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Abstract

Purpose—MR histology based on magnetic susceptibility can be used to visualize diamagnetic
myelin (and its deterioration) in the central nervous system and is facilitated by the application of
high magnetic field strengths and paramagnetic contrast agents. Characterizing the effect of these
tools will aid in assessing white matter myelin content and microstructure.

Methods—Image data from six gadolinium-perfused mouse brain specimens were acquired at
2.0, 7.0, and 9.4 Tesla. Magnetic susceptibility contrast was analyzed for its dependence on field
strength, gadolinium concentration, and white matter fiber orientation. A model for this contrast is
presented based on the three-pool model for white matter.

Results—The specimen data illustrate that white-gray matter susceptibility contrast is field
strength independent. White-gray matter contrast improves significantly as a function of
gadolinium contrast agent in the tissue—i.e., white matter appears increasingly more diamagnetic
relative to gray matter. The simulated data from the model suggest that susceptibility anisotropy of
white matter fiber bundles increases nonlinearly as a function of gadolinium concentration due to
contrast agent compartmentalization into the extracellular white matter water pool.

Conclusion—Using contrast agents in MR histology facilitates white-gray matter susceptibility
contrast modulation and the probing of white matter microstructure and orientation.

Keywords

Anisotropic magnetic susceptibility; Quantitative susceptibility mapping; Tissue
compartmentalization; Resonance frequency shift; White matter; Nonlinear contrast enhancement

INTRODUCTION

Tissue-dependent magnetic susceptibility induces resonance frequency shifts that greatly
affect gradient-echo MRI and are well defined for many biological substrates. One
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biological tissue feature of particular interest is the myelin sheath surrounding white matter
(WM) axons in the central nervous system. Myelin is a weakly diamagnetic substance and
thus experiences a reduced Larmour frequency when placed in an external magnetic field.
This frequency shift can be visualized using phase information acquired during gradient-
recalled echo MRI. It also aids in the delineation and assessment of myelination in WM
brain regions (1-3). However, using the phase of MR images as a contrast mechanism has
key limitations that spawn from the fact that image phase is only a convoluted representation
of tissue susceptibility differences. For instance, phase contrast is both a non-local and
orientation-dependent property—making it very difficult to reliably reproduce.

As a result, much effort has been put into quantitative susceptibility mapping (QSM), which
produces a unique form of MRI contrast that directly reflects a scanned tissue’s magnetic
susceptibility. Magnetic susceptibility maps have excellent contrast-to-noise ratio, and can
be used to visualize para- and diamagnetic tissues better than more traditional MRI contrast
mechanisms (4). For example, QSM shows the reduced magnetic susceptibility contrast of
demyelinated WM (5), a form of abnormal myelination that is the hallmark of a number of
neurodegenerative diseases and developmental disorders (6,7). In the future, QSM may
allow radiologists to detect demyelination in the human brain during the early stages of
neurodegenerative disease.

Recent discoveries in brain MRI have facilitated using QSM as a tool for probing WM
microstructure. First, WM is composed of multiple signal pools, each exhibiting unique
relaxation properties that vary according to field strength (8,9) and may have an effect on
magnetic susceptibility contrast. Second, lipid chains that form the lipid bilayer of the
myelin sheath are magnetically anisotropic, meaning that the orientation of the scanned
tissue affects the observed magnetic susceptibility (10). Third, several methods have been
applied specifically to susceptibility mapping of the brain to solve the ill-posed problem of
inverting the relationship between magnetic susceptibility and image phase (11-14). Fourth,
magnetic susceptibility contrast in brain tissue is strongly affected by the presence of iron as
well as gadolinium (Gd) and other MR contrast agents, especially at high magnetic field
strengths. The effect of Gd perfusion on magnitude images of the mouse brain has been
previously explored (15,16), as has the effect of iron and Gd concentrations on Ro* contrast
at magnetic field strengths up to 7.0 T (17,18). However, far less work has been done to
characterize the effect of paramagnetic contrast agents and field strength on the apparent
magnetic susceptibility of tissues.

