY INOVA spectrometer with an actively
shielded Magnex gradient coil (10 cm inner diameter, 60 g/cm, 100 µs rise time). A fast spin
echo sequence with a 1 ms sinc inversion pulse was used for the qMT experiments. Eighteen
images with inversion times ranging from 5 ms to 7.9 s were obtained with 2 s constant pre-
delay td, 8 averages, 16 echoes, 10 ms echo spacing time, 25 mm × 25 mm field of view, 0.8
mm thick slice, and 256 × 256 data matrix. The total imaging time was 2 h. A bi-exponential
function of the inversion times (eqn (A1)) was used to fit the data to determine qMT
parameters pixel by pixel. The details of qMT parameters determination are given in the
Appendix. DTI was performed on the same selected slices with the same spatial resolution
and a diffusion weighted spin echo pulse sequence with 1 s repetition time, 4 averages, 38
ms echo time, 13 ms time between gradient pulses, 4 ms diffusion gradient duration, b value
of 1.879 ms/µm2, diffusion sensitizing gradients along six directions (1,1,0), (0,1,1), (1,0,1),
(−1,1,0), (0,−1,1), and (1,0,−1), plus a normalizing image with no diffusion gradients. The
DTI scan time was 2 h.

Statistical analysis
The Shapiro–Wilk W-test and Lilliefors test were performed to the qMT and DTI data and
no evidence of non-normality was found. For each qMT and DTI parameter, statistical
differences between control mice and shiverer mice were evaluated using the Student’s t-
test. The t-value was calculated by the means and standard deviations of each parameter in
control/shiverer mice. With the t-value and the known degree of freedom (six control mice
and six shiverer mice gave a degree of freedom 10), the probability (p-value) that each
parameter is the same in control mice as well as in shiverer mice was determined. The
correlation coefficient of the pool size ratio to the radial diffusivity was also calculated by
Pearson’s correlation coefficient test.

Histology
For examining myelin integrity, 3 µs thick slices matching the DTI and qMT images (mid-
sagittal slices) were cut from paraffin embedded tissue and cleared in xylene. The primary
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antibody detecting myelin basic protein (MBP, 1:100; Zymed laboratories Inc., South San
Francisco, CA, USA) was revealed by avidinbiotin-peroxidase method (Vector Laboratories,
Inc. Burlingame, CA, USA). Images were captured with a Photometrics CCD digital camera
using MetaMorph image acquisition software (Universal Imaging Corporation, Downington,
PA, USA) on a Nikon Eclipse 80i microscope.

RESULTS
Figure 1 is a T2 weighted spin echo image without diffusion gradients illustrating the mouse
brain anatomy in the mid-sagittal slice. The regions of interest (ROI) of white and gray
matter for the quantitative study are also shown in this figure. Other ROIs which we have
analyzed but not shown here include: the cerebellum white matter (parameter measurements
are overwhelmed by partial volume effects) and the subcortical gray matter (measured
parameters are similar to those from the presented cortical gray matter). Representative
qMT, DTI, and immunohistochemistry maps for the mid-sagittal slice of one control and one
shiverer mice are presented to demonstrate the consistent findings among different methods
(Fig. 2). Significantly reduced intensity in the pool size ratio map and the markedly reduced
contrast (between white and gray matter) in the radial diffusivity map are in close agreement
with the loss of intensity in the immunohistochemical staining of MBP when comparing the
corpus callosum from the shiverer with that of the control mice. Given the almost complete
absence of myelin sheath in the shiverer mice CNS white matter, we did not attempt a
quantitative estimation of myelin content in the histological studies.

Quantitative magnetization transfer imaging
Data from the SIR-FSE pulse sequence were fitted by the bi-exponential eqn (A1) and qMT
parameters were calculated pixel-by-pixel from eqn (A3). The resulting pool size ratio, fast
recovery rate, and slow recovery rate of both white and gray matter ROIs of each individual
mouse were averaged and listed in Table 1. Figure 3 shows the comparison of the pool size
ratio between the white and gray matter for the six control and six shiverer mice. The pool
size ratio of control mice white matter is about 30% higher than that of gray matter; the pool
size ratio of shiverer mice white matter is almost the same as that of gray matter. In addition,
as shown in Fig. 4, the white matter pool size ratio of control mice is about 25% higher than
the white matter pool size ratio of shiverer mice (p = 0.002); the pool size ratio of gray
matter is roughly the same (~5% difference, smaller than the uncertainty scale; p = 0.14) for
both control and shiverer mice.

