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Abstract

Optic nerve is often affected in patients with glaucoma and multiple sclerosis (MS). Conventional
MRI can detect nerve damage but it does not accurately assess the underlying pathologies. Mean
diffusivity and diffusion anisotropy indices derived from diffusion tensor imaging (DTI) have been
shown to be sensitive to a variety of central nervous system (CNS) white matter pathologies. Despite
being sensitive, the lack of specificity limits the ability of these measures to differentiate the
underlying pathology in CNS white matter tissues. Directional (axial and radial) diffusivities,
measuring water diffusion parallel and perpendicular to the axonal tracts, have been shown to be
specific to axonal and myelin damages in mouse models of optic nerve injury, including retinal
ischemia and experimental autoimmune encephalomyelitis (EAE). The progression of Wallerian
degeneration has also been detected using directional diffusivities after retinal ischemia. However,
translating these findings to human optic nerve is technically challenging. The current status of human
optic nerve diffusion MRI, including the imaging sequences and protocols, are summarized herein.
Despite lacking a consensus of the optimal sequence or protocol among different groups, increased
mean diffusivity and decreased diffusion anisotropy has been observed in injured optic nerve from
chronic optic neuritis patients. Decreased Ay, correlating with visual function and recovery, was
observed recently in acute optic neuritis patients in a pilot study, suggesting the specificity of A, to
axonal injury. From different mouse models of optic nerve injuries to the emerging studies on optic
neuritis patients, directional diffusivities demonstrate great potential to be specific biomarkers for
axonal and myelin injury.

Introduction

Optic nerve is a simple and well-defined white matter tract emanating from retinal ganglion
cells. It is often affected in patients with multiple sclerosis (MS), where optic neuritis is
frequently the first clinical symptom in MS 1-3 Inflammation, demyelination, and axonal
injury or loss are key components of MS pathologies 4, The heterogeneity of lesion
histopathology among individuals with MS is thought to account for the differences in the
disease course and prognosis 4, Although MS has been traditionally considered primarily a
disorder of myelin, axonal loss can be prominent in some individuals. There is an emerging
consensus that this can be a major contributor to long-term disability in MS 5,6, Thus, an
accurate assessment of these components of MS pathology is likely to improve stratification
of the current treatments and prognostication of MS patients.
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Although conventional MRI has been used to detect optic nerve atrophy and optic nerve sheath
dilation 7-10, it fails to accurately assess the underlying pathophysiology preceding the
irreversible structural damage. Other advanced MRI modalities, such as magnetization transfer
(MT) 11-154ng T, based myelin water imaging 16-19 have been used to quantify white matter
degeneration. In particular, quantitative MT showed promise in improving specificity to myelin
injury 20-22 However, the consensus of the capability of magnetization transfer or myelin
water T, contrasts to differentiate axonal loss and myelin degeneration has yet to be established.

Diffusion tensor imaging (DTI) is widely recognized imaging modality to study the
connectivity and integrity of white matter in central nervous system (CNS) tissues 23-25 19
accurately assess axonal and myelin damage, directional diffusivities derived from DTI have
been proposed to serve as biomarkers of axonal and myelin damage 26-30,

Diffusion Tensor Imaging

Diffusion MRI measures the root mean square displacement of random Brownian motion of
water molecules 31, In a homogeneously isotropic medium with no restrictions, water
molecules move in any direction with equal probability. The diffusion tensor can be represented
by an isotropic diffusion displacement-probability sphere in this case. The scalar diffusion
coefficient is sufficient to quantify the water diffusion. In contrast, for an anisotropic medium,
such as biological tissues with various hindrances restricting water diffusion, the root mean
square displacement of water molecules varies spatially. The diffusion weighted (DW) MR
signal is dependent on the relative orientation of the diffusion-sensitizing gradient and the
microstructures of the sample 32 A diffusion-sensitizing gradient applied in a certain direction
isonly sensitive to the apparent diffusion coefficient (ADC) in that direction. Hence, a diffusion
tensor description becomes necessary in such a situation, commonly achieved by a non-
diffusion weighted (bg) and a minimum of six diffusion weighted measurements in non-
collinear and non-coplanar directions. The diffusion tensor can be represented by an anisotropic
diffusion displacement-probability ellipsoid, characterized by three eigenvalues (A1, A, and
Ag) and three eigenvectors in a local frame of each image voxel after matrix diagonalization.
The average of the three eigenvalues is referred to as the mean diffusivity, MD. The sum of
the three eigenvalues is the trace of the diffusion tensor, Tr = 3 x MD. The diffusion anisotropy
index, quantifying the degree of a preferred directionality for water displacement, is a measure
of how much the diffusion ellipsoid deviates from a sphere. It reflects the structural anisotropy
of porous media or tissue, in which water diffuses. Various anisotropy indices, such as
fractional anisotropy (FA) and relative anisotropy (RA), are inter-convertible and have been
summarized °°.