In this study, gradient-recalled echo images were acquired of Gd-perfused mouse brain
specimens at multiple field strengths. Despite the field-variant relaxation of multiple WM
water pools, it is found that the apparent susceptibility of myelinated WM regions relative to
gray matter (GM) in the ex vivo mouse brain remains field invariant as would have been
expected for uniform susceptibility materials. However, the nonuniform distribution of Gd
within complex WM microstructure enhances susceptibility contrast between WM and GM
(hereafter referred to as WM-GM contrast). Counter intuitively, WM becomes significantly
more diamagnetic relative to GM with the latter maintaining an apparent magnetic
susceptibility value near zero regardless of gadolinium concentration. Finally, an
explanatory model is constructed to characterize WM orientation-dependent susceptibility
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contrast at various concentrations of Gd. These results suggest that WM-GM susceptibility
contrast is 1) intrinsically tied to the orientation and compartmental nature of the underlying
WM tissue microstructure and 2) substantially enhanced by Gd, making contrast agents
critical tools in susceptibility contrast MR histology.

METHODS

Animal Model

All animal preparation protocols were approved by the Duke University Institutional Animal
Care and Use Committee. Six adult, male C57BL/6 mice (Charles River Labs, Durham, NC)
were anesthetized with Nembutal. The mice were perfused with a peristaltic pump first with
0.9% saline and then a mixture one of six different concentrations (0, 10, 20, 30, 40, and 50
mM) of Gd-HP-DO3A (ProHance; Bracco Diagnostics, Princeton, NJ) in 10% buffered
formalin (Buffered Formalde-Fresh; Fisher Scientific, Hampton, NH) according to the
“active staining” procedure detailed by Johnson et al. (15). The heads of the mice were
removed with the brain intact and stored for 24 hours in 10% buffered formalin. The brain
specimens were then washed to remove excess formalin, and stored in one of six different
solutions of Gd (0, 0.5, 1.0, 1.5, 2.0, and 2.5 mM) in phosphate-buffered saline,
corresponding proportionally to the Gd concentration used during perfusion. The specimens
were soaked in these solutions for 60 days prior to scanning. For the diffusion tensor data
acquisition, an additional male C57BL/6 mouse brain specimen was prepared using the same
protocol (19). Both the perfusion and soaking solutions for this specimen had a Gd-HP-
DO03A concentration of 50 mM.

MR Microscopy

Each specimen was firmly affixed in an 11-mm polyethylene tube filled with Fomblin
(fluoropolyether; Ausimont, Inc., Morristown, NJ) to provide a dark background in the
images and mitigate tissue dehydration and susceptibility distortions at the specimen
surface. MR experiments were performed using three different magnets: 2T (85 MHz) 30-
cm horizontal bore Oxford magnet with shielded gradients of 400 mT/m; 7T (300 MHz) 21-
cm horizontal bore Magnex magnet with shielded gradients of 770 mT/m; and 9.4T (400
MHz) 8.9-cm vertical bore Oxford magnet with shielded gradients of 2200 mT/m. All three
systems were controlled by GE EXCITE MRI consoles similar to those used in the clinical
domain. Data were acquired using three different solenoid coils of the same diameter, each
tuned to the frequency of one of the three corresponding magnets.

Specimens were scanned with the long axis of the mouse brain oriented perpendicular to the
main magnetic field direction using a 3-D spoiled-gradient-recalled sequence with multi-
echo acquisition and the following scan parameters: field of view = 22x11x11 mm3, array =
256x128x128 for 86-um isotropic resolution, echo train length = 10, first echo time (TE)=5
ms, echo spacing = 2.9 ms, pulse repetition time (TR) = 500 ms, flip angle = 90°. A
sequence with multi-echo acquisition was selected to facilitate the simultaneous acquisition
of T,* relaxation data. Total acquisition time for each scan was 136 minutes. Four signal
averages were acquired at 2.0 T (compared to only one at 7.0 T and 9.4 T) in order to
achieve adequate SNR for comparison with the images acquired at higher fields. The same
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scan parameters were used for each acquisition to maintain a consistent imaging protocol,
even though the field strength and contrast agent concentration varied for each scan. One
diffusion tensor image dataset was collected from the additional mouse brain specimen at
9.4 T using the following scan parameters: field of view = 22x11x11 mm3, array =
512x256x256 for 43—um isotropic resolution, TE= 11.8 ms, TR = 100 ms, one spin-echo
scan with b = 0 s/mm2, and 6 diffusion-encoded spin-echo scans with b = 1600 s/mm?2. The
data were originally acquired during a study by Jiang and Johnson (19).

