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Biophysical mechanisms of MRI signal frequency
contrast in multiple sclerosis
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Phase images obtained with gradient echo MRI provide image
contrast distinct from T1- and T2-weighted images. It is commonly
assumed that the local contribution to MRI signal phase directly
relates to local bulk tissue magnetic susceptibility. Here, we use
Maxwell’s equations and Monte Carlo simulations to provide the-
oretical background to the hypothesis that the local contribution
to MRI signal phase does not depend on tissue bulk magnetic
susceptibility but tissue magnetic architecture—distribution of
magnetic susceptibility inclusions (lipids, proteins, iron, etc.) at
the cellular and subcellular levels. Specifically, we show that the
regular longitudinal structures forming cylindrical axons (myelin
sheaths and neurofilaments) can be locally invisible in phase
images. Contrary to an expectation that the phase contrast in
multiple sclerosis lesions should always increase in degree along
with worsening of lesion severity (which happens for all known
MR magnitude-based contrast mechanisms), we show that phase
contrast can actually disappear with extreme tissue destruction.
We also show that the phase contrast in multiple sclerosis lesions
could be altered without loss of nervous system tissue, which
happens in mild injury to the myelin sheaths or axonal neurofila-
ments. Moreover, we predict that the sign of phase contrast in
multiple sclerosis lesions indicates the predominant type of tissue
injury—myelin damage (positive sign) vs. axonal neurofilament
damage (negative sign). Therefore, our theoretical and experimen-
tal results shed light on understanding the relationship between
gradient echo MRI signal phase and multiple sclerosis pathology.

CNS | neuronal integrity | phase imaging | demyelination | generalized
lorentzian approach

RI has played a revolutionary role in enhancing knowledge

in biology and medicine. Numerous MRI techniques have
been developed over the years to aid physicians and scientists in
understanding tissue structure and function in health and dis-
ease. One MRI technique that has been of increasing interest in
recent years relies on phase images obtained by gradient echo
(GE) MRI. It was shown that phase images provide image
contrast distinct from T1-weighted (T1W) and T2-weighted
(T2W) images (1-6). However, the sources of phase contrast
have not been completely understood and are a subject of in-
tense debate. Myelin was proposed as one of the main contrib-
utors to MR signal phase in white matter (7), and it was shown
that demyelination leads to a loss of phase contrast between
white matter (WM) and gray matter (GM) (8, 9). This finding
could have been explained by the difference in tissue cellular/
molecular content (iron, lipids, and proteins) between GM and
WM. However, it was also reported that phase contrast is prac-
tically absent between WM and CSF (cerebrospinal fluid) (3, 6),
despite substantial differences in their molecular content. Iron
was shown to play an important role in formation of phase con-
trast in iron-rich areas, such as caudate, putamen, and globus
pallidus (10-13). However, experimental data on the role of iron
in WM is controversial; although a decrease of the phase contrast
after iron extraction from the fixed brain tissue was reported in
the work in ref. 7, this effect was not seen in the work in ref. 9. It
was also concluded in the work in ref. 14 that the MR phase
contrast between cortical GM and WM can be mainly attributed
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to variations in myelin content but not iron concentration. Similar
uncertainty exists in the study of multiple sclerosis using phase
imaging, one of its emerging applications. In initial publications
(12, 15, 16), a variety of manifestations of multiple sclerosis
lesions (MSLs) in phase images was reported. It was noted that
some lesions seen on phase images were also seen on TIW and
T2W images, but some alterations were unique to phase images.
Also, some lesions detected on T1W and T2W images were not
seen on phase images. One hypothesis proposed to explain phase
contrast is based on an assumed mechanism that relates MR
signal phase/frequency shift to iron content in the tissue (12, 15,
16). However, this mechanism does not take into account the
hallmarks of MSLs—the loss of axons and myelin (17).

