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Abstract

The multilayered myelin sheath wrapping around nerve axons is essential for proper functioning
of the central nervous system. Abnormal myelination leads to a wide range of neurological
diseases and developmental disorders. Non-invasive imaging of myelin content is of great clinical
importance. The present work demonstrated that loss of myelin in the central nervous system of
the shiverer mouse results in a dramatic reduction of magnetic susceptibility in white matter
axons. The reduction resulted in a near extinction of susceptibility contrast between gray and
white matter. Quantitative magnetic susceptibility imaging and diffusion tensor imaging were
conducted on a group of control and shiverer mice at 9.4 T. We measured the resonance frequency
distribution of the whole brain for each mouse. Magnetic susceptibility maps were computed and
compared between the two groups. It was shown that the susceptibility contrast between gray and
white matter was reduced by 96% in the shiverer compared to the controls. Diffusion
measurements further confirmed intact fiber pathways in the shiverer mice, ruling out the
possibility of axonal injury and its potential contribution to the altered susceptibility. As an
autosomal recessive mutation, shiverer is characterized by an almost total lack of central nervous
system myelin. Our data provides new evidences indicating that myelin is the predominant source
of susceptibility differences between deep gray and white matter observed in magnetic resonance
imaging. More importantly, the present study suggests that quantitative magnetic susceptibility is
a potential endogenous biomarker for myelination.
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Introduction

Myelin is essential for the proper functioning of the nervous system. Loss of the myelin

sheath is the hallmark of a number of neurodegenerative autoimmune diseases (Bitsch et al.,
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2000; Martin et al., 1992; Timmerman et al., 1992). Early detection of alterations to myelin
is critical for early intervention. Unfortunately, quantitative myelin content can only be
reliably measured in-vitro, for example, by measuring the myelin basic protein (MBP) with
enzyme-linked immunosorbent assay (ELISA) (Nishimura et al., 1986; Spatz et al., 1983),
or by myelin staining via immunohistochemical analysis (Hamano et al., 1998). MRl is still
the preferred reference test for diagnosing and monitoring the evolution of white-matter
development and related diseases due to its excellent soft tissue contrast, high spatial
resolution and non-radioactive nature. Commonly used MRI techniques for assessing white
matter include, for example, T1, T2-weighted images (Barkovich et al., 1988; Dietrich et al.,
1988; Holland et al., 1986), magnetization transfer (Dousset et al., 1992; Henkelman et al.,
2001) and diffusion tensor imaging (DTI) (Basser et al., 1994; Moseley et al., 1990).

Recent advances in ultra-high-field (7.0T and above) MRI have opened new venues to study
white matter structure and abnormalities (Rauscher et al., 2005). Duyn et al recently
reported the observation of subtle layered structure in cortical regions between gray and
white matter in high-resolution phase images acquired at 7.0 T (Duyn et al., 2007). The
specific source of this contrast is still a topic of research. A number of mechanisms have
been suggested including iron stores, proteins and proton exchange (Duyn et al., 2007;
Haacke et al., 2007; Shmueli et al., 2009b; Zhong et al., 2008). Although phase images
acquired with gradient-echo MRI sequences provide novel tissue contrast, their value for
quantitative tissue characterization is limited due to the non-local nature of image phase.
The magnetic field at one location that gives rise to the phase is a summation of
contributions from all sources surrounding that particular voxel. The strength and orientation
of the field is greatly influenced by the position of the subject that can not be easily
reproduced. To addressing this issue, there have been growing efforts in developing methods
for quantifying the inherent magnetic susceptibility (de Rochefort et al., 2008; de Rochefort
etal., 2010; Liu et al., 2009; Shmueli et al., 2009a). These methods have shown promising
applications in visualizing tissue structures and in iron quantification (Fukunaga et al., 2010;
Haacke et al., 2007; Liu, 2010).