There is nearly no difference (p = 0.58) for the white matter fast rates when comparing the
control and shiverer mice. There is no gray matter fast rates difference (p = 0.98) between
the control and shiverer mice as well. The white matter slow rate is slightly higher than the
gray matter slow rate for the control mice, while the slow rate is higher in the gray matter
and lower in the white matter for the shiverer mice. There is about 8% difference (p =
0.0002) of slow rates between control and shiverer mice white matter, and no difference (p =
0.52) of slow rates between control and shiverer mice gray matter.

Diffusion tensor imaging
Diffusion weighted images data were analyzed to derive the directional diffusivity maps.
The resulting radial and axial diffusivities are listed in Table 1. As shown in Fig. 4, the
radial diffusivity in the control mice white matter is about 25% less than that in the shiverer
mice white matter (p = 0.01); the axial diffusivity in the control mice white matter is almost
indistinguishable (about 5% difference, smaller than the uncertainty scale; p = 0.27) from
that in the shiverer mice white matter; the diffusivity in the gray matter is always about the
same for control and shiverer mice (radial: p = 0.78; axial: p = 0.91). The calculated
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principle diffusion direction in the white matter (corpus callosum) is always perpendicular to
the mid-sagittal plane, the same for both control and shiverer mice.

Correlation of qMT and DTI parameters
Figure 5 is a scatter plot for the qMT measured pool size ratio and DTI measured radial
diffusivity for all pixels in all mice. In white matter, the results from the control and shiverer
mice are distinct in the scatter plot; in gray matter, the results from the control and shiverer
mice are similar. For the pool size ratio and radial diffusivity, a significant correlation (r =
−0.57, p = 0.025) was found in the white matter when using the average for each mouse as a
data point (subplot in Fig. 5). No significant correlation was found when control and
shiverer mice groups were considered individually.

DISCUSSION
Control vs. shiverer

Shiverer mouse is a well-characterized model of CNS dysmyelination (29,30). Our results
suggest that the qMT measured pool size ratio may be a valid maker for non-invasive
evaluation of myelin in shiverer mouse brain. The measured pool size ratio in the control
mice white matter (corpus callosum) is much higher (about 25%) than that in the shiverer
mice white matter, while the pool size ratio in the control mice gray matter is similar to that
in the shiverer mice gray matter, indicating that the difference in the pool size ratio is caused
by the difference of myelin integrity. Likewise, the resistance to water diffusion in the
perpendicular direction of axon fibers is strongly affected by the surrounding myelin sheath,
and published results (9,26) suggest that the radial diffusivity may reflect myelin integrity.
In our experiments, we found that the radial diffusivity in the control mice white matter is
less (about 25%) than that in the shiverer mice white matter. The selection of corpus
callosum in the mid-sagittal slice as the ROI for white matter also reduces the possibility of
contaminated radial diffusivity measurements by crossing fibers, as the corpus callosum in
the mid-sagittal slice is the region in which radial diffusivity is most specific to myelination
(33). There is no difference for the radial diffusivity in the gray matter between the two
groups of mice. These DTI results correlate well with the qMT results. The percentage
differences in the pool size ratio and in the radial diffusivity between control and shiverer
mice white matter are similar. Though theoretically all mice white matter may be grouped
into two distinct states, control and shiverer, the individual differences for the mice may still
validate the correlation analysis, and in this case the relatively large correlation coefficient (r
= −0.57) and statistically significant p-values (p = 0.025) are an indication that the pool size
ratio is correlated with radial diffusivity. The percentage difference in macromolecular
proton pool size ratios between control and shiverer is smaller than that measured in shiverer
mice spinal cord (32), which may reflect differences between brain and spinal cord, sample
preparation, or qMT acquisition method. The difference (about 8%) in the observed
recovery rate (slow recovery rate, the reciprocal of conventional T1) between control and
shiverer mice white matter is much smaller than the difference we observed in qMT and DTI
parameters, suggesting that both qMT and DTI are superior to T1 weighted images or T1
maps in terms of sensitivity to myelin changes. Our qMT results agree well with the
histology results (Fig. 2), though quantitative correlation with histology is still needed to
confirm whether qMT can be indeed a valid marker for myelin.