The MD and diffusion anisotropy indices derived from DTI allow for quantitative evaluation
of the magnitude and degree of anisotropy of the random translational motion of water
molecules. These two measures have been shown to be sensitive to a variety of brain
pathologies 34-41 However, despite being sensitive, the lack of specificity to the underlying
CNS pathologies limits the use of these measures when differentiating the pathologies is
clinically important. For example, reduced anisotropy and elevated MD, as often observed at
pathological regions in CNS white matter from MS patients, do not always discriminate axonal
damage from myelin pathology 26,

Directional Diffusivities as Biomarkers of Axonal and Myelin Injury

Eigenvalues of the diffusion tensor are scalar indices that describe water diffusion in a local,
i.e., voxel specific frame of reference coinciding with the geometry of white matter tracts. In
CNS white matter, X4, the largest eigenvalue, represents the water diffusivity parallel to the

axonal fibers. It is referred to as )y, the axial diffusivity. The water diffusivities perpendicular
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to the axonal fibers, A, and A3, are averaged and referred to as A; = (Ao + A3) / 2, the radial
diffusivity 26:27.

In white matter injury involving only myelin degeneration, we hypothesized that A will not
be affected, since the axon itself is not injured. In contrast, A | will increase (diffusion
anisotropy will decrease) reflecting the increased freedom of water Brownian motion
perpendicular to axons due to the loss of myelin integrity.

We also hypothesized that axonal injury without (or prior to) demyelination will result in a
decrease in & (with or without a decrease in diffusion anisotropy). It is likely that 1, also
decreases in axonal-only injury; however, the magnitude of this decrease in A is expected to
be more difficult to detect since A, is only about one fifth of the magnitude of &, in mouse
CNS white matter 26’27’29’30’42{2‘3.

In the extreme scenario in which the axon is extensively damaged with wide spread destruction
of cellular structure and clearance of tissue debris, there is likely little restriction and hindrance
to water diffusion, resulting in decreased anisotropy and increased freedom of motion for water
molecules in all directions. If this occurs, A and A | will both increase and diffusion will become
more isotropic, such as observed in chronic cerebral ischemia 44,45

The above hypothesized alterations of directional diffusivity in CNS white matter injury are
illustrated in optic nerve injury resulting from retinal ischemia and experimental autoimmune
encephalomyelitis (EAE). The presentation of mouse models is followed by a detailed
description of attempts in translating the findings in animal models to human.

Mouse Optic Nerve Pathology

Experimental Set Up and Imaging Protocol

Mice were anesthetized with isoflurane/O, (5% for induction and 2% for maintenance via a
custom-made nose cone). The core temperature of mice was maintained at 37 °C using
regulated, flowing warm water in a pad. Maintained at appropriate anesthesia, mice were placed
in a custom-made, magnetic-resonance-compatible head holder with ear and tooth bars to
immobilize the head. A 1.5-cm outer diameter circular surface coil was placed on top of the
head to serve as the receiver for MR signal. The combined apparatus were placed in a custom-
made cradle permitting the mouse to be placed at the center of magnet inside a 9-cm inner
diameter Helmholtz coil (the radio frequency transmit coil). The above described arrangement
was positioned in a second cradle that fits into an Oxford Instruments 200/330 (4.7 T, 33 cm
clear bore) magnet.