In this study, we report that the absence of myelin in the CNS of the shiverer mouse results
in a near disappearance of phase contrast between gray and white matter. Gradient-recalled
echo (GRE) images of wild-type and shiverer mouse brains were acquired at 9.4 T. As
expected, the phase images of the wild type showed a high contrast between gray and white
matter. However, this phase contrast mostly disappeared in the shiverer brains. Quantitative
evaluation revealed a 96% reduction of magnetic susceptibility contrast in the white matter.
The near disappearance of susceptibility contrast allows a direct visualization of the loss of
myelin. DTI experiments were also conducted to verify the axonal integrity and rule out the
potential contribution of axonal damages to the observed reduction in susceptibility contrast.
We anticipate that quantitative magnetic susceptibility measures may provide a sensitive
endogenous marker for myelination.

Animal model

A number of mutations in mice have been identified that adversely affect oligodendrocyte
function and lead to dysmyelination in the CNS. The shiverer mutation is autosomal
recessive, characterized by the onset of tremors approximately at the 12t day postnatal,
seizures at later times, and a progressive deterioration resulting in an early death (Chernoff,
1981). In this study, three pairs of adult (8 weeks) C3HeB/FeJ control mice and C3FeSWV-
Mbp-Shi shiverer mice (The Jackson Laboratory, Bar Harbor, ME) were obtained and
anesthetized with Nembutal. To prepare the animal for imaging experiments, a catheter was
inserted into the left ventricle of the mouse heart. The animal was perfused with a peristaltic
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pump with 20 cc of warm (37°C) 0.9% saline followed by 20 cc of 10% buffered formalin
(Buffered Formalde-Fresh; Fisher Scientific) (Johnson et al., 2002). After perfusion fixation,
the heads of the mice were stored in 20% buffered formalin overnight before imaging
experiments in the following day. The perfused mouse brains were kept within the cranium
to prevent any potential damage to the brain caused by surgical removal. To assess the effect
of formalin fixative on magnetic susceptibility, two additional pairs of control mice and two
additional pairs of shiverer mice were prepared. Specifically, four mice (two controls and
two shiverer) were perfused following the aforementioned protocol with a combination of
20 cc saline and 20 cc buffered formalin and were stored in formalin overnight. The other
four (two controls and two shiverer) were perfused with 40 cc saline only and were scanned
immediately following the perfusion to limit tissue decay. R2-1 The animal study was
approved by the Institutional Animal Care and Use Committee (IACUC) of our institution.

Magnetic resonance imaging protocol

All images were acquired using a 9.4 T (400 MHz) 89-mm vertical bore Oxford magnet
with shielded coil providing gradients of 1600 mT/m. The system is controlled by a GE
EXCITE MR imaging console, which is nearly identical to those used in the clinical domain.
To reduce potential motion during MRI scans, the specimen was positioned tightly inside a
cylindrical polyethylene tube (length 30 mm and diameter 11 mm). The tube was filled with
Fomblin (perfluoropolyether; Ausimont, Inc., Morristown, NJ) that did not emit proton MR
signal thus providing dark background in the image. The tube was sealed with care to avoid
air bubbles entering the tube. The use of Fomblin also provided an embedding medium that
limits tissue dehydration and susceptibility distortion near the surface of the specimen.
Specimens were imaged in a solenoid radiofrequency coil constructed from a single sheet of
microwave substrate. The diameter of the solenoid coil was closely matched to the specimen
container thus providing high signal sensitivity. The specimens were scanned using a 3D
spoiled-gradient-recalled (SPGR) sequence with the following parameters: FOV =
22x11x11 mm3, matrix = 256x128x128, TE = 28 ms, TR = 50 ms, flip angle = 20° and 2
averages. To generate good phase contrast, TE needs to be sufficiently long. However,
longer TE increases T2* decay and consequently decreases signal-to-noise (SNR) ratio. The
chosen TE is an experimentally tested tradeoff between tissue contrast and SNR. Longer TR
can be used to partially compensate the loss of SNR. The total acquisition time was 27
minutes.