MR Image Reconstruction and Analysis

All image reconstruction and analytical calculations were performed in Matlab (MathWorks
Inc., Natick, MA). The complex-valued image data were used to calculate phase images and
a binary mask to extract the brain tissue voxels from the skull. Brain tissue structures were
segmented using the three-dimensional region of interest (ROI) labels from the Waxholm
Space mouse brain atlas (20). These labels were linearly registered to each data set using
FSL-FLIRT (21) and then manually corrected with the ITK-SNAP software (22) using
magnitude images. Registering the labels to the image volumes (and not vice versa) ensured
that the original data from each specimen did not undergo any interpolation and gave the
most accurate voxel-wise representation of the desired brain structures. Only the first echo
image (TE =5 ms) was used to calculate tissue susceptibility due to the time-dependent
nature of susceptibility-based contrasts (23). For each data set, the phase image was
unwrapped using a Laplacian operator (13). The background phase was then removed using
the spherical mean value method with a filter radius of 30 (24). A susceptibility map was
then calculated using the “weighted k-space derivative” and “orthogonal and right triangular
decomposition” methods (13,25) to invert the susceptibility-frequency relationship (26).
Because susceptibility measures are relative, WM susceptibility values are often compared
to a reference that is established by the mean susceptibility value of nearby GM (5),
cerebrospinal fluid (13), or one or more regions of WM (1,27,28). In the current study,
tissue susceptibility values were evaluated relative to GM since the mean susceptibility of
GM tissue in each of the 18 datasets was consistently near zero ppb. Additionally, the
effective transverse relaxation rate (R,*) was calculated from the multi-echo image data for
each concentration and field using a least squares regression model with SNR weighting
because the signal of latter echoes diminished to nearly the level of the noise floor due to
high relaxation. This calculation used only the odd-numbered images from the echo train to
avoid the potential confounding effects between echoes formed by positive and negative
read gradients.

Mean magnetic susceptibility and R,* were calculated for three WM structures (anterior
commissure, corpus callosum, and hippocampal commissure), two GM structures (neocortex
and thalamus), and the ventricles using a fair, voxel-wise comparison between each of the
18 image volumes (6 contrast agent concentrations and 3 field strengths). Linear regression
models were fit to the data to model the mean magnetic susceptibility and R,* in each tissue
structure as a function of Gd concentration at each field strength (29).

A voxelwise analysis was performed to relate the magnetic susceptibility data to WM fiber
angle in the anterior commissure (AC) WM tissue region for each individual specimen.

Magn Reson Med. Author manuscript; available in PMC 2015 December 01.
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Fiber angle maps were generated by computing the angle between the magnetic field vector
and the fiber orientation vector, represented by the major eigenvector of the diffusion tensor
image data set. Similar to the Waxholm Space ROI labels, the fiber orientation data were
also registered to each individual data set. Only voxels with an effective fractional
anisotropy above 0.9 were examined to ensure that the results included data exclusively
from myelinated WM. Using linear regression, mean WM-GM susceptibility contrast as a
function of WM fiber bundle orientation was calculated for each individual specimen.
Finally, a two-parameter linear regression was performed to approximate susceptibility
contrast as a function of both WM orientation and Gd concentration.

Model Formulation

Using literature-based values for microstructural properties (Table 1), a model was
developed to describe WM-GM susceptibility contrast in the AC of the rodent brain. This
model explores the effect of both the contrast agent concentration used during perfusion and
WM fiber orientation on the apparent magnetic susceptibility contrast in brain tissue. The
WM fiber model adopted here represents the myelin sheath as an infinite hollow cylinder
oriented at an angle, 0, to the direction of the static field (H). The cylinder divides the
volume into three distinct water pools, each with its own signal contribution: the myelin-
bound water pool, the axon water pool inside the myelin sheath, and the extracellular pool,
all of which contribute to a signal magnitude, S, according to the equation,

3
S=Y piVi(1—e TR/T)e Ty
1=1

where i denotes the index representing one of the three WM water pools. p; and V;j are the
relative spin density and the volume fraction of the ith water pool, respectively. These
parameters are derived from literature values describing the geometry and signal
contributions of each of these three pools (Table 1). These literature values include the axon-
to-fiber ratio (g-ratio), fiber volume fraction (FVF), myelin volume fraction (MVF), and
spin density (p) of the myelin sheath relative to the other two water pools (23,30,31). Table
2 gives the model relaxation parameters, T1 and T,* for each WM signal pool. These
relaxation times were derived from 1) lab measurements, 2) studies examining relaxivity in
brain tissues, and 3) the equations describing the linear effect of paramagnetic contrast agent
on tissue relaxivity (29). Further details are given in the appendix. For simplicity, the model
assumes that the effect of exchange is very small relative to the susceptibility properties of
the tissue microstructure because 1) hollow fiber simulations performed by Wharton and
Bowtell calculated best-fit exchange values that were relatively very small (23), and 2)
slower exchange is expected when scanning specimens ex vivo.