Bridging the gap between these controversial findings is one of
the main goals of this article. To this end, we provide theoretical
background to the hypothesis that the local contribution to the
MRI signal phase does not depend on bulk tissue content but does
depend on tissue magnetic architecture—distribution of magnetic
susceptibility inclusions (lipids, proteins, iron, etc.) at the cellular
and subcellular levels (6). This finding allowed us not only to shed
light on the above-mentioned controversies but also propose
a theory of MRI phase contrast in multiple sclerosis. We show
herein that, according to this mechanism, phase contrast in MSLs
could appear simply because of injury to the myelin sheath, even
without its removal from the affected area, thus preserving bulk
tissue magnetic susceptibility. Our theoretical concept indicates
that phase contrast is sensitive to mild lesions and thus, may appear
abruptly at lesion onset when damage is still minimal. Our pre-
liminary data in several human subjects show abnormalities seen
only on phase and not magnitude images within the areas with
borderline abnormal tissue damage, which can be explained by our
theoretical prediction that the phase contrast in MSLs could be
altered with mild injury to the myelin sheath or axonal neurofila-
ments. Hence, these phase abnormalities may represent mild or
early MSLs. Contrary to a common sense expectation that the
phase contrast in MSLs should always increase in degree along
with worsening of lesion severity (which happens for all known MR
magnitude-based contrast mechanisms), we show that phase con-
trast can actually disappear in situations of medium to severe tissue
destruction. Moreover, we predict that the sign of phase contrast in
MSLs indicates the predominant type of tissue injury—myelin
damage (positive sign) vs. axonal neurofilament damage (negative
sign). In the current paper, we provide theoretical and experi-
mental evidence supporting these mechanisms of phase contrast in
MSL. Our findings have potential to expand the information pro-
vided by CNS imaging both for understanding multiple sclerosis
pathophysiology and as an endpoint in clinical trials (18).
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Results and Discussion

Theory and Monte Carlo Simulations of Phase Contrast. Tissue
magnetic architecture at the global (organ or body part) and
cellular/subcellular levels depends on the structural (geometric)
arrangement of the main tissue components (proteins, lipids,
iron, etc.) that, as far as MRI is concerned, act as magnetic
susceptibility inclusions. In an external magnetic field By, mag-
netic susceptibility inclusions become magnetized and induce
their own magnetic fields that affect (shift) Larmor resonance
frequencies of water molecules. WM structure can be described
as mainly comprised of quasicylindrical myelinated axons. The
induced magnetic field in these axonal bundles (tracts) is gen-
erated by several sources: (i) longitudinally arranged myelin
sheaths and intraaxonal neurofilaments that run mostly parallel
to the axonal tract axis, (ii) isotropically distributed free-floating
organelles, proteins, lipids, etc., and (iii) the interface between
the WM tract and the surrounding tissue.

In a GE experiment, the contribution of each water mole-
cule, diffusing in the inhomogeneous magnetic field, to the MR
signal at GE time TE (time of echo) can be represented as
exp(ip(TE)), where ¢(TE) = nyTEb(r(t))dt is the phase accu-
mulated by the diffusing molecule along its trajectory r(z) ; b(r(z))
is a projection of the local magnetic field created by all of the
sources of magnetic field inhomogeneities at point r(f) on the
external magnetic field By. According to well-known results from
Maxwell’s equations, the distribution of magnetic fields in the
cylinder-like structures depends mostly on the position in the
transverse plane. Because water molecules in WM are confined
to either intracellular or extracellular spaces, with the transverse
sizes about or less than 1 pm, it requires less than 1 ms to sample
the whole distribution of the magnetic field within a given
compartment (water diffusion coefficient is about 1 pm?/ms).
Thus, for GE time TE greater than 1 ms used in experiments, all
diffusing nuclei in the same compartment sample the whole
distribution of magnetic fields within a given compartment and
therefore, accumulate similar phases (motional averaging regi-
men). Effectively, a diffusing water molecule feels an average
magnetic field (b,,) in the compartment where it resides; there-
fore, ¢,,(TE) =2z AfnTE; 2z Afiy = y{bm), Where Af,, is an
average frequency shift in the mth compartment. Based on this
consideration, only an average magnetic field in each compart-
ment should be calculated. In what follows, we will use this
equation and computer Monte Carlo simulations to quantify
influence of WM microstructure on MR signal phase.

Structural Disordering as a Mechanism of the Phase Contrast. Fig. 14
represents a schematic structure of an intact myelinated axon
(intracellular water, myelin sheath, and extracellular water).
Computer Monte Carlo simulations of the MR signal frequency
shift were performed in the intact myelinated axon and an axon
undergoing demyelination typical of multiple sclerosis (Fig. 1 B
and C). The latter was modeled by fragmenting the cylindrical
structure of the myelin sheath to different degrees. The frag-
ments were modeled as spheres with positive magnetic suscep-
tibility with respect to water (because lipids and iron each
provide a positive magnetic susceptibility, whereas proteins have
a primarily negative contribution) (6). The phase accumulated by
diffusing water molecules was calculated based on the well-known
expressions using Maxwell’s equations for magnetic field created
by cylinders and spheres (19). The calculations revealed that, for
all of the structures in Fig. 1, the water MR frequency shift could
be described as follows (Eq. 1):