A conventional, multi-slice, spin-echo ima}tqing sequence, modified by adding the Stejskal-
Tanner diffusion sensitizing gradient pair 6 was employed for acquiring the required series
of diffusion weighted images (DWI1) with repetition time (TR) 3 sec, echo time (TE) 50 msec,
time between application of gradient pulses (A) 25 msec, slice thickness 0.5 mm, field of view
1.5 x 1.5 cm?, data matrix 128 x 128 (zero filled to 256 x 256). Diffusion sensitizing gradient
directions were: [Gy,Gy,G,] = [1,1,0], [1,0,1], [0,1,1], [-1,1,0], [0,-1,1], and [1,0,-1]. Two
diffusion sensitizing factors, b-values = 0 and 785 s/mm?, were used for the acquisition of the
DWI series 32. Five coronal slices of mouse brain were collected between — 0.5 to 2 mm of
bregma for optic nerve studies. Regions of interest (ROI) were placed conservatively at the
center of the optic nerves.

Noise induced bias to FA or individual eigenvalue is usually not of a concern for mouse studies
because images of high signal-to-noise ratio (SNR > 30) are typically achieved. In addition,
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we did not observe an improved accuracy in our measurement by using more diffusion encoding
directions because there are no crossing-fibers in optic nerves.

Retinal Ischemia

Optic nerve degeneration resulting from retinal ischemia exhibits a distinct pathological profile
with axonal m&ury?recedlng demyelination without significant destruction of overall axonal
cytoskeletons In vivo DTI of optic nerve was performed longitudinally on mice
having undergone transient retinal ischemia (Fig. 1). The optic nerve injury resulting from the
death of retinal ganglion cells caused an early and prolonged decrease in diffusion anisotropy
(Fig. 2). The temporal evolution of MD after retinal ischemia is similar to ADC changes
reported in stroke 45 with a sharp decrease in MD observed as early as 3 days after retinal
ischemia, followed by a gradual increase toward the control level at day 7 (Fig. 2). Most
intriguingly, distinct patterns of 4;(early and prolonged decrease) and 1, (delayed and
sustained elevation) during the progression of optic nerve degeneration were observed (FIZ% 2)
reflecting the expected pathological profile of axonal injury preceding myelin injury

48, Thus, the pseudo-normalization of MD in this case is distinctly different from those seen
in chronic stroke. The early decrease in MD reflects the decreased A;. The pseudo-
normalization at 7 days is a result of combined axonal injury and demyelination, the combined
effect of the decreased A and increased A ; resulting in little net changes in MD. These findings
are consistent with the expected and histologically documented evolution of injury to the optic
nerve, i.e., axonal degeneration followed later by demyelination 26,47,48

In addition to in vivo experiment, ex vivo MRI measurements of fixed tissues can provide high
resolution images without in vivo physiological limitations such as limited scanning time,
cardiac pulsation, and respiratory motions. However, careful validation is needed to account
for the physiological and structural differences between in vivo and ex vivo tissue states 49
For example, formalin fixation has been known for causing cross-linkage of proteins in excised
tissues, leading to reduced T2 relaxation time. Besides ex vivo experiments are usually
performed at room temperature which results in reduced water diffusivity compared to that
measured at body temperature. However, diffusion anlsotropy, normalized axial and radial
diffusivity remained unchanged after tissue fixation 50, To address the applicability of such
practice in retinal ischemia, both in vivo and ex vivo DTI measurements were applied on optlc
nerves from mice having undergone transient retinal ischemia with matched hlstology

3 days after ischemia, a decrease in A, was observed both in vivo (33%) and ex vivo (38%) in
the injured optic nerve reflecting axon damage. At 14 days both in vivo and ex vivo
measurements of 4 exhibited a significant increase reaching 220 - 240% control level in the
injured optic nerve reflecting myelin damage. As expected, MD and diffusion anisotropy were
not capable of detecting and differentiating axonal and myelin injury in the optic nerve.
However, the axonal injury in optic nerve detected in vivo by the decreased A, was not seen
ex vivo at 14 days after reperfusion. This decreased sensitivity of ex vivo DTI to axonal
pathology at later stage of the injury cautions the application of ex vivo DTI measurements on
fixed tissues for investigating in vivo pathophysiology.