White matter vs. gray matter
While the lipids in myelin are a conduit for spin exchange between the free water and
macromolecules (34,35), myelin is not the only microstructure in the mouse brain that
contributes to the pool size ratio. Gray matter does not have significant myelin, but still has
a non-zero pool size ratio. However, the lack of gray/white matter contrast in the pool size
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ratio map of the shiverer mouse in Fig. 2, and the corresponding values listed in Table 1
support the view that it is myelin alone that accounts for the pool size ratio difference
between gray and white matter in normal mice. That is, our findings indicate that
microstructures other than myelin (e.g. axon fibers) in the white matter have similar qMT
properties as microstructures in gray matter. On the other hand, myelin is not the only
underlying mechanism influencing the radial diffusion in the gray and white matter. Shiverer
mice white matter has no myelin but only has half the radial diffusivity of gray matter
(Table 1). That is, even without myelin, white and gray matter are differentiated by radial
diffusivity, but not the pool size ratio. One possible practical benefit of this effect is that a
pool size ratio map may indicate demyelinated white matter regions without requiring
knowledge of normal white matter values.

Other qMT and DTI parameters
The fast recovery rate and the slow recovery rate of mouse brains were also obtained from
qMT results (Table 1). The fast recovery rate, which is approximately equal to the MT
exchange rate from the macromolecular protons to free water protons, is not differentiated
between the control and shiverer mice. This result is similar to the result of a qMT study of
demyelinated sciatic nerve (36), in which the exchange rate appeared to be independent of
demyelination. It is also similar to the results from human brain in which the exchange rates
from macromolecular protons to free water protons are not differentiated between white and
gray matter (37). The slow recovery rate, which is the reciprocal of the apparent T1
relaxation time, is higher in control mice white matter than that in the dysmyelinated
shiverer mice, in agreement with previous results in peripheral nerves (36). However, the
differences in these parameters between white and gray matter are relatively small, likely
due to fixation effects as discussed below. The axial diffusivity in white matter is not
changed between control and shiverer mice, which agrees well with previous results (9,26),
and indicates that axon fibers are still intact in shiverer mice. Furthermore, both axial and
radial diffusivities in gray matter are also very similar in control and shiverer mice. These
results are expected for our animal model, since the only major difference between control
and shiverer mice is the myelin sheath in white matter, and there is no substantial structural
difference for gray matter.

The effects of formalin fixation
We have demonstrated that both qMT and DTI may be capable of characterizing myelin
content in the ex vivo mouse brain. Also determined but not shown is that these results did
not change when we measured the same sample at 2 weeks after perfusion (compared to
measurements at 1 week after perfusion), indicating that our 1 week formalin/PBS fixation
procedure was sufficient to reach a steady-state condition. Our samples were imaged shortly
after transfer from the formalin/PBS solution to PBS with a brief PBS washing. Some
studies have observed changes in the relaxation and diffusion properties of specific samples
after 12 h of PBS washing (38). The short-term effect of switching from fixation solution to
PBS was not measured in our study. Published results suggest that the directional
diffusivities ex vivo are smaller than those in vivo, but measures of anisotropy do not
change (39). Our DTI results are consistent with these ex vivo results. A recent publication
compared the qMT and DTI results in WMLs and NAWM in postmortem MS brain before
and after formalin fixation, and suggested that useful conclusions about in vivo changes may
be inferred from data acquired using fixed tissues (40). Their results show that the pool size
ratio difference and water diffusivity differences between the NAWM and the demyelinated
WML are preserved after fixation. We do not have a direct comparison of ex vivo (before
and after fixation) and in vivo qMT parameters on the same animal model. Nevertheless, our
ex vivo qMT results in this study differ fromin vivo measurements in ferret brain acquired
using the same pulse sequence (20), though these differences could be due to the change in
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animal model in addition to fixation effects. For all parameters, the ex vivo qMT results
have smaller parameter differences between gray and white matter than their in vivo
counterparts, possibly due to the combined effects of death and fixation of the animal
overwhelming inherent tissue characteristics.