Af [fo=LF . (1]

In this equation (and the equations that follow), we define the
magnetic susceptibility x ‘as a product of 7 — volume magnetic
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Fig. 1. Effect of increasing myelin sheath damage on phase/frequency of
MR signal derived from computer Monte Carlo simulations. (A) Schematic
of an intact axon (internal cylinder) covered by a myelin sheath (bold outline
of cylinder) in an extracellular space (between bold and outer cylinder) with
radius Ry. (B) Mildly damaged myelin sheath: fragments of the original
structure are slightly scattered. (C) Severely damaged myelin sheath: frag-
ments of initial structure are scattered randomly. (Lower) Dependence of the
LF in the MR signal frequency shift on the level of destruction (SR is the
average fragments' displacement). The shaded zone (0-0.2) indicates minor
injury to tissue, where even a small increase in the disorder parameter SR
(horizontal axis) will rapidly and dramatically change the LF and hence, also
change signal phase/frequency.

susceptibility of magnetic susceptibility inclusions (myelin sheath
and/or its fragments) and their volume fraction ¢ (Eq. 2):

x=7¢ [2]

Throughout this paper, we define all magnetic susceptibilities
relative to magnetic susceptibility of water. The proportionality
coefficient Lorenzian factor (LF) varies with different levels of
damage to the myelin sheath. Note that the LF is equal to 4x/3
only for randomly scattered fragments; this case is usually re-
ferred to as a Lorentzian sphere approach (20). For all other
cases, LF is less than 4x/3, approaching zero for the intact axon.
Therefore, as previously suggested (6), the Lorentzian sphere
approach is not valid for describing the magnetic susceptibility
frequency shift in normal WM, which is highly directional. An
additional factor that contributes to the frequency shift is the
object’s (axonal) general external shape: Af/fo| .. = SF - x. For
the structure in Fig. 1, where By, is parallel to the axonal axis, the
shape factor (SF) is zero, and the frequency shift is completely
determined by the LF (Eq. 1).

PNAS | August 28,2012 | vol. 109 | no.35 | 14213
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The results of Monte Carlo simulations for an oblique di-
rection of an axon with respect to magnetic field By confirmed
a theoretical prediction of zero frequency shift for the intact
axon, regardless of axonal orientation (6). This important result
is caused by cancellation of contributions from LF characteristic
for longitudinal structures, LF|,,.oingina = 27 - sin’a (6), and the
SF for circular cylinder, SF| . = —2x-sin’a. At the same
time, for a scattered case (Fig. 1C), the LF is equal to 4x/3 and
does not depend on axonal orientation, whereas the SF does
depend on axonal orientation.

Fig. 1 presents results for a simplified case where only intact
or damaged myelin sheath contributes to susceptibility induced
MR signal phase shift. The true situation is more complicated
because of the presence of components in addition to myelin,
and it will be discussed below. However, the contribution from
proteinaceous neurofilaments is qualitatively similar (although
with the opposite sign), because they are also organized in
longitudinal structures.

Frequency Shift Between Intact Axon and Surrounding Tissue: Effect
of WM Darkness. To understand phase contrast in injured multiple
sclerosis tissue, we first need to understand phase contrast in
a normal brain. In general, the intact myelinated axon can be de-
scribed as comprised of longitudinal structures with magnetic sus-
ceptibility y; (myelin and neurofilaments) aligned along the axonal
axis and isotropic components (free-floating organelles, proteins,
lipids, etc.) with magnetic susceptibility y;. Hence, the total Lor-
entzian contribution to the MR signal frequency shift is a combi-
nation of the tWo: Af/fol;oemsin = 27 21 -Sin’a+ 3z y,. For
a circular cylindrical myelinated axonal bundle (tract) surrounded
by an isotropic media (like CSF or GM) with magnetic suscepti-
bility y,, the contribution from the interface Stract SF) between the
tract and the media is equal to —2z-sin“a- (yya —x.), Where
xwm = (v +x:) is the total susceptibility of WM. Thus, the total
frequency difference between a circular cylindrical axonal tract and
the external media can be written as (Eq. 3)

Af/foaxon = (_ 2z Sinza + %ﬂ) ' (Xi _)(e)' [3]

Note that, for noncircular cylindrical tracts, this dependence is
more complicated (6).