To verify the axonal integrity, diffusion-weighted images were acquired with a 3D spin-echo
sequence (Jiang and Johnson, 2010) with the following parameters: FOV = 22x11x11 mm3,
matrix = 164x82x82 (reconstructed to 256x128x128), TE = 12 ms, TR = 2.5s. One image
volume was acquired without diffusion weighting. Diffusion weighting was achieved by
applying two half-sine gradient pulses around the 180° refocusing pulse. A total of six
diffusion encoding directions were used at a b-value of 1500 s/mm? to allow the calculation
of diffusion tensor. The encoding directionsare (101),(10-1),(110),(1-10),(011)
and (0, 1 —1). The total scan time was 32.6 hours per specimen. Notice that the non-fixed
specimens were not scanned with the DTI protocol due to the possibility of tissue decay.
After the MRI experiments, blocks of hippocampal commissure were dissected and stored in
fresh fixative overnight at 4°C. Electron microscopy (EM) was taken following standard
procedures detailed elsewhere (Harroch et al., 2000; Privat et al., 1979).

MR image analysis

Images were reconstructed with the 3D Fast Fourier Transform (FFT) algorithm on a
personal computer equipped with 8 GB RAM and were separated into magnitude and phase.
The phase images contain two components: background phase from sources outside the
brain (including the receiver coil and, for example, the air-tissue boundaries) and local phase
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from tissue susceptibility variation within the brain. The component of interest is the local
phase resulting from brain tissue itself. However, the background phase component tends to
be much larger than the local tissue phase. As a result, the phase of interest is generally
overwhelmed and undistinguishable. Furthermore, the total phase is also typically wrapped.
To extract the local phase, we first performed 3D phase unwrapping of the total phase using
an algorithm developed by Abdul-Rahman et al (Abdul-Rahman et al., 2007). Since the
background phase satisfies Laplacian equation, it can be efficiently removed with a sphere-
mean-value (SMV) filter followed by a deconvolution operation (Li and Leigh, 2001;
Schweser et al., 2010). The advantage of this SMV filtering method over conventional high-
pass filtering method (Haacke et al., 2004; Rauscher et al., 2003) is that the low frequency
component of the local phase is also preserved. In the current study, a large filter radius of 9
voxels was employed so that the local phase information is minimally affected during the
removal of background phase. The resonance frequency map was calculated from the
processed phase image. Quantitative magnetic susceptibility value was computed for each
voxel iteratively using the LSQR algorithm (Saunders, 1995) by inverting the following
equation (Liu, 2010; Salomir R, 2003):

1k
f@)=FT"! {[—3- - k—;]x(k)} yHo
- [1]

Here, f(r) is the map of frequency offsets; Hg is the magnitude of the applied magnetic field;
k is the reciprocal space vector and k; is its z-component; (k) is the Fourier transform of the
susceptibility map; v is gyromagnetic ratio of water proton; FT and FT~1 represent Fourier
and inverse Fourier transform respectively. In solving Eq. [1], the implementation of the
LSQR algorithm by Matlab (MathWorks Inc., Natick, MA) was applied with the default
settings (Liu, 2010). Notice that, in this study, both frequency and susceptibility are
displayed with a reversed axis following the convention of NMR spectroscopy, i.e. with
positive numbers placed on the left side of the axis and negative numbers placed on the right
side. As a result, negative values appear bright in the frequency and susceptibility maps
while positive values appear dark. DTI images were processed as described previously by
calculating the diffusion tensor, eigenvalues, eigenvectors, apparent diffusion coefficient
(ADC) and fractional anisotropy (FA) (Basser and Pierpaoli, 1996).

Statistical Analysis

To perform voxel-wise comparison between the control and the shiverer, the brains were
coregistered with the nonlinear registration algorithm in FSL (Oxford University, UK). The
transformation matrix was optimized based on the registration performed on the magnitude
images. It is worth noting that both frequency offsets and susceptibility values measured by
MRI are relative quantities. The frequency offset is referenced to the carrier frequency of
excitation RF pulses which is determined during the pre-scan. The frequency offset is
further affected by the post-processing procedures employed. As a result, the susceptibility
values calculated from frequency offsets are also relative values. To make a meaningful
comparison and minimize the variations between different scans, we chose to use the
adjacent gray matter as an internal reference in comparing the frequency and susceptibility
values of the white matter structures between the control and the shiverer mice. Regions-of-
interest (ROI) of specific brain structures were manually segmented with the ITK-SNAP
software (Yushkevich et al., 2006) using a combination of FA, trace, frequency and
magnetic susceptibility maps. The selected ROI were transformed back to the original
images. ROIs that clearly exceeded the tissue boundary were revised accordingly and tissue
parameters (frequency, susceptibility, FA and trace) were read directly from the original
images to avoid interpolation errors. The relative frequency and susceptibility in the selected
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structures were computed as the difference between the values in the white matter and the
value in the reference ROI.