A single myelinated axon with a fiber diameter of 1.69 um was simulated in a 2x2x2 um3
volume. The volume was divided into 128x128%128 voxel array—each voxel being
assigned an absolute susceptibility tensor value based on the underlying WM fiber model
microstructure:
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Xax=0 [2]
[480 00
Xmy= 0 00| [
{ 0 0 OJ
Xext=C - DVVM,ext *Xm,cd I [4]

Here, C is the Gd concentration used at perfusion, Dyym ext iS @ free parameter representing
the fraction of extracellular WM that is occupied by Gd solution, ym g4 is the molar
susceptibility of Gd (32), and | is the identity matrix. The susceptibility tensor representing
the magnetically anisotropic lipid chain in myelin, xmy, is the best-fit tensor calculated by
Wharton and Bowtell (23) and yields susceptibility anisotropy, x11 — (x22 + x33) / 2 =180
ppb, which is consistent with the value estimated by Lounila et al. (33) for oriented lipids in
lipoprotein shells (=223 ppb).

A frequency map for the model array was calculated using the tensor formulation of the
susceptibility-phase equation in the subject frame of reference (34),

0 L f1aT . KTFT{x}H

where 0 is the image phase, v is the gyromagnetic ratio for water proton, Hg is the amplitude
of the applied magnetic field, t is the echo time, i is the permittivity of free space, FT is the
Fourier transform, FT-1 is the inverse Fourier transform, H is the unit vector of the applied
magnetic field, T represents the transpose operation, y is the second-order (rank-2)
susceptibility tensor, and k is the spatial frequency vector. The frequency map was then used
to generate complex signal data for each voxel. Tq, T,*, and pool fraction weighting was
applied according to the microstructural component of each voxel in the model. A complex
average across the entire array yielded a complex-valued signal representative of the entire
volume. Following the complex averaging of the array containing the WM axon model, it is
not possible to differentiate the susceptibility contributions to this signal that are either
internal or external to the axon, and thus an estimate of the bulk susceptibility of the model
voxel is calculated using the theoretical relationship Af / f= x/3 with the correction of
spherical inclusion (35,36).

Finally, the following equations were incorporated into the model to simulate WM-GM
susceptibility contrast (ywm-cgm) and anisotropy (Aymax):

Xeu=C - Dgy - Xm,ca [6]

Xwym-am—Xwm ~ Xem  [7]
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AXmax=Xwu_am (00)_XWM7GM (90°) (8]

Here, Dgp is a free parameter representing the fraction of GM tissue volume (both intra-
and extracellular) that is occupied by Gd solution , and y\wm-cm(0°) and ywm-gm(90°)
represent WM-GM susceptibility contrast when the voxel’s fiber orientations are parallel
and perpendicular, respectively, to the magnetic field. The simulation was repeated for a
range of Gd concentrations (0 — 50 mM) and WM fiber orientations (0 — 90°) with respect to
H to produce a model of frequency and susceptibility values that were representative of the
entire volume in each scenario.

Susceptibility Mapping of the Image Volumes

Fig. 1 shows the processed data for a typical image volume in the study (40 mM Gd
specimen at 2.0, 7.0 and 9.4 T) from which mean susceptibility and R,* were calculated.
Both contrasts effectively delineate WM regions within the brain. Fig. 2 shows the apparent
magnetic susceptibility in two WM regions, the anterior commissure and the corpus
callosum. The SNR of the averaged 2T image volumes was noticeably lower than the data
acquired at high field but was still adequate for the purposes of this study. Though image
quality improves with increasing field strength as expected, WM-GM contrast does not
increase. There is, however, a clear increase in this contrast as the concentration of Gd in the
specimen increases.