Wallerian and dying-back degeneration play a significant role in many CNS diseases. Tracking
the progression of Wallerian and dying-back degeneration may provide a better understanding
of the evolution of these diseases. The use of DTI as a tool to mvestlgate the CNS Wallerian
and dying-back degeneration has become increasingly common 51- Typlcally, mean
diffusivity and diffusion anisotropy changes in white matter have been suggested to reflect the
remote damage resulting from the primary insults to the gray matter. However, the damage
identification based on statistical observations at a single location in the Whlte matter tract
could not differentiate the anterograde or retrograde nature of the i |njury 1,53,54 | a recent
longitudinal study taking advantage of the well-defined Wallerian degeneration of retinal
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ischemia, the progression of Wallerian degeneration was evaluated by DTI in two functionally
and structurally connected segments of a single axonal tract, the optic nerve and optic tract.
The pattern of spatial and temporal evolution of the Wallerian degeneration as a result of the
death of retinal ganglion cells was quantified by directional diffusivities 55 Attwo weeks post-
ischemia, more severe damage was present in the ipsilateral optic nerve than that in the
contralateral optic tract (Fig. 3). Specifically, injured (ipsilateral) optic nerve showed a 32 —
40% decrease in & with only a 21 — 29% decrease in injured (contralateral) optic tract,
suggestive of more severe damage to the axons closer to the primary injury (retinal ganglion
cells) than to those distant to it at two weeks after retinal ischemia. Similarly, 200 — 290% and
58 — 65% increases in L, were observed in the injured (ipsilateral) optic nerve and injured
(contralateral) optic tract, respectively, also suggesting more severe myelin loss in the proximal
optic nerve than that in the distant optic tract and delayed myelin damage (Fig. 3). All DTI
findings were quantitatively validated with immunohistochemistry 2°.

Experimental Autoimmune Encephalomyelitis (EAE)

EAE is a widely used animal model 56 recapitulating many features of human MS ST EAE
can be induced by immunization of susceptible animals with myelin proteins including myelin
basic protein (MBP) 58, proteolipid protein (PLP) 59,60, and myelin oligodendrocyte
glycoprotein (MOG) 61 Optic neuritis is one of the phenotypes in EAE mice 62,63 The optic
nerves of the MOG-induced EAE mice were examined using in vivo DTI followed by
immunohistochemisty. Chronic injury to the optic nerve from these mice involving both axonal
injury and demyelination 43,64 has been quantified using directional diffusivities in vivo (Fig.
4). Our lab reported a 19% decrease in A and 156% increase in A, three month after
immunization 43. As suggested by counting phosphorylated neurofilament (pNF) and myelin
basic protein (MBP) positive axons within the optic nerve (Fig. 5), the A; and A appeared to
be both sensitive and specific for axonal injury and demyelination, respectively. Recently, Wu
etal. %4 studied a EAE murine model in acute stage using in vivo DWI with diffusion sensitizing
gradients parallel and perpendicular to the axonal tracts. They found that progressive acute
axonal damage resulted in 23% decrease in A at 20 days after immunization. They did not find
significant changes in xj_Gduring this acute period, which is consistent with the findings in the
retinal ischemia model 26:47,9%,

In summary, directional diffusivities (A, and A ;) have been demonstrated to be specific to
axonal injury and myelin damage in mouse models of optic nerve injury. In the optic nerve
degeneration resulting from retinal ischemia, directional diffusivity is capable of detecting both
axonal injury and demyelination, accurately depicting the temporal progression of the injury.
In addition, directional diffusivities have been shown to detect and differentiate the severity
between the proximal and distal injury in Wallerian degeneration. Directional diffusivities also
accurately reflect the underlying axonal and myelin injury in the optic nerve and tract from
chronic EAE mice. Based upon the successful application of directional diffusivities in mouse
models of white matter injury, axial and radial diffusivities are potential biomarkers of axonal
and myelin damage to be tested in the human optic nerve disorders.

Human Optic Nerve

Challenges of Imaging Human Optic Nerve

The diameter of the mouse and human optic nerve is about 0.3 — 0.4 mm and 3 — 4 mm,
respectively. Thus, high resolution is required to avoid partial volume effect when imaging the
optic nerve. One of the most critical issues facing human optic nerve MRI is the tradeoff
between high image resolution, to avoid partial volume effect, and adequate signal-to-noise
ratio (SNR), necessary for reliable diffusion measurements. For mouse optic nerve imaging, a
lengthy acquisition of the anesthetized animal with the use of a surface receiver coil helped to
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achieve the necessary high resolution DTI measurements while maintaining sufficient SNR.
However, the long DTI acquisition of the optic nerve in mice is not practical in human.