Results

Loss of susceptibility contrast in dysmyelination

Figure 1A shows a typical phase map computed directly from the complex images. The
severe phase wraps completely obscure anatomical structures, for example, the corpus
callosum (arrow). Even after unwrapping the phase, the presence of strong background
phase overwhelms the tissue structures (Figure 1B). Figure 1C shows the background phase
extracted with sphere mean value filtering, illustrating a smooth and unwrapped spatial
profile. Figure 1D shows the local phase obtained by subtracting the background phase
(Figure 1C) from the total phase (Figure 1B).

Figure 2 compares the phase map, the susceptibility map and the electron micrograph
between the control and the shiverer. While the local frequency (Figure 2A) and
susceptibility (Figure 2B) of the control mouse demonstrate a high contrast between gray
and white matter, such contrast is at a near absence in the shiverer mouse (frequency in
Figure 2D and susceptibility in Figure 2E). The electron micrographs reveal thick and dense
myelin sheath in the control (Figure 2C) and thin and vanishing myelin sheath in the
shiverer (Figure 2F). Figure 3 compares frequency (top row) and susceptibility (bottom row)
distributions in selected regions between the control (CTRL) mouse and the shiverer
(SHVR) mouse. As illustrated in the histograms, while the mean relative frequency is
approximately zero in the shiverer mouse, the mean relative frequency is greater than 2 Hz
(absolute value) in the control mouse. On average, the relative frequency changed from
—1.22 ~ —3.27 Hz in the control mice to 0.19 ~ 0.34 Hz in the shiverer mice (Table 1). This
change resulted in a reduction of frequency contrast by 97% in the corpus callosum and 95%
in the hippocampal commissure. Similar to the changes shown in frequency maps, the
shiverer mice also exhibited a near extinction of susceptibility contrast between gray and
white matter (Figure 3C&D). Specifically, susceptibility contrast is reduced by 98% in the
corpus callosum and 95% in the hippocampal commissure. On average, the relative
susceptibility values changed from —1.31 ~ —2.98x1078 in the control mice to —0.09 ~
0.04x1078 in the shiverer mice at the corpus callosum, the anterior commissure and the
hippocampus (Table 1).

Figure 4 compares the phase and susceptibility contrast of control mice perfused with
formalin to those perfused with saline. As shown in this comparison, both methods of
perfusion resulted in visually similar tissue contrast. No statistically significant differences
were found in the mean susceptibility between these two groups of control mice (corpus
callosum: t = —1.48, df = 418 and p = 0.14; hippocampal commissure: t = 0.74, df = 618 and
p = 0.46; anterior commissure: t = —0.009, df = 188 and p = 0.99). As expected, neither
group of shiverer mice (perfused with formalin and perfused with saline) showed strong
contrast between gray and white matter. R2-2

Intact axonal tracts with reduction of diffusion anisotropy and mean diffusivity contrast in
dysmyelination

As expected, the shiverer mice displayed similar fiber orientation as the controls (Figure
5A). Figure 5B&C show a decreased FA in the shiverer mouse: a 16% reduction in the
corpus callousm and 14% in the hippocampal commissure (Table 1). Although the shift of
the histogram in the shiverer mouse is clear, the FA contrast between gray and white matter
remains strong. Figure 5D compares the ADC maps between the control and the shiverer.
The shiverer mouse exhibits an increased ADC in the white matter which results in a
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decrease in the contrast between gray and white matter (Figure 5E&F). The increase in ADC
ranges from 6.8% to 27% (Table 1). Specifically, the increase in water diffusivity in the
white matter occurs primarily in the two smallest eigenvalues (radial diffusivity) while the
largest eigenvalue (axial diffusivity) remains approximately the same (Figure 6). The
consistency in radial diffusivity and the unaltered fiber orientation indicate that there is no
observable damage to the axon.