Field Invariance of Susceptibility Contrast

The mean susceptibility values of the six individual brain regions in each specimen were
analyzed to verify the theoretical field independence of apparent magnetic susceptibility.
Results for three Gd concentrations are displayed for four brain regions in Fig. 3. As Hg
increases, the apparent magnetic susceptibility in each of the six brain regions is relatively
unaffected. A Pearson linear correlation test revealed that for each of the six specimens, the
mean susceptibility value and magnetic field strength are not significantly correlated at the a
= 0.05 level of significance, with the exception of the anterior commissure in the specimen
perfused with 20 mM Gd solution.

Nonlinear Effect of Magnetic Field Strength on Ry*

The mean R,* values from four of the six ROIs are shown in Fig. 4. The field-relaxivity
relationships emphasize the super linear increase of Ro* as a function of Hy. A Pearson test
revealed that the linear correlations between relaxivity and field strength in each of the WM
and GM regions were positive (B > 0.65). However, this correlation was only significant at
the a = 0.05 level in some tissue regions of the 10 mM and 50 mM specimens. Since data
was acquired at only three fields strengths— resulting in very few data points for each
specimen—a lack of significance is not surprising.

Magn Reson Med. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dibb et al. Page 8

Effect of Contrast Agent on Susceptibility Contrast

Fig. 5 depicts the relationship between mean apparent magnetic susceptibility and Gd
concentration in two WM regions, one GM region and the ventricles. With increased Gd
staining, WM regions appear more diamagnetic, the ventricles appear more paramagnetic,
and GM regions appear unchanged. Equations for the linear regression model are given on
each chart to represent the region-wide average susceptibility dependence on Gd
concentration.

Linear Effect of Contrast Agent on Increasing Ry*

Ro* increases linearly as a function of Gd concentration which is consistent with the
observed linear change in apparent magnetic susceptibility contrast. A Pearson test revealed
that the linear correlation between relaxivity and Gd is both positive (§ > 0.9) and significant
(P < 0.05) in all brain regions in this study. The one exception where the data are not
significant is the ventricles at 2.0 T, which is the result of a noisy data point representing the
specimen perfused without Gd.

Simulating Orientation Dependence Using a Predictive Model

The simulated data from the three-pool WM axon model describing the relationship between
WM-GM contrast and fiber orientation at each Gd concentration is shown in Fig. 6A along
with the AC data acquired from the six specimens at 7.0 T. At each individual Gd
concentration, the data are fit with a one-parameter linear regression model showing the
linear relationship between susceptibility and sin20, which is in accordance with magnetic
susceptibility theory. The variance of the WM-GM contrast as a function of Gd
concentration likely increases as a result of the nonuniform distribution of Gd in brain tissue.
In fitting the simulated hollow fiber model to the data, the free parameters Dyyp ext and
Dgm Were calculated to be 2.0x1072 and 1.1x1072 respectively. Fig. 6A also includes the
results of the two-parameter linear regression fit, which approximates susceptibility as a
function of both fiber angle and Gd concentration. The specimen scan orientation yielded
data with a high proportion of WM fiber bundles forming large angles with the magnetic
field direction. The data from both the specimen and the model simulation show
perpendicular fibers as being more diamagnetic than parallel fibers—a result of the magnetic
anisotropy of the lipid chains in the bilayer membrane of the myelin sheath.

The susceptibility anisotropies of the specimen data, simulated data, and two-parameter
linear regression fit are plotted as a function of Gd concentration in Fig. 6B. Both the
simulated data and the linear regression trend are highly correlated with the measured
anisotropy from the specimen data (R = 0.98 and 0.93, respectively). The hollow fiber
simulation predicts a nonlinear enhancement of anisotropy as a function of Gd concentration
and that increasing the Gd concentration eventually leads to less drastic increases in
susceptibility anisotropy relative to the linear regression model (Fig. 6B).

DISCUSSION

High magnetic fields and chelated Gd contrast agents improve the effectiveness of
susceptibility-based MR histology in both delineating myelinated WM and probing its
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microstructure. This study has demonstrated through an ex vivo small animal study that the
apparent magnetic susceptibility of WM relative to GM is field invariant. Furthermore, Gd

enhances WM-GM contrast and susceptibility anisotropy, which is likely due to differences
between WM and GM microstructure.