The fact that the longitudinal structures (myelin sheaths,
neurofilaments, etc.) do not contribute to the total frequency
shift of the cylindrical axon when magnetic field By is parallel to
the axonal axis is a direct consequence of Maxwell’s equations:
the induced magnetization of long cylindrical structures parallel
to By does not create any magnetic field outside the structures
themselves. This finding is not true when By forms an angle with
the axonal axis. However, the average magnetic field contribut-
ing to the frequency shift around the intact myelin sheath (or
neurofilaments) is zero for an arbitrary orientation of B, with
respect to the axonal axis.

One of the important consequences of Eq. 3 is that the terms
proportional to y; cancel each other for circular cylindrical ax-
onal bundles (i.e., the longitudinal structures do not contribute
to frequency contrast between such a bundle and any adjacent
isotropic media). Therefore, in the regions of the brain, such as
the cortex, where gyri and sulci abut one another, the intact
cylindrical axons in gyri should have very small frequency shifts
relative to CSF in the sulci. This effect, first predicted in the work
by He and Yablonskiy (6), is counterintuitive, because there is
a substantial difference between the total magnetic susceptibility
of WM (v = x1 +x;) and the total magnetic susceptibility of
CSF (y,). One could, therefore, expect a substantial phase con-
trast between WM and CSF. However, according to Eq. 3, the
frequency shift is determined not by the difference (v, —x.)

14214 | www.phas.org/cgi/doi/10.1073/pnas. 1206037109

but the difference y; — y,, where y; comprises a small fraction of
the total magnetic susceptibility of WM yy,,, leading to very
little contrast between WM and CSF (6). A slight deviation from
axonal circularity should not have much effect on phase signal,
because it is counteracted by a distribution of axonal shapes in
WM bundles that, on average, can be considered as circular
cylinders. For WM structures that are not circular cylinders (e.g.,
corpus callosum), frequency shift does depend on the structure
global shape, the total magnetic susceptibilities of WM, and the
surrounding environment (6).

In the same manner, Eq. 3 also explains negative WM/GM
contrast, which is also counterintuitive, because WM has higher
magnetic susceptibility than GM (6). However, according to
Eq. 3, the phase/frequency contrast between WM and GM is
proportional to y; — ¥, Which is essentially magnetic suscepti-
bility of GM (with the negative sign), because y; comprises only
a small fraction of the total magnetic susceptibility of WM.
These results are in agreement with previous observations (3, 6),
where the dominant bright regions in phase images belong to
GM, whereas WM and CSF are usually dark. Exceptions are
areas of high concentrations of iron (e.g., caudate nuclei) (12).
Such a dark background provides a convenient display for MSLs
that have mostly (but not always) positive phases (see examples
below) caused by the effect of myelin disordering in multiple
sclerosis described above.

Phase Contrast in Multiple Sclerosis Tissue: Theoretical Predictions.
An essential feature of the plot in Fig. 1 generated by computer
simulations is the steep growth of the LF predicted to occur with
only minor damage to the myelin sheath (shaded zone). Thus,
even small abnormalities in multiple sclerosis-affected CNS may
cause substantial (positive in sign) changes in MR signal phase.
A theoretical consideration for axonal damage (destruction of
neurofilaments) leads to a similar scenario with one important
difference—phase/frequency as a function of neurofilament de-
struction experiences negative changes. This result is because
neurofilaments are formed from proteins that have a negative
magnetic susceptibility with respect to water, whereas myelin is
>70% lipid and also contains relatively more iron (lipids and
iron both have positive susceptibility with respect to water) (6).
Because frequency shift in Eq. 1 is a product of two factors—LF
and tissue magnetic susceptibility (y; in this case)—one can
expect that, with tissue destruction, phase will experience major
changes for mildly damaged longitudinal structures because of
the steep increase in LF. However, decrease in tissue magnetic
susceptibility (i.e., volume fraction of susceptibility inclusions)
(Eq. 2) because of tissue removal from the damaged area may
lead to reduction of phase/frequency changes for severely dam-
aged tissue. To characterize tissue damage in multiple sclerosis,
we used a previously introduced (21) quantitative parameter—
tissue damage score (7DS). TDS around zero corresponds to
normal tissue, and 7DS = 1 corresponds to severely injured
tissue (black holes). Both TDS and MRI signal frequency/phase
are obtained herein using the GE plural contrast imaging
(GEPCI) technique (22), which is described in Materials
and Methods.