The human optic nerves are wrapped by several layers of membranes, i.e., nerve sheath, and
immediately surrounded by cerebrospinal fluid (CSF) 65 In atrophic nerves, the nerve itself
could detach from the nerve sheath with CSF filling the intermediate space. Thus, CSF
suppression is desirable and even indispensable for imaging atrophic nerves. The intra-orbital
portion of the optic nerve and the nerve sheath are also surrounded by the orbital fat,
necessitating fat suppression. Partial volume effect from CSF, chemical shift effect from fat,
and the susceptibility artifacts due to air/tissue interfaces at nearby sinuses all contribute to the
technical difficulties of imaging human optic nerves. Motion artifacts resulting from eye ball
and/or bulk head movements further complicate optic nerve imaging. These constraints have
made the applications of diffusion MRI to the human optic nerve a challenging endeavor.
Surmounting these obstacles requires the consideration of unconventional diffusion pulse
sequence design. Since not all concerns can be addressed in a single sequence, necessary
compromises have to be made to effectively address the clinical question.

Despite the technical challenge, MRI of optic nerve offers the advantage in that visual function
is directly measurable. Hence, MRI results can be correlated with visual functions and optical
coherence tomography (OCT) measured retinal nerve flber layer thickness 66, Clinical visual
function tests, such as visual acuity, contrast sensmwty , visual evoked potential (VEP)

69 are direct measures of specific functions of the V|sual pathway specialized for
transmitting visual representations to higher brain centers.

Imaging Sequences

Diffusion weighting with spin- echo (SE) 70 , fast spin-echo (FSE) "1 and single shot spin-echo
echo planar imaging (SE- EPI) 4 have been previously used to image the optic nerve. Due
to its high SNR efficiency, SE-EPI is the sequence of choice among most research groups. In
order to improve image resolution while reducing image distortion of EPI sequence in human
optic nerve imaging, on the ba3|s of SE-EPI, the inner volume imaging (IV1) or reduced field
of view (rFOV) technique 75-79 nas been recently presented. The original version of IVI
technique used one 90° slice selective excitation pulse and one 180° slab selective refocusing
pulse in orthogonal directions to select a rectangular volume of interest 80, The disadvantage
of the original 1VI technique is its low imaging efficiency because the magnetization outside
of the selected slab was inverted by the 180° pulse. This makes interleaved multi-slice data
acquisition problematic. Zonal oblique multislice (ZOOM) EPI method, a modified VI
technique applying the selective pulses in oblique angles 1 was subsequently developed
enabling the interleaved multi-slice acquisition with judICIOUS selections of oblique angles.
This technique has been employed with diffusion encoding 75, However, ZOOM-EPI leaves
slice gaps in the anatomy of interest because spatial saturation pulses were required to ensure
a rectangular volume excitation. Interleaving slice groups can provide continuous coverage
with compromise in imaging efficiency. A solution to this shortcomlng is to apply a second
slab selective 180° pulse at the end of the imaging module 82. This second selective 180° pulse
has the effect of restoring the magnetization inverted by the first 180° pulse back to the positive
By field axis before subsequent slice selectlve excitations. This technique was further coupled
with twice refocusing spin echo (TRSE) 3 diffusion weighting scheme (Fig. 6) recently for
diffusion measurements 79:84. To further reduce i image distortion associated with EPI,
improved Eost—processing techniques, using segmented or stimulated echo planar imaging
(STEPI) module, or replacing EPI with imaging modules less sensitive to distortions from
off-resonance effects may be necessary. Potentially useful imaging modules Wlth mlnlmum
distortion include line scan 86-88 , turbo fast low flip angle shot (turbo FLASH) , and its
closely related turbo stimulated echo acquisition mode (turbo STEAM) 0-92, However, SNR
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inefficiency limits application of these techniques at the current magnetic field strength used
for in vivo human imaging. Alternatively, the recently developed rapid acquisition by
sequential excitation and refocusing (RASER) sequence 93 offers reasonable SNR compared
to EPI, substantially reduced susceptibility effect, and no blurring from k-space filtering. It is
also inherently suitable for limited FOV application. When this sequence is adapted with
diffusion gradients, it may be a potential candidate for imaging optic nerve.