Comparison of susceptibility and diffusion contrast

Figure 7 compares the diffusion and susceptibility contrast in three regions of interest: white
matter around the ventricles (Figure 7A), the anterior commissure (Figure 7B) and the
cerebellum (Figure 7C). Notice that, in the phase maps of the control mice (Figure 7A), the
intensity of the corpus callosum (anterior to the ventricles) and the hippocampal commissure
(posterior to the ventricles) appears differently with the former appearing dark and the latter
appearing bright, even though they have similar magnetic susceptibility. In addition, the
spatial extension of the field generated by the CSF blurs the boundary between CSF and
brain tissue (solid arrows in Figure 7A). However, the boundary is recovered in the
susceptibility maps. Figure 7B shows the contrast in the anterior commissure. Figure 7C
demonstrates the change of contrast in the cerebellum. It is interesting to observe that
susceptibility provides a far superior delineation of fiber tracts in this region compared to
FA (arrows in Figure 7C). In all three regions, quantitative susceptibility maps consistently
offer the clearest indication for the loss of myelin in the shiverer mouse.

Table 1 further summarizes the differences in the diffusion and susceptibility measures
between the control and the shiverer in a number of representative structures including gray
matter, white matter and CSF. As expected, in the gray matter and CSF, both control and
shiverer mice have similar FA, ADC and susceptibility values. However, the phase in the
CSF varies significantly as a result of the non-localized nature of magnetic dipolar field
pattern. As shown in Table 1, although the phase contrast between CSF and gray matter is
significantly different between the control and the shiverer mice, the susceptibility contrast
is essentially the same (4.90 + 1.33x1078 v.s. 4.34 + 1.02x1078). Notice that the large
standard deviation in the susceptibility is caused by tissue heterogeneity within the selected
ROI rather than by quantification errors. In summary, the reduction in susceptibility contrast
in the shiverer mouse is approximately 96% on average. This number roughly agrees with
the over 98% reduction of myelin content in adult shiverer mouse (Barbarese et al., 1983).

Discussion

We have demonstrated that, while the phase and susceptibility maps exhibit a strong contrast
between gray and white matter in the normal control mouse, this contrast essentially
disappears in the myelin-deficient shiverer mouse. Our results indicate that myelin is the
primary source of the phase contrast between gray and white matter in the deep brain
regions observed at high field strength. More importantly, our findings suggest that the
relative susceptibility value between white and gray matter may provide a sensitive
endogenous biomarker for myelination.

DTI contrast in the shiverer mouse verifies intact axonal pathways

The primary purpose of the DTI experiments was to quantify the axonal integrity of the
white matter pathways and to confirm that any changes observed in the susceptibility
contrast are not caused by axonal damages. DTI has been one of the more precise imaging
techniques for assessing white matter integrity. It has been routinely reported that diffusion
in the white matter becomes increasingly anisotropic as the brain matures which coincides
with the natural myelination process (Klingberg et al., 1999; Neil et al., 2002). Based on
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animal studies, it is believed that myelin insulates the axons and reduces the radial
diffusivity, while having a minimum effect on the axial diffusivity (the largest eigenvalue of
the diffusion tensor) (Ono et al., 1995; Song et al., 2002; Tyszka et al., 2006). Our results
from DTI experiments are consistent with this general belief. For example, the shiverer mice
showed a moderate decrease in FA: 16% in the corpus callousm, 14% in the hippocampal
commissure, 1.8% in the anterior commissure and 7% in the hippocampus. These data
indicate that myelin may be a significant but not the sole or the primary source of the
diffusion anisotropy: The quantification of FA for the hippocamopus may be less accurate
compared to other structures due to the smaller size and partial volume effects. On the other
hand, diffusivity appears to provide a more sensitive measure to dysmyelination than FA.
Despite the increase of ADC, the contrast in the diffusivity remains in the shiverer mice. It is
known, however, a reduction in diffusivity is not specific to dysmyelination. Diffusivity and
diffusion anisotropy are greatly influenced by many other physiological processes, for
example, cell membranes, underlying fiber organizations and extracellular space (Beaulieu,
2002; Neil et al., 2002).