Gd-Enhanced WM-GM Contrast

Magnetic susceptibility is a relative measure with respect to a predetermined frequency—
typically the carrier frequency of the RF, which fluctuates due to field shimming, frequency
drift, and the concentration of paramagnetic Gd in each specimen. In each of the scans in
this study, the radiofrequency pulse was closely tuned to the average GM tissue frequency of
each individual specimen. This is not surprising since it is estimated that the mouse brain is
roughly three-quarters GM using tissue segmentation data from our lab that was derived
from multiple MR image contrasts and a mouse brain atlas prior (20,37). As the Gd
concentration in the specimen increases, GM tissue is expected to increase in absolute
magnetic susceptibility, i.e., become more paramagnetic. This happens even though the data
show that the apparent magnetic susceptibility remains unchanged at approximately 0 ppb
(Fig. 5). Thus, this study focuses on susceptibility contrast, i.e., the apparent susceptibility of
brain tissues relative to GM. For example, the relative WM-GM contrast is enhanced by the
presence of Gd, even though the absolute susceptibility of both tissues should increase in
theory.

We propose that the root cause of the increased WM-GM contrast is found in the complex
WM tissue structure. Biological membranes, such as the myelin sheath in WM, prevent
hydrophilic, high-molecular-weight molecules like Gd chelates (38) from entering the cell
(39,40). With this in mind, the relative Gd content of WM and GM was calculated from the
model’s fitted parameters, but the exact rate of Gd uptake in each tissue was not determined
as has been done in muscle tissue injected intravenously with radiolabeled Gd (41). As a
result of the compartmentalization of the contrast agent into extracellular WM, the model
predicts that the ratio of Gd solution in WM relative to GM is (Dym ext X (1 = FVF)) / Dgm
= 0.80. The relatively lower Gd content per unit volume of tissue and its
compartmentalization in WM leads to the observed increased WM-GM susceptibility
contrast. It is acknowledged that formalin and other fixatives can have an impact on the
integrity of the myelin sheath following prolonged periods of tissue fixation. Though one
study suggests that a 24-hour fixation period may be sufficient to compromise the normally
Gd-impermeable myelin sheath (42), the chemical modification of lipids, such as those
found in the bilayer membrane of myelin, and the formation of cross-links between
neighboring proteins, which is the rate-limiting step for fixation, typically requires several
weeks (43). After a brief period of immersion fixation, formalin can be effectively removed
from tissue by rinsing the specimen (44,45). Due to the short fixation period and the
subsequent long immersion in saline buffer of the specimens, this model for WM in the Gd-
perfused mouse brain assumes that the myelin sheath remains mostly intact, resulting in
contrast agent being compartmentalized into extracellular WM.

Magn Reson Med. Author manuscript; available in PMC 2015 December 01.
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Gd-Enhanced Susceptibility Anisotropy

Mean WM-GM susceptibility contrast appears to increase linearly as a function of Gd
concentration (Fig. 5). By contrast, when the orientation-dependent effects are isolated by
plotting voxel susceptibility as a function of fiber orientation (Fig. 6A), the simulated data
predict a nonlinear relationship between susceptibility anisotropy and Gd concentration (Fig.
6B), which appears to be consistent with experimental data. However, we do not have
sufficient data to rule out linearity because of the single-orientation experiments we have
conducted. As such, a two-parameter linear regression model is also provided for
comparison.

The apparent macroscopic susceptibility anisotropy of WM tissue, Aymax. is calculated from
the parallel and perpendicular fiber susceptibility values (Eqn. [8]), that is, the absolute
slope against sin0. For the specimen perfused without Gd, the macroscopic susceptibility
anisotropy values were 18.5 + 5.3 ppb for the specimen data, 22.7 ppb for the simulated
data, and 34.0 ppb for the two-parameter linear regression model. These values agree
reasonably with the finding, Aymax = 26 ppb, by Li et al (10). The simulated data show that
susceptibility anisotropy is enhanced roughly six-fold by high (50 mM) perfusion
concentrations of Gd (Fig. 6B).

Similar to the nonlinear phase signal evolution of WM tissue as a function of echo time
(23,46), nonlinear susceptibility anisotropy modulation as a function of Gd concentration
may be due to WM signal contributions arising from multiple, distinct water pools, each
with unique relaxation properties (47). Earlier studies have shown that compartmentalization
of Gd-DTPA in the extracellular space of muscle tissue both in vivo and in vitro yields a
significant T, reduction in extracellular water but not bound water (41,48). The simulated
data from the hollow fiber model suggest that Gd enhances anisotropy by suppressing the
isotropic compartments due to the interaction between 1) the increased To* relaxivity in the
extracellular water pool and 2) the complex-valued averaging of the WM water pool signals.
Further work in this area may include exploring the time-dependent nature of susceptibility
contrast due to Gd contrast agents.