Imaging Protocols

Different approaches have been adopted to address the many challenges faced in human optic
nerve diffusion MRI as mentioned before. The resulting various imaging protocols derived
from different research groups warrant a detailed description as these may have implications
on interpreting results. What is common among most of groups is the choice of a maximum
b value of about 600 s/mm2 71,73,76-79, Despite being suboptimal for diffusion sensitizing
human brain white matter, the relatively low b value ensures sufficient SNR in diffusion
weighted images. A minimum number of directions for diffusion tenor encoding is typically
used due to imaging time constraints when multiple averages are necessary to improve SNR.
Even after signal averaging, the relatively low SNR at the required resolution may lead to an
overestimation of FA. ROIs are usually placed away from the unmyelinated optic nerve head
and at the center of the optic nerve to avoid CSF contamination, which may lead to an
underestimation of FA and an overestimation of MD.

Wheeler-Kingshott and colleagues employed CSF suppression and a 2D spectral spatial
selective excitation pulse in ZOOM-EPI diffusion sequence. This modification showed
promising results from healthy volunteers 78 and chronic optic neuritis patients 76,77 on15
T scanners. DTI data were collected using head transmit-receive coils with a voxel size of 1.25
x 1.25 x 4 mm3 in coronal plane. Despite being less sensitive than phased array or surface
coils, the head coil offered a relatively high signal penetration for imaging the optic chiasm
94 The signal loss due to inversion preparation for CSF su%pression was mitigated by signal
averaging and noise bias correction during post processing 5,

In a pilot study, our lab performed studies on healthy volunteers on a 3 T scanner using the
recently implemented VI with TRSE diffusion weighting 79, MR data were acquired in
transverse plane with a transmit head coil and a 4-element flexible phased array optic nerve
receiver coil 94. Isotropic voxels of 1.3 x 1.3 x 1.3 mm3 were employed to minimize CSF
contamination and only voxels in the center of nerve were used for quantification. CSF
suppression was not used in this study due to the needed SNR at such a high image resolution.
Distortions associated with the high-resolution EPI sequences were minimized by the reduced
echo train length using the 1VI technique (Fig. 7). Fat suppression was achieved by a chemical
shift selective fat suppression pulse with dephasing gradients at the beginning of thegpulse
sequence and gradient reversal technique during the spin echo evolution (Fig. 6) 95,96,

Chabert et al. used the non-CPMG FSE sequence 970 study a cohort of healthy volunteers at
15T "L MR data were acquired in transverse plane with a 3 inch diameter surface coil over
asingle eye. A voxel size of 0.94 x 0.94 x 3 mm3 was chosen without CSF suppression. The
FSE nature of the sequence reduces artifacts related to off-resonance effects. However, due to
the long echo train length, this sequence is more sensitive to motion and T, blurring. In addition,
chemical-shift artifacts were significant in this sequence, probably due to the non-ideal
refocusing pulse profile and the quadratic phase modulation of the refocusing pulses.

Healthy Control

Despite consistent measures of optic nerve diffusion parameters within the individual research
group 75'78798, minor discrepancies in the reported normative values exist among different
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groups employing different imaging sequences and protocols (Table 1, only DTI studies with
sufficient statistical power were summarized). The observed discrepancies may arise from the
difference in SNR, imaging orientations (transverse vs. coronal), spatial resolution, and CSF/
fat suppression. Currently, a consensus regarding the optimal optic nerve diffusion imaging
protocol has yet to be reached.

In spite of the difficulty in comparing diffusion parameters among different groups, trends of
changes or relative changes in diffusion parameters between the control and injured optic nerve
exist.