Myelin as the dominant source of susceptibility contrast in deep white matter

The strong phase contrast between gray and white matter has been attributed to a number of
potential sources including iron stores (Duyn et al., 2007; Haacke et al., 2007), proteins
(Duyn et al., 2007), the proton exchange process between proteins and water molecules
(Shmueli et al., 2009b; Zhong et al., 2008) and cylindrical susceptibility inclusion (He and
Yablonskiy, 2009). Iron is a known source of strong magnetic susceptibility and there are
varying amounts of iron deposited in the brain that are critical for normal brain function.
Susceptibility, therefore, has been proposed as a means to quantify iron concentration.
However, there has been limited success in quantification of iron content based on
susceptibility alone because multiple sources contribute to susceptibility and phase. In a
recent study, Fukunaga et al provided strong evidence that iron in ferritin is the dominant
source of phase contrast in cortical gray matter, explaining the laminar structures in the
cortical layers (Fukunaga et al., 2010). Their data also revealed that some contrast between
gray and white matter remains even after iron extraction, suggesting that iron probably is not
the main source contrast in deep white matter.

Our data show that, in the absence of myelin, the susceptibility contrast between gray and
white matter is nearly extinguished, indicating that this contrast is predominately caused by
myelin. Simultaneous DTI studies have ruled out the possibility of axonal damage. From
histological studies, it is known that iron concentration in the white matter is similar to that
in the gray matter. This knowledge is consistent with our finding that the quantitative
susceptibility value of the gray matter does not change significantly in the shiverer mouse.
In the white matter, oligodendrocytes are the predominant iron-containing cells. Iron
accumulation in the oligodendrocyes is a prerequisite for proper myelination. Nevertheless,
studies have shown that iron concentration does not change even in the shiverer mouse
(Connor et al., 1993; LeVine, 1991). Their discoveries provide further supporting evidence
that myelin is the overwhelming source of the gray and white matter contrast. In addition,
myelin is known to be diamagnetic (Lopiano et al., 2000). The loss of myelin in the shiverer
mice is therefore expected to cause the white matter to become less diamagnetic. The
relative susceptibility of the corpus callosum on average is —1.32x1078 in the control mice
and 0.04x1078 in the shiverer which is consistent with the diamagnetic property of myelin.
Furthermore, our data also demonstrated that the formalin fixative does not contribute
significantly to the strong susceptibility contrast observed in the control mice. Taken
together all these evidences, relative susceptibility between white and gray matter appears to
be a sensitive marker for myelination.
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Interestingly, a very low susceptibility contrast remained at the hippocampal commissure
(—0.460.79x1078). One possible cause of the remaining contrast can be attributed to
residual myelin (Barbarese et al., 1983; Kirschner and Ganser, 1980). Another possible
reason could be attributed to larger quantification errors due to its proximity to the CSF
which has the largest susceptibility difference comparing to gray matter. Further studies are
necessary to understand this small residual contrast. Although our data showed that the
formalin fixative does not alter the susceptibility contrast significantly, there was observable
inter-subject variability. This variability is likely due to a combination of factors including
noise, small sample size and potentially by the orientation dependence of susceptibility. R2-2
One limitation of the current study is that our experimental setup does not allow the
characterization of the anisotropic nature of magnetic susceptibility (Lee et al., 2010; Liu,
2010). With the brain placed in a coil perpendicular to the By field, the major fiber bundles
are mostly perpendicular to the By field. Further studies are thus necessary to quantify the
potential changes in gray and white matter contrast with respect to the By-field orientation.

Susceptibility is a more accurate and reliable tissue parameter than phase

The comparative analyses of phase and susceptibility have also demonstrated the advantage
of quantitative susceptibility mapping as a more accurate and reliable method for tissue
characterization. Although phase (or frequency) maps exhibit strong contrast between gray
and white matter, image phase is not an intrinsic property of the brain tissue. The phase
value at any given voxel is determined by multiple factors including the local susceptibility,
the susceptibility of surrounding voxels, the geometry of the brain structures and the
orientation of the brain with respect to the main field. Because of this non-localized
property, phase distribution blurs the boundaries of tissue structures further reducing the
applicability of phase quantification. For example, the size and shape of the ventricles can
significantly alter the phase in the vicinities of the ventricles due to the large susceptibility
of the CSF (Figure 7A). As a result, phase cannot be reliably used as a tissue parameter. For
example, the frequency of CSF is measured at 0.51 Hz in the control mice but at —1.19 Hz
in the shiverer mice even though they have similar susceptibility (Table 1). Susceptibility,
on the other hand, is the intrinsic property of the tissue, thus, providing a more meaningful
and reliable measure.