Importantly, the sign of phase/frequency changes depends on
the type of injured tissue (axonal filaments vs. myelin). With
myelin damage and intact neurofilaments, the change is positive,
whereas in the case of damage to proteinaceous neurofilaments
within intact myelin, the change is negative. This scenario is
depicted in Fig. 2. However, the latter case would typically occur
in the setting of myelin destruction with possible additional
components of lipids and iron, which would offset the negative
phase change. This finding is consistent with our observation and
the observations of others (16) that negative phase changes in
MSLs are very rare.

Yablonskiy et al.
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Fig. 2. Schematic structure of the MR signal phase/frequency change with MSL severity for two types of tissue destruction. (Left) Pure myelin injury. (Right)
Pure injury to neurofilaments. Minimal myelin injury, which may not be apparent on standard T2W and T1W images, will appear positive by phase, corre-
sponding to the initial ascending portion of Left (also in Fig. 1). For moderately severe lesions with predominant myelin injury (center of the left figure has
a medium TDS score), phase will also be positive. However, axon destruction is often also present, and the relative degree of myelin and neurofilament
destruction will affect the sign of the phase change. Severe lesions, such as persistent black holes, with a high TDS score and significant destruction of both

myelin and axons might disappear on phase images.

Based on the above consideration, the following scenario
describes MRI phase/frequency behavior according to the type
and severity of multiple sclerosis tissue damage.

i) Normal WM, having mostly longitudinal structure, has little
local effect on MR signal phase.

ii) At the initial stages of MSL development with demyelination,
small alterations in this longitudinal structure would become
visible on phase images. This alteration might happen even
before detection using other techniques. Hence, MR signal
phase might serve as a very sensitive biomarker for minimal
abnormalities or early MSL development. Importantly, dam-
age to myelin would cause an increase in signal phase (positive
contrast), whereas damage to axons would cause a decrease of
signal phase (negative contrast). When axons degenerate, the
surrounding myelin is also subsequently lost because of Wal-
lerian degeneration. Thus, one would expect negative phase
contrast to be relatively uncommon. If both myelin and axons
are damaged, the phase contrast would be reduced (or may
even disappear), because myelin and protein-based neurofila-
ments have opposite magnetic susceptibilities.

iii ) For severely injured tissue, when cellular components (mac-
romolecules) are removed from the site, magnetic suscepti-
bility becomes small, leading to decreased phase contrast.
Hence, for many cases with medium and severe damage,
one can expect very small phase contrast. These scenarios
can explain previous reports of phase changes being detected
only for a subset of MSLs (12, 15). Images of active MSL
pathology often reveal the entire width of the myelin sheath
to be disrupted (23), but a small phase contrast can also be
expected if demyelination were to proceed by gradual loss,
layer by layer, of the myelin sheath.

Phase Contrast in Multiple Sclerosis Tissue: Experimental Results. The
example in Fig. 3 shows one MSL that has a range of TDSs from
normal on periphery to severe damage at the lesion center. On
FLAIR (Fluid Attenuated Inversion Recovery) image, it mani-
fests itself as a bright ring with a dark core. The appearance on
the GEPCI frequency map is similar to the appearance on
FLAIR, although the abnormality is bigger in size and is sur-
rounded by two dark strips. The sign (positive frequency indi-
cates myelin damage) and pattern of phase changes compared
with GEPCI TDS score are in agreement with our prediction
that phase/frequency becomes abnormal for mildly damaged
tissue (blue TDS), grows with the level of tissue injury, and
disappears for highly destroyed tissue (lesion core indicated by
red TDS). Dark areas on the GEPCI frequency map might
correspond to predominantly axonal damage, whereas bright
areas correspond to predominantly myelin damage.

Examples of changes in phase image in MSLs with no or very
small TDS scores are shown in Fig. 4, orange and blue

Yablonskiy et al.

rectangles. These examples might represent changes in tissue
microstructure that are not observed with conventional imaging
techniques. The positive phase contrast indicates myelin damage.

According to Figs. 1 and 2, the phase contrast in severe lesions
(black holes and high TDS score) can disappear, although these
lesions would have substantially different magnetic susceptibility
from the surrounding normal WM. An example of such a lesion
is shown in Fig. 5, red rectangle. The absence of phase contrast,
together with high TDS in this case, suggests that myelin and
axonal debris are mostly removed from the lesion area.

Lesions of intermediate severity (intermediate GEPCI TDS
score) appear on GEPCI T1W (hypointense), FLAIR, GEPCI
FST2* (hyperintense), and phase/frequency maps. Several
examples are shown in Fig. 5, red rectangles. The combination of
TDS and phase appearance suggests that myelin is damaged but
has myelin debris still present in the lesion area. At the same
time, the lesion denoted by in Fig. 5, orange oval has similar TDS
but very little phase contrast, suggesting damage to both myelin
and axon that offset one another.