Technical Considerations

The specimen data contain mostly voxels with perpendicular WM fiber orientations due to
the scan orientation convention used. This can significantly skew the mean susceptibility
measurements as well as the two-parameter regression model. As a result, it is difficult to
conclude whether or not the mean susceptibility anisotropy of the data increases nonlinearly.
This could potentially be remedied by scanning the specimen at multiple orientations or at
higher resolution to increase the number of voxels with more parallel fiber orientations.

The true Gd concentration at the local tissue is presumably much less than the concentration
used during perfusion. To define the model WM and GM susceptibility tensors, it was
necessary to estimate the extent to which the contrast agent solution was able to penetrate
each brain tissue. Hence, both the parameters Dgp in Eq. [6] and Dy ext in Eq. [4] were
approximated when fitting the model shape to the scan data and are not based on literature
values. In contrast, the selected model parameters for MVF (0.27), FVF (0.56), and g-ratio
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(0.72) are based on both literature values in the rodent brain (Table 1) and the equation
MVF=FVF x (1—g—ratio®) (30). Myelin water fraction is given by MVF x = 0.135.
Under the assumption that myelin water is almost entirely bound water, this calculated
parameter is sensible with respect to the average bound water fraction of 0.10 + 0.01 found
by Ou et al. (49,50) in ex vivo mice using quantitative magnetic transfer measurements. This
is entirely reasonable considering that formalin fixation has been shown to increase the
macromolecular bound water fraction of WM tissue by as much as 50% (51).

An advantage of using QSM over R,* mapping as a susceptibility-based mechanism for
WM-GM contrast is that magnetic susceptibility is field independent (Fig. 3), whereas Ry*
is not (Fig. 4). Earlier studies have shown that the field dependence of Ro* in human GM
(both in vivo and ex vivo) is approximately linear, but in WM there is evidence of a super-
linear increase for magnetic fields ranging from 1.5to0 7.0 T (17,52). In contrast to the super
linear increase of Ry* as a function of Hg, the field invariance of QSM allows for more
relevant comparisons among data sets as small animal MRI progresses towards ever-higher
field strengths. In the context of the three-pool model of white matter, the field-invariant
nature of magnetic susceptibility suggests that the external field alters the relaxivity of one
WM water pool in a similar fashion to the other two water pools. This is distinctly different
from the changes to relaxivity induced by Gd, which occur almost exclusively in the
extracellular water pool.

CONCLUSIONS

Aided by Gd and high magnetic field strengths, susceptibility contrast is extremely effective
in visualizing myelinated WM in the brain. Magnetic susceptibility maps of the adult mouse
brain verify that WM-GM susceptibility contrast, unlike R»*, is field invariant in spite of the
multiple pool structure of WM. This allows for more useful comparisons between QSM
studies at different field strengths. Data from both the specimen and the simulated hollow
fiber model show that the fiber orientation, contrast agent compartmentalization, and multi-
pool relaxation properties of WM produce enhanced WM-GM susceptibility contrast as well
as susceptibility anisotropy that, surprisingly, may increase nonlinearly as a function of Gd
contrast agent. The proposed model reasonably describes the effect of these microstructural
factors on modulating susceptibility contrast. Future work to develop this model, including
the analysis of relative signal evolution of WM water pools as a function of echo time, will
aid in probing WM microstructural compartments and orientation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX

Formulation of model relaxation rates

Limited resources precluded the acquisition of T, data for every image volume. Instead,
previously acquired data from a C57BL/6 mouse brain prepared with a similar protocol (50
mM Gd) revealed WM T to be approximately 22 ms, 50 ms, and 60 ms at 2.0, 7.0, and 9.4
T respectively. Empirical Tq-field relationships (53) were used to produce ballpark estimates
for WM T at all field strengths for specimens perfused without Gd. WM T values were
then estimated for specimens with intermediate Gd concentrations at each field strength,
recognizing that Gd has a linearly proportional effect on tissue relaxation rates (29).