Multi-contrast quantitative MRI methods for myelin measurement
Many quantitative measurements by MRI are sensitive to myelin. However, other biological
microstructures (such as axon fibers) also affect most of those measurements. Multiple
contrast MRI experiments were used by many researchers to investigate the specificity of
certain MRI parameters to myelin. For example, multi-component T1 and T2 measurements
were performed together with MTR measurements to show that the change of MTR cannot
be attributed solely to the change of myelination (4,5). On the other hand, the combination
of T1, T2, and MT contrast does increase the myelin specificity in a cuprizone mouse model
which has selective and reversible demyelination with little or no axonal damage. The
combination of these contrasts can separate normal, demyelinated, and remyelinated white
matter 95% of the time, better than individual measurements (41).

When compared to MTR, qMT parameters increase the specificity to myelin by
characterizing the intrinsic properties of MT. However, the specificity of qMT parameters to
demyelination still needs further investigation. The roles of axonal degeneration,
inflammation, and edema in the pool size ratio measurements were not addressed in this
study. Those pathologies may affect the qMT demyelination measurements, as indicated by
some multiple contrast quantitative MRI methods. For example, the qMT pool size ratio has
been correlated to the myelin water fraction in multiple component T2 measurements (42,43)
investigating specificity to myelin. It was found that both parameters reflect the same thing
(most likely myelin) to a great extent, but inflammation (43) may be difficult to distinguish
from demyelination by pool size ratio measurements alone.

In this paper, we correlated the pool size ratio in qMT with the radial diffusivity in DTI to
demonstrate the sensitivity of the pool size ratio to myelin by choosing two kinds of animals
(shiverer and control mice) which are mainly differentiated by myelin content, without the
involvement of other white matter disease pathologies, such as axonal degeneration,
inflammation, and edema. Our results indicate a similar sensitivity for the radial diffusivity
and the pool size ratio to changes in myelin between control and shiverer mice. While both
these measurements are sensitive to myelin content, the mechanism of this sensitivity varies
and may therefore reflect differently on subtle changes in pathology. The pool size ratio is
determined by the lipids in myelin which are a conduit for spin exchange between the free
water and macromolecules; the radial diffusivity is directly affected by themyelin sheath
inhibition of water diffusion. Although not addressed in this study, the short T2 spectrum
from multiple exponential T2 (MET2) method is also likely caused by myelin lipids
increasing the associated water relaxation rate. The relative merits, sensitivities, and
specificities of these three measures are interesting topics for further quantitative MRI
studies on myelin.

CONCLUSION
We applied a qMT imaging technique on ex vivo shiverer mouse brain, and compared these
results with DTI and histology. Our results suggest that the pool size ratio and the radial
diffusivity may be correlated. Both of them may be potential non-invasive biomarkers for
myelin detection.
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Abbreviations used

CW continuous wave

DTI diffusion tensor imaging

MBP myelin basic protein

MS multiple sclerosis

MT magnetization transfer

MTR magnetization transfer ratio

NAWM normal appearing white matter

PBS phosphate-buffered saline

qMT quantitative magnetization transfer

SIR-FSE selective inversion recovery fast-spin-echo

WML white matter lesion
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APPENDIX

THE SIR-FSE SEQUENCE
SIR-FSE is a recently developed qMT imaging method (20,21). This technique uses a fast
spin echo pulse sequence with a preceding 180° inversion pulse. A series of inversion times
are used to model the transient signal of the magnetization recovery after the inversion
pulse. A constant pre-delay time td (the time delay after the fast spin echo acquisition in each
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repetition), instead of a constant repetition time TR, is used to maximize the efficiency of
SIR-FSE (20). In the SIR-FSE model, there are three essential qMT parameters: the pool
size ratio, which is the ratio of the size of the immobile macromolecular protons to the size
of the free water protons; the fast recovery rate, which is the recovery rate of the inverted
magnetization at short inversion times; and the slow recovery rate, which is the recovery rate
of the inverted magnetization at long inversion times, and is the reciprocal of the
conventional T1 relaxation time.