The theory of MSL manifestations on phase/frequency images
proposed herein should be complemented by considerations of
lesion shape and not only the internal lesion structure. De-
velopment of lesions of varying severity might lead to multiple
appearances on phase images, because phase is a combination of
multiple factors that include not only the change in tissue con-
tent and structure but also the shape and structure of the sur-
rounding tissue. One potential approach to overcoming this
problem is quantitative susceptibility mapping (QSM) (8, 24-27),
where nonlocal effects of magnetic fields on phase image are
removed by solving Maxwell’s equations for field distribution on
a global level. The current state of this approach, however,
assumes that MR signal phase relates to tissue magnetic suscep-
tibility by means of a Lorentzian sphere approximation, which is
not the case for WM in general and MSLs in particular as shown

FLAIR T1F with TDS

Frequency

1

0.8
0.6
04
0.2

0

Fig. 3. Example of an MSL (marked by a blue rectangle) that has a range of
TDS represented by the colors on the vertical bar. TDS is overlaid on T1f
image. Data were obtained from a subject with relapsing remitting multiple
sclerosis disease (female, age 42 y, EDSS 2.0).
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GEPCIT1IW FLAIR

0.8
0.6
0.4

0.2

{7

GEPCI Frequency GEPCI T1f

Fig. 4. Example of data obtained from a subject with secondary progressive multiple sclerosis (female, age 49, EDSS 6.5). Note the prominent contrast between
GM and WM on the GEPCI T1f image compared with other images. Rectangles outline abnormalities observed on FLAIR or frequency (phase) maps. Orange
rectangles denote an alteration seen in phase images (bright contrast) but not T1W, FLAIR, or GEPCI FST2*. This alteration may represent a very mild lesion with
damaged myelin, and itis also seen on GEPCI T1fimage as negative dark contrast. Blue rectangles outline a small MSL that is barely seen on FLAIR and GEPCI FST2*,
and it is also visible on the phase image. Red rectangles outline a severe MSL (very high TDS score) that is seen on T1W, FLAIR, and GEPCI FST2* but does not have
a footprint on the phase image. A magnified view of this lesion is shown in Inset with overlaid GEPCI TDS score in color according to the color bar.

in the present study. Thus, the QSM technique, as a tool for an-
alyzing WM structure and MSLs, awaits incorporation of a non-
spherical Lorentzian relationship between MR signal phase and
local magnetic field.

In this paper, we focus our attention on the most pronounced
injuries to tissue in multiple sclerosis—myelin and axonal dam-
age (17). Other components of the MSL (e.g., inflammatory cell
infiltration, gliosis, and edema/increased extracellular space) can
also be incorporated in our model. These components will be
a subject of our future research. Other hypotheses of phase
contrast that were also discussed previously include frequency
shifts induced by water—-macromolecule exchange in the tissue (4,
28, 29) and possible tissue magnetic susceptibility dependence on
orientation with respect to the magnetic field By (30, 31), al-
though their roles are not yet clear.

Conclusion

In this study, we propose a theory of phase contrast in multiple
sclerosis and provide experimental and Monte Carlo simulated
results supporting our theoretical predictions. Our theory is
based on the newly introduced concept—the Generalized
Lorentzian Approach—that allows relating MRI signal phase
not to tissue bulk magnetic susceptibility but tissue magnetic
architecture, the distribution of magnetic susceptibility inclusions
(lipids, proteins, iron, etc.) at the cellular and subcellular levels
(6). Our theory predicts that the phase contrast in MSLs could
appear because of multiple sclerosis pathology affecting WM
integrity, such as mild injury to the myelin sheath or neurofila-
ments, even with preserved tissue magnetic susceptibility. Also,
contrary to a common sense expectation that the phase contrast
in MSLs should always increase in magnitude with lesion wors-
ening (which happens for all known MR magnitude imaging
contrast mechanisms), our theory and experimental results in-
dicate that phase contrast can actually disappear with extreme
tissue destruction. We also show that the change in the phase
contrast might be specific to a type of tissue injury—myelin

GEPCITIW FLAIR

GEPCIFST2"

(positive change) vs. neurofilaments (negative change). The
GEPCI approach, providing simultaneous information on tissue
signal phase, T2* and T1, shows unique potential to decipher the
mechanisms underlying phase contrast. Our approach not only
aids in understanding changes seen by phase imaging but opens
a door to better understanding biological underpinnings of
multiple sclerosis brain pathology; additionally, it has the po-
tential to assist in optimizing design of clinical trials.