Model relaxation values were approximated for each water pool by incorporating the
aforementioned whole-tissue relaxation estimates with the microstructure parameters given
in Table 1 and tissue relaxation calculations from multi-pool models in the literature
(8,9,23,31,47,54,55). This model for tissue relaxation assumes that the relaxation rate of
WM is a weighted average of the individual WM water pool relaxation rates. The model Ty
and To* values in each WM water pool are given in the supporting information for each
field strength and Gd concentration (Fig. S1 and Fig. S2, respectively).
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Figure 1.
Processed image data representing magnetic susceptibility (top row) and Ro* (bottom row)

for the mouse brain specimen perfused with 40 mM Gd-HP-DO3A solution and scanned at
2.0, 7.0 and 9.4 T. Image resolution is 3-D isotropic at 86 pm. The intensity scale of the
susceptibility maps was inverted to represent diamagnetic regions (such as WM) with bright
pixels and paramagnetic regions (such as the Gd-filled ventricles) as dark pixels. Both image
contrasts clearly delineate white matter regions at this Gd concentration.
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20T 70T 94T

Apparent magnetic susceptibility maps detailing two white matter brain regions: the A)
anterior commissure and B) corpus callosum. Each row represents an individual specimen
perfused with one of six concentrations of contrast agent, and each column corresponds to
one of the three magnetic field strengths at which the specimens were scanned. White-gray
matter susceptibility contrast is significantly enhanced as a function of Gd concentration and

is field invariant.
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Figure 3.

Mean apparent magnetic susceptibility as a function of magnetic field strength in mouse
specimens perfused with three different concentrations of Gd contrast agent (0, 10, and 50
mM). The brain regions shown are the anterior commissure white matter (AC), corpus
callosum white matter (CC), cortical gray matter (CO), and ventricles (VE). Error bars
represent the standard deviation. The empirical field invariance shown here agrees with
magnetic susceptibility imaging theory. Magnetic susceptibility in the cortex appears
unaffected by Gd concentration because the radiofrequency pulse is tuned to the frequency
of brain specimens composed of mostly gray matter.
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Mean Ry* as a function of magnetic field strength. The brain regions shown are the anterior
commissure white matter (AC), corpus callosum white matter (CC), cortical gray matter

(C0O), and ventricles (VE). Error bars represent the standard deviation. A super-linear

increase is most apparent in white matter regions at low concentrations of Gd, which
complicates the comparison of Ry* contrast between studies performed at different field

strengths.
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Region-wide mean apparent magnetic susceptibility as a function of Gd concentration at 2.0,
7.0, and 9.4 T. The brain regions shown are the anterior commissure white matter (AC),
corpus callosum white matter (CC), cortical gray matter (CO), and ventricles (VE). The
error bars have been omitted for clarity. The best-fit line and equation were created using
least-squares regression on the combined data from all three field strengths. The apparently

linear relationship in WM may be the result of averaging susceptibility values from all

voxels in each tissue structure regardless of white matter fiber orientation.
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Figure®6.

A) WM-GM susceptibility contrast dependence on white matter fiber orientation and Gd
concentration at 7.0 T in the anterior commissure. Field-parallel fibers are sparsely
represented in the image data due to the scan orientation of the specimens. For each
specimen, one-parameter linear regression was used to find the mean susceptibility contrast
as a function WM fiber orientation only. A two-parameter regression model was used to find
mean susceptibility contrast as a function of both fiber orientation and Gd concentration.
The simulated data was generated from the three-pool WM fiber model. B) WM
susceptibility anisotropy as a function of Gd concentration in the anterior commissure.
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Susceptibility anisotropy is increased by more than six-fold at the highest Gd concentration
used in this study. Both models are highly correlated with the measured anisotropy.
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Properties of white matter microstructure. The model microstructural parameters for predicting white-gray

matter susceptibility contrast in the hippocampal commissure of the mouse brain are based on literature
values. Standard deviation was provided in only a fraction of the studies referenced.

Symbol Definition Model Values LiteratureValues Ref.
0.62 (56)2
g-ratio Axon-to- fiber ratio 0.72 0.72 +£0.01 (57)b
0.80 (58)0
0.54-0.65 (59)°
FVF Fiber volume fraction 0.56 0.59 (60)d
0.66 % 0.08 61)P
017+0.01 (56)2
MVF Myelin volume fraction 0.27 0.31 (60)d
0.41-0.47 (6l)b
1,050, 1 (23)

Pax: Pmys Pext  Relative spin density of water pools 1,0.50, 1
1,054, 1 (31)

a .

Mouse white matter
b .

Mouse spinal cord
c .

Rat sciatic nerve

dRat hippocampal commissure
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