One limitation of measuring susceptibility with MRI is its inability to determine the absolute
susceptibility. Susceptibility measured with MRI is inherently relative to a predetermined
frequency which typically is the carrier frequency of the RF. However, the carrier frequency
varies from scan to scan due to differences in field shimming and possible frequency drift.
Furthermore, the measured susceptibility is also affected by the background phase removal
procedure. If the background phase is removed incorrectly or incompletely, the measured
susceptibility will also be inaccurate. This difficulty may be alleviated to a certain degree by
placing a reference object with known susceptibility next to the brain. Such requirement is
unfortunately undesirable for routine clinical MRI scans. We believe that the use of gray
matter as an internal reference offers a viable and convenient alternative. Nevertheless, the
reproducibility and the cross-subject variability of the resulting relative susceptibility clearly
require more in-depth investigation.

Significance and potential application

Given the critical importance of myelin to normal brain function, we anticipate that mapping
magnetic susceptibility may become a useful tool for studying normal brain development
and for assessing a wide range of white matter diseases associated with myelin. Myelination
is regarded as one of the most useful morphological parameters for evaluating brain
development and maturation. Abnormal myelination during brain development can cause a
developmental delay, functional disorder, and, in the severe case, premature death (Ono et
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al., 1994). In normal brain development, myelination begins early in the 3rd trimester with
the most rapid period of myelination occurring in the first two years of life. For example, it
occurs early for motor-sensory roots, special senses and the brainstem, while the
corticospinal tract starts to myelinate at 36 weeks gestation. By mapping out the changes of
magnetic susceptibility along the brain developmental curve, one may thus establish a
quantitative relationship between myelin and white matter susceptibility. Such knowledge is
invaluable for studying brain development and for diagnosing developmental disorders
early.

Imaging susceptibility may also provide a useful prognostic tool for assessing the
effectiveness of treatment. There are a large number of neurological diseases caused by
abnormalities in the myelin. Research to repair damaged myelin sheaths is ongoing (Archer
etal., 1997; Brustle et al., 1999). Techniques include surgically implanting oligodendrocyte
precursor cells and Schwann cell precursors in the central nervous system and inducing
myelin repair with certain antibodies (Bachelin et al., 2005; Woodhoo et al., 2007). While
there have been some encouraging results in mice, it is still unknown whether this technique
can be effective in replacing myelin loss in humans (Halfpenny et al., 2002). Quantitative
susceptibility mapping may, therefore, provide a critically needed in vivo and non-invasive
imaging method to evaluate the treatment outcome.

In conclusion, our study demonstrates that the strong susceptibility contrast observed
between gray and white matter nearly vanishes in the absence of myelin. This finding
suggests that myelin is likely the predominant cause of the contrast in the deep brain. Our
data also demonstrate the advantage of quantitative susceptibility mapping as a more
accurate means for characterizing tissue property compared to phase or frequency mapping.
Our results further indicate that relative susceptibility between white matter and gray matter
may be a useful endogenous biomarker for assessing the intensity of myelination.
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Figure 1.

Illustration of the processing of phase images. (A) A representative example of raw phase
map calculated directly from the complex image contains strong background phase and
severe phase wrapping. (B) The corresponding phase map after unwrapping with ITK-
SNAP. Tissue contrast is overwhelmed by strong background phase. (C) The background
phase map extracted with the sphere mean method. (D) The local phase map after
background phase removal reveals high contrast (arrow).
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Figure 2.

Loss of frequency and susceptibility contrast in the shiverer mice. The top row shows
images of control (CTRL) mice and the bottom row shows shiverer (SHVR) mice. (A) A
representative frequency map of the control mouse demonstrates high contrast between gray
and white matter. (B) Corresponding susceptibility map also shows high contrast. (C)
Electron micrograph of the control mouse shows myelinated axons with thick and dense
myelin sheath (inset shows an enlarged view of a selected myelin sheath). (D) The
frequency map at the same slice of the shiverer mouse reveals a near absence of gray-white
matter contrast. (E) Corresponding susceptibility map. (F) Electron micrograph of
hippocampal commissureR2-3 reveals dysmyelination in shiverer mice (inset shows few
lamellas in the myelin sheath).
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Figure 3.