Materials and Methods

GEPCI. A convenient way to study phase contrast in multiple sclerosis is by
means of a GEPCI (21, 22, 32)—an MRIimaging technique that, based on multi-
GE sequence, generates high-quality, high-resolution images with multiple
contrasts from a single in vivo scan in <10 min. In a GE experiment, MR signal
evolution from a voxel at a GE time TE is described by the equation (Eq. 4)

S(TE) = So - exp(— R2*- TE + 2zi - Af - TE) - F(TE), [41

where function F(TE) is responsible for signal decay because of the effects of
macroscopic magnetic field inhomogeneities (33). This equation is fitted to
multi-GE data on a voxel-by-voxel basis, allowing simultaneous generation
of R2* = 1/T2* maps, TIW images (So), and frequency maps (Af) that were
subsequently high pass-filtered. Previously, we applied the GEPCI technique
to study multiple sclerosis, and based on the quantitative nature of the
GEPCI method, we introduced GEPCI scores to measure multiple sclerosis
tissue damage in lesions (21). R2* values in the WM of multiple sclerosis
subjects are distributed in a central quasi-Gaussian manner (comprising
normal-appearing and diffusely abnormal WM) with a tail corresponding to
low R2* values in MSLs (21). The tissue R2* relaxation rate constant was
determined as a reflection of tissue damage in MSLs. Multiple sclerosis tissue
damage results in the loss of macromolecules—mainly myelin sheaths and
proteins in axons—leading to reduction in tissue R2* relaxation rate con-
stant. Thus, for each voxel in an MSL with a given R2* value, the tissue
damage can be characterized by TDS (21) (Eq. 5):

TDS = (R2¥ — R2*)/R2¢, [5]

where R2¢ is the R2* value characterizing the position of the peak in the
distribution of R2* values across WM for a given subject. Hence, TDS around

GEPCIFrequency

Fig. 5. Example of data obtained from a subject with relapsing remitting multiple sclerosis disease (male, age 52 y, EDSS 3.5) showing multiple lesions (red
rectangles) with intermediate TDS scores (overlaid on GEPCI T1f image). Here, lesions seen on FLAIR are also seen on GEPCI T1W, GEPCI FST2* (GEPCl analog of
FLAIR) and GEPCI frequency map. The area within the orange ovals also corresponds to intermediate TDS with low phase contrast.
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zero corresponds to normal tissue, and TDS = 1 corresponds to severely injured
tissue (black holes). In the present studies, we use this lesion classification for
better understanding of the relationship between tissue damage in multiple
sclerosis and phase contrast.

Image Acquisition. Brain images were collected using a Siemens 3T Trio MRI
scanner (Erlangen) and a 12-channel phased-array head coil. GEPCI data were
obtained using a 3D version of the multi-GE sequence with a resolution of 1 x
1 x 3 mm?, field of view of 256 x 192 mm, and 11 GEs (repetition time = 50 ms,
first TE = 4 ms, 8TE = 4 ms, flip angle = 30°). To generate GEPCl images, raw
data were reconstructed using Eq. 4. The frequency maps were high pass-fil-
tered to remove effects of macroscopic field inhomogeneities using a 7 x 7 (of
256 x 256) in-plane averaging matrix. Image reconstruction and postprocess-
ing were performed using a standard PC computer and Matlab software
(MathWorks Inc). The automatic shimming procedure available on the Siemens
scanner allowed substantial minimization of macroscopic field inhomogeneity
effects. With our 3D high-resolution GEPCl approach, the deviation of the
function F(TE) from unity was negligible in most parts of the brain important
for multiple sclerosis. Hence, a simple fitting of the monoexponential function
in Eqg. 4 with F(TE) = 1 to the GEPCl signal was sufficient to generate GEPCI T2*
and T1W images. GEPCI-FST2Star images that are R2* maps with suppressed
signal from CSF and GEPCI T1f images (a combination of GEPCI T1W and
frequency maps) with enhanced GM/WM contrast (22) were also created.

. Abduljalil AM, Schmalbrock P, Novak V, Chakeres DW (2003) Enhanced gray and
white matter contrast of phase susceptibility-weighted images in ultra-high-field
magnetic resonance imaging. J Magn Reson Imaging 18:284-290.

2. Rauscher A, Sedlacik J, Barth M, Mentzel HJ, Reichenbach JR (2005) Magnetic sus-
ceptibility-weighted MR phase imaging of the human brain. AJNR Am J Neuroradiol
26:736-742.