Optic Neuritis

Trips et al. 77 studied a heterogeneous cohort of chronic optic neuritis patients with previous
unilateral attack using the ZOOM-EPI diffusion sequence/protocol. There was not a significant
difference between unaffected contralateral nerves and that from the healthy control. They
observed a 93% increase in A, a 49% increase in MD, and a 35% reduction in FA in the
affected optic nerve compared with that from the healthy control (p < 0.001) or the contralateral
nerve (p <0.001). Only a marginal 13% increase in A, was observed in the affected nerve. The
change in 4 is not statistically significant (p = 0.13) compared with those in the healthy control,
while it is significant (p = 0.04) compared with the contralateral nerves. The dramatic increase
in 2, and marginal change in A are similar to those observed in the chronic EAE mouse model.
This study did not find an association between DTI indices and visual functions, possibly due
to the patient heterogeneity. In contrast, sixteen chronic patients were examined one year after
optic neuritis attack by the same group in a separate study 76, The increased mean ADC in the
affected nerve correlated with measures of the visual function (visual acuity, visual field, and
color vision) and electrophysiological parameters (VEP amplitudes and latencies).
Unfortunately, neither anisotropy nor directional diffusivity data was measured in this second
study. Comparing the results from these two studies is difficult, because tissue injury due to
demyelinating disease is a dynamic process. It is expected that diffusion parameters will change
over time reflecting the underlying structural changes. The timing of diffusion imaging, as well
as whether there was a pre-existing injury within the optic nerve should be taken into account
for proper interpretation and comparison of diffusion MRI results. Although there has not been
reported applications of directional diffusivities on acute optic neuritis patients, recent
preliminary data shows acute decrease in 4y correlating with long term recovery 99,

Conclusion

Directional diffusivities () and A | ) have shown to be specific to axonal injury and myelin
damage in mouse models of optic nerve injuries. Optic nerve degeneration resulting from
retinal ischemia exhibits a distinct pathological profile with axonal injury preceding
demyelination without significant destruction of overall axonal cytoskeletons. This presents a
unique opportunity for longitudinal DT studies, both in vivo and ex vivo, to access the different
optic nerve pathologies using directional diffusivities. In addition, the progression of Wallerian
degeneration from optic nerve to optic tract can also be detected by directional diffusivity after
retinal ischemia. In the EAE mouse model, quantitative immunohistochemistry shows that the
My and A are both sensitive and specific to axonal injury and demyelination.

However, translating these results from mouse to human optic nerve faces various technical
challenges, among them the trade-off between high image resolution and adequate SNR is the
most crucial. Successful human optic nerve imaging requires unconventional diffusion
sequence design. Wheeler-Kingshott group has shown diffusion weighted images and DTI
measurements using diffusion sequences implemented with inner volume imaging techniques.
Despite the lack of a consensus on diffusion sequences or protocols for human optic nerve
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imaging among different groups, increased mean diffusivity and decreased diffusion

an

isotropy have been observed in injured optic nerve from chronic optic neuritis patients.

Directional diffusivities have been demonstrated to be a biomarker of axon and myelin injury

in

mouse models of optic nerve injury. If the observation in mice can be realized in the emerging

studies of optic neuritis patients, directional diffusivities will improve the stratification of

cu
in

rrent treatments and prognostication of not only optic neuritis patients but also MS patients
general and patients with other CNS white matter disorders.
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Figure 1.

Mouse optic nerves after one-hour transient retinal ischemia in right eye (reproduced from Sun
etal 4’ Figure 1 with modification). Optic nerves (rectangle, A) appear hyperintense in a
representative diffusion anisotropy, RA, map of a control mouse. Diffusion parameters maps
of both control (solid rectangle) and injured (dashed rectangle) optic nerves on 3 (B) and 14
(C) days after retinal ischemia from a representative mouse demonstrating RA, Aj, and A |
changes after injury. Decreased A was seen in the injured optic nerve at 3 and 14 days after
retinal ischemia, while increased A, was seen only at 14 days after retinal ischemia.
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Figure 2.

Time course of DTI indices in the optic nerve obtained from mice after transient retinal
ischemia (reproduced from Sun et al. 47 Figure 2 with modification). The filled and open
squares are measurements obtained from the injured and control optic nerves, respectively.
The X, of injured optic nerve decreased significantly at 3 days after reperfusion, remaining at
this reduced value throughout the 21-day time course. The A of injured optic nerve increased
and reached a plateau at 7 days. Decreased Tr was observed at 3 — 7 days as a consequence of
reduced ). At 7 — 21 days, decreased A, and increased A ; resulted in the pseudo-normalized
Tr. Relative anisotropy decreased at 5 days and remained at the level at 5 — 21 days. Tr, A,
and A, are in units of um2/ms. RA has no unit. “*” indicates statistically significant difference
(p < 0.05) between the control and injured optic nerve.

NMR Biomed. Author manuscript; available in PMC 2008 December 15.