Quantitative comparison of phase and susceptibility contrast in the control and the shiverer
mice. (A) Comparison of the histograms of relative frequency in the corpus callosum
between the control and the shiverer and (B) comparison of the frequency histogram in the
hippocampal commissure demonstrate a loss of tissue contrast in the shiverer mice. Inset
shows the ROIs in the control (left) and the shiverer (right) mouse: corpus callosum (blue)
and the corresponding reference ROI (orange squares) in the anterior gray matter;
segmented hippocampoal commisure (green) and corresponding reference ROI (orange
squares) in the posterior gray matter. (C) Comparison of relative susceptibility in the corpus
collasum and (D) in the hippocampal commissure demonstrate a loss of susceptibility
contrast in the shiverer mice.
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A Phase B Susceptibility

Formalin Saline

Figure 4.

Comparison of phase and susceptibility maps between brains perfused with formalin and
saline from a group of control mice.R24 (A) Three representative phase maps have similar
gray-white matter contrast between brains perfused with formalin and saline. (B) The
corresponding susceptibility maps also demonstrate similar contrast. Statistical analysis with
t-test did not reveal statistically significant differences between the susceptibility values in
the white matter between these two types of perfusion procedures.

Neuroimage. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 17

Corpus Callosum Hippocampal Commissure
mCTRL 05
OSHVR o

03
02
H LI 01
r—vJ 0
0102 03 04 05 06 07 08 09 01 02 03 04 05 06 0.7 08 09
FA FA

Corpus Callosum Hippocampal Commissure
W CTRL 04
OSHVR =

02
01
0
04 05 06 07 08 09 1 11 04 05 06 07 08 09 1 11
ADC (103 mm?/s) ADC (103 mm?/s)

Figure 5.

Intact fiber tracts in the shiverer mice with slightly decreased diffusion anisotropy and
increased ADC. (A) A representative slice of color-coded FA map in the control mouse and
in the shiverer mouse. The color coding scheme is: red representing rostrocaudal direction,
green representing left-right direction and blue representing dorsoventral direction. The
color-coded FA maps demonstrate identical fiber orientations in the shiverer as in the
control. (B) Comparison of the histograms of FA in the corpus callosum and (C) in the
hippocampal commissure reveal slightly decreased FA in the shiverer mouse. (D) A
representative ADC map of the control mouse and the shiverer mouse demonstrate a reduced
ADC contrast in the shiverer. (E) Comparison of the histograms of ADC in the corpus
callosum and (F) in the hippocampal commissure show increased ADC in the white matter
of shiverer mice.
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CTRL SHVR

Figure 6.

Comparison of the three eigenvalues of diffusion tensor between the control and the shiverer
mouse. The largest eigenvalue (A1), i.e. the axial diffusivity, remains unchanged. The two
smaller eigenvalues (A2 and A3), i.e. the radial diffusivity of the white matter, increases in
the shiverer mouse, resulting a reduction in tissue contrast. The most significant reduction
appears in the smallest eigenvalue (A3).
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Diffusion and susceptibility contrast in three selected areas: (A) around the ventricles, (B) in
the anterior commissure and (C) the cerebellum. In general, the shiverer mouse exhibits
reduced FA and ADC contrast while showing a near absence of susceptibility contrast. In
areas near the ventricles (A), the phase map appears bright due to the non-localized nature of
phase distribution. However, the quantitative susceptibility map recovers a clear delineation
of the tissue-CSF boundary (solid arrows) and reveals an absence of susceptibility contrast
between gray and white matter in the shiverer mouse. Interestingly, in the anterior
commissure (B), there is a small residual susceptibility contrast in the shiverer mouse (open
arrows). In the cerebellum (C), the susceptibility map shows the finest delineation of fiber
pathways and the most obvious change in gray and white matter contrast.
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