3. Duyn JH, et al. (2007) High-field MRI of brain cortical substructure based on signal
phase. Proc Nat/ Acad Sci USA 104:11796-11801.

4. Zhong K, Leupold J, von Elverfeldt D, Speck O (2008) The molecular basis for gray and

white matter contrast in phase imaging. Neuroimage 40:1561-1566.
. Marques JP, Maddage R, Mlynarik V, Gruetter R (2009) On the origin of the MR image
phase contrast: An in vivo MR microscopy study of the rat brain at 14.1 T. Neuroimage
46:345-352.
6. He X, Yablonskiy DA (2009) Biophysical mechanisms of phase contrast in gradient
echo MRI. Proc Natl Acad Sci USA 106:13558-13563.

7. Fukunaga M, et al. (2010) Layer-specific variation of iron content in cerebral cortex as
a source of MRI contrast. Proc Nat/ Acad Sci USA 107:3834-3839.

8. Liu G, Li W, Johnson GA, Wu B (2011) High-field (9.4 T) MRI of brain dysmyelination by
quantitative mapping of magnetic susceptibility. Neuroimage 56:930-938.

9. Lodygensky GA, et al. (2012) In vivo assessment of myelination by phase imaging at
high magnetic field. Neuroimage 59:1979-1987.

10. Haacke EM, et al. (2005) Imaging iron stores in the brain using magnetic resonance
imaging. Magn Reson Imaging 23:1-25.

11. Pfefferbaum A, Adalsteinsson E, Rohlfing T, Sullivan EV (2009) MRI estimates of brain
iron concentration in normal aging: Comparison of field-dependent (FDRI) and phase
(SWI) methods. Neuroimage 47:493-500.

12. Hammond KE, et al. (2008) Quantitative in vivo magnetic resonance imaging of
multiple sclerosis at 7 Tesla with sensitivity to iron. Ann Neurol 64:707-713.

13. Bilgic B, Pfefferbaum A, Rohlfing T, Sullivan EV, Adalsteinsson E (2012) MRI estimates
of brain iron concentration in normal aging using quantitative susceptibility map-
ping. Neuroimage 59:2625-2635.

14. Langkammer C, et al. (2012) Susceptibility induced gray-white matter MRI contrast in
the human brain. Neuroimage 59:1413-1419.

15. Haacke EM, et al. (2009) Characterizing iron deposition in multiple sclerosis lesions
using susceptibility weighted imaging. J Magn Reson Imaging 29:537-544.

16. Yao B, et al. (2012) Chronic multiple sclerosis lesions: Characterization with high-field-
strength MR imaging. Radiology 262:206-215.

17. Trapp BD, et al. (1998) Axonal transection in the lesions of multiple sclerosis. N Engl J
Med 338:278-285.

18. Barkhof F, et al. (2012) MRI monitoring of immunomodulation in relapse-onset
multiple sclerosis trials. Nat Rev Neurol 8:13-21.

19. Yablonskiy DA, Haacke EM (1994) Theory of NMR signal behavior in magnetically

inhomogeneous tissues: The static dephasing regime. Magn Reson Med 32:749-763.

(5

Yablonskiy et al.

Standard Clinical Images Were also Obtained. Forty-four contiguous 3-mm
axial imaging sections were obtained with a 24-cm field of view, a matrix size
of 256 x 192, and two types of Turbo SE sequences: (i) T2W images with
repetition time = 6,800 ms and TE = 95 ms, bandwidth = 151 Hz/pixel, and
turbo factor = 7; (/i) FLAIR images with inversion time = 2,310 ms, repetition
time = 10,000 ms, and TE = 83 ms, bandwidth = 219 Hz/pixel, and turbo
factor = 13; and (iii) T1W images using a standard SE sequence with repetition
time = 600 ms and TE = 12 ms and bandwidth = 130 Hz/pixel. Total time for
these three standard sequences was 16 min.

Human Subjects. The human studies were approved by the Washington Uni-
versity Institutional Review Board, and all subjects provided written informed
consent. One normal healthy subject, four subjects with relapsing remitting
multiple sclerosis disease [sex/age/EDSS (Expanded Disability Status Scale) =
male/42/1.5, male/52/3.5, male/39/2.5, and female/42/2.0], and one subject with
secondary progressive disease (sex/age/EDSS = female/49/6.5) (34, 35) entered
the study. Sixty lesions were studied by GEPClI magnitude and phase and
standard imaging.
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