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

1duasnuey Joyiny vd-HIN

Page 16

A * *  * *  * B 2 *  * kK *
151 15
M M
0.5 - 0.5
1 2 3 5 9 14 = 1 2 3 5 9 14 28
c week D week
* * *
08 * k% 0.57
0.4
0.4 4
0.3
kJ- ;“J. 0.3
0.2
o1 0.21
0 04
1 2 3 5 9 14 28 1 2 3 5 9 14 28
week week

Figure 3.

Time courses of & (A and B) and A, (C and D) of the ipsilateral (filled bars) and contralateral
(opened bars) optic nerve (A and C) and tract (B and D) after transient retinal ischemia obtain
from a group of mice (N = 6). (Reproduced from Sun et al. 55Figure 4 with modification.)
Bars are mean * standard deviation. Decreased A was observed at 3 — 28 days from both
ipsilateral optic nerve and contralateral optic tract, suggestive of the axonal damage. Increased
A1 was also observed at 9 — 28 days from both ipsilateral optic nerve and contralateral optic
tract, suggestive of myelin damage. The horizontal axis represents days after retinal ischemia.
The units for 4y and & are um2/ms. “*”indicates a statistically significant difference (p < 0.05)
between the ipsilateral and contralateral optic nerve. The relative extent of changes in optic
nerves is more profound than those in optic tracts, suggesting the more severe injury in the
tract proximal to the source of insult than in the tract distant to it.
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Figure 4.

Optic nerves (indicated by arrows) from the EAE-affected mouse appears hypointense (B) in
RA maps, comparing to the control (A). Decreased A, (D) and increased A ; (F) in optic nerves
from EAE-affected mice were observed in the expanded views of A (C and D) and A, (E and
F) corresponding to the rectangles in (A) and (B). (Reproduced from Sun et al. 55 Figures 2
and 3 with modification.)

NMR Biomed. Author manuscript; available in PMC 2008 December 15.



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

1duasnuey Joyiny vd-HIN

Xu et al.

Page 18

m

pNF+ counts

Figure 5.

(]
(=1
(=
o

1500

1000

500

0

pNF

1.2 1.4
Ay (Um2/ms )

16 1.8

-n

MBP+ counts

2500 4
2000
1500 A
1000 4

500 -

0

MBP

0 01 02 03 04 05

A, (Um?/ms )

Immunohistochemistry of pNF (A and B) and MBP (C and D) of optic nerves from control (A
and C) and EAE-affected (B and D) mice (reproduced from Sun et al. 43 Figures 6 and 7 with
modification). Axonal and myelin injury is seen as reduced pNF and MBP staining, as well as
the significant change in axonal morphology in the optic nerve from the EAE-affected mice.
The A correlates with pNF positive axonal counts (E). Similarly, the A | inversely correlates
with MBP positive axonal counts (F).
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Figure 6.

The top panel (A) shows a single shot SE-EPI sequence implemented with inner volume
imaging (IV1) and twice refocused spin echo (TRSE) diffusion weighting. Note the 180° pulses
are selective in the phase encoding (Gpe) direction. The direction of the diffusion sensitive
gradients (Ggjs) is arbitrary. The bottom panel (B) illustrates the magnetization evolution
(adapted from Figure 1b in Jeong et al. 82) with gradient reversal technique. The shaded boxes
represent the excited/refocused water slice/slab while the dashed boxes represent shifted fat
slice/slab. The solid arrows and dashed arrows represent water and residual fat magnetization
due to imperfect fat saturation, respectively. The fat signal (only the slice of interest is shown
after the 90° excitation pulse) is greatly decreased at the time of echo formation. The
effectiveness of the gradient reversal technique increases with the ratio of fat-water frequency
difference to the bandwidth of the slab selective 180° refocusing/inversion pulses.
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Figure 7.

Human optic nerve images from a normal subject with substantial nerve curvature illustrating
high quality diffusion images achieved with the IVI diffusion sequence/protocol. A) bg, B)
ToW, C) FA, D) MD, E) whisker plot, and F) magnified whisker plot. Little susceptibility
artifacts and blurring were observed in by image and DTI index maps comparing to the T,W
image. Clear delineation can be seen between the nerve and the surrounding CSF. Whisker
plots, showing the projection of the principal eigenvector in each voxel overlaying the FA map,
demonstrate the fiber coherence despite the curvature of the subject's optic nerve.
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