For a two-pool system (such as the immobile macromolecular and free water proton pools
measured in brain tissue), the recovery of the inverted free pool magnetization after the
inversion pulse is

(A1)

where

(A2)

 are the slow and fast recovery rates, respectively. The subscripts f and m refer to
the free and macromolecular proton pools, respectively. Mf(t) and Mm(t) are the longitudinal
magnetizations with equilibrium values Mf∞ and Mm∞. R1f and R1m are the longitudinal
relaxation rates of the free and macromolecular protons when there is no magnetization
transfer between them. kfm is the magnetization exchange rate from the free pool to the
macromolecular pool, kmf is the rate from the macromolecular pool to the free pool, and kfm/
kmf is equal to the pool size ratio (pm/pf).

kmf is usually much larger than any other rate, and a Taylor expansion gives the
approximations (20):

(A3)

In the experiments,  are determined by fitting eqn (A1) to the measured
images, where t is the varied inversion time, and kmf and pm/pf are determined from eqn
(A3), where td is the constant pre-delay and Sm is the simulated saturation effect of the rf
pulse (0.41 ± 0.11 for a 1 ms sinc inversion pulse on a solid pool with a Gaussian lineshape
and a T2 between 10 and 20 µs, calculated as in previous studies (44,45)). Being an on-
resonance method, the results have little dependence on the assumed lineshape, as discussed
in previous publications (21).

DIRECTIONAL DIFFUSIVITIES DERIVED BY DIFFUSION TENSOR IMAGING
The diffusion tensor (D) can be derived according to eqn (A4), where S is the diffusion-
weighted signal, S0 is the signal with diffusion weighting factor b = 0, and n is the encoding
direction (46). The resulting tensor element maps are used to derive eigenvalues (λ1, λ2, λ3)
of the diffusion tensor by matrix diagonalization. On a pixel-by-pixel basis, quantitative
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indices including axial diffusivity (λ‖) and radial diffusivity (λ⊥), defined by the eqns
(A5,A6), are derived using a software written in Matlab (MathWorks, Natick, MA, USA)

(A4)

(A5)

(A6)
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Figure 1.
The T2 weighted MRI for a mid-sagittal slice of a fixed control mouse head. The brain of the
mouse is sketched by the blue line. The subfigure in the bottom right corner shows the
rectangular area in the main figure, and with the ROIs for white matter (red) and gray matter
(green) sketched. For each mouse, we chose the whole corpus callosum (50–60 pixels,
without boundary pixels) as the ROI of white matter, and chose a rectangle (about 50–60
pixels) in the cortical gray matter superior to the corpus callosum as the ROI of gray matter.
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Figure 2.
The pool size ratio (left), the radial diffusivity (center), and the MBP staining (right) for the
control (top row) and shiverer mice (bottom row) are compared. The red arrow inside each
image points to the corpus callosum in the mouse brain. In the qMT and MBP maps, the
corpus callosum is visible for the control, but not for the shiverer mouse.
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Figure 3.
Comparison of the pool size ratio in the white matter to that in the gray matter for all control
(white matter: 0.099 ± 0.011, gray matter: 0.071 ± 0.005) and shiverer (white matter: 0.076
± 0.008, gray matter: 0.076 ± 0.007) mice. The error bars represent the pixel-wise standard
deviations in the ROIs. The pool size ratio in the white matter is higher than that in the gray
matter for the control mice, while it is about the same for the shiverer mice. This figure is
available in colour online at www.interscience.wiley.com/journal/nbm
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Figure 4.
The percentage differences of qMT and DTI parameters between control mice and shiverer
mice. The parameters for control mice were set to 100%. The error bars represent the
mouse-wise standard deviations. The p-values for statistical significance are also listed on
the figure. The pool size ratio and radial diffusivity are different between the control and
shiverer mice in the white matter, while they are similar in the gray matter.
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Figure 5.
The scatter plot for the measured pool size ratio and radial diffusivity for all ROI pixels. In
the white matter, the control mice pixels were separated from the shiverer mice pixels by
higher pool size ratio and smaller radial diffusivity; in the gray matter, the control mice
pixels are not separated from the shiverer mice pixels. The subplot shows the correlation (r =
−0.57, p = 0.025) between the pool size ratio and radial diffusivity in the white matter when
the average data of each mouse is used as a data point.
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