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Disability in optic neuritis correlates

with diffusion tensor-derived
directional diffusivities

A,

ABSTRACT

Objective: To determine the potential of directional diffusivities from diffusion tensor imaging
(DTI) to predict clinical outcome of optic neuritis (ON), and correlate with vision, optical coherence
tomography (OCT), and visual evoked potentials (VEP).

Methods: Twelve cases of acute and isolated ON were imaged within 30 days of onset and fol-
lowed prospectively. Twenty-eight subjects with a remote clinical history of ON were studied
cross-sectionally. Twelve healthy controls were imaged for comparison. DTI data were acquired
at 3T with a surface coil and 1.3 x 1.3 x 1.3 mm? isotropic voxels.

Results: Normal DT parameters (mean = SD, um?/ms) were axial diffusivity = 1.66 = 0.18, radial
diffusivity = 0.81 + 0.26, apparent diffusion coefficient (ADC) = 1.09 + 0.21, and fractional
anisotropy (FA) = 0.43 + 0.15. Axial diffusivity decreased up to 2.5 SD in acute ON. The de-
crease in axial diffusivity at onset correlated with visual contrast sensitivity 1 month (r = 0.59)
and 3 months later (r = 0.65). In three subjects followed from the acute through the remote stage,
radial diffusivity subsequently increased to >2.5 SD above normal, as did axial diffusivity and
ADC. In remote ON, radial diffusivity correlated with OCT (r = 0.81), contrast sensitivity (r =
0.68), visual acuity (r = 0.56), and VEP (r = 0.54).

Conclusion: In acute and isolated demyelination, axial diffusivity merits further investigation as a
predictor of future clinical outcome. Diffusion parameters are dynamic in acute and isolated optic
neuritis, with an initial acute decrease in axial diffusivity. In remote disease, radial diffusivity corre-
lates with functional, structural, and physiologic tests of vision. Neurology® 2009;72:589-594

GLOSSARY

ADC = apparent diffusion coefficient; Cl = confidence interval; CS = contrast sensitivity; DTl = diffusion tensor imaging;
EAE = experimental autoimmune encephalitis; FA = fractional anisotropy; MD = mean diffusivity; MS = multiple sclerosis;
NAWM = normal-appearing white matter; OCT = optical coherence tomography; ON = optic neuritis; RA = relative anisot-
ropy; rFOV = reduced field of view; RNFL = retinal nerve fiber layer; ROl = region of interest; SD = standard deviation;
SNR = signal-to-noise ratio; VA = visual acuity; VEP = visual evoked potentials.

Pathologic heterogeneity is postulated as a key contributor to the MRI paradox in multiple
sclerosis (MS). An imaging modality that better correlates with clinical disability and prognosis
is needed. We hypothesize that directional diffusivity measurements from diffusion tensor
imaging (DTI) can detect structural changes within white-matter tracts, and differentiate ax-
onal injury from demyelination.

DTI tissue measurements are based upon Brownian motion of water, influenced by tissue
restrictions from cellular structures. Studies suggest that mean diffusivity (MD, also known as
apparent diffusion coefficient [ADC]) and fractional or relative anisotropy (FA or RA) can
detect both MS lesions and changes in normal-appearing white matter (NAWM).! Unfortu-
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nately, summary parameters derived from
DTTI have not demonstrated sufficient speci-
ficity to define the underlying pathology of
white matter injury.

To improve DTI specificity, an analytical
approach has been proposed by this group to
assess the extent of axonal damage, demyeli-
nation, or both. The three eigenvalues or dif-
fusivities (A, A,, and A;) are scalar indices
that describe water diffusion through tissue
microstructures in a local frame of reference.
Within white matter tracts, the largest eigen-
value within a voxel, A, is assumed to repre-
sent the water diffusivity parallel to the
majority of axonal fibers. This is designated
)\”, the “axial diffusivity.” The averaged diffu-
sivity of A, and A5 represents diffusion per-
pendicular to the axonal fibers, denoted as A |,
the “radial diffusivity.” Previous work by this
group using animal models of acute CNS in-
jury has demonstrated that directional diffu-
sivities within white matter tracts correlate
with axon and myelin pathologies.*”

Building upon the application in mouse
models of axial and radial diffusivities as
pathologic surrogates of axonal and myelin
damage, respectively, the present studies un-
dertook translation to humans. The human
optic nerve was chosen as a simple and well-
defined white matter tract emanating from
single-ordered neurons. It is commonly af-
fected in demyelinating disorders and has
well-defined outcome measures.

METHODS All subjects provided informed consent, after ap-
proval by the local Human Research Protection Office/Institu-

tional Review Board.

Normal subjects. Twelve subjects with no symptoms or signs
of neurologic or ocular pathology were recruited (6 men and 6
women, mean age 37 with range 21-49). Control subjects had a
normal funduscopic examination, visual acuity (VA) =20/25,
and Pelli-Robson contrast sensitivity (CS) =1.65. Two individ-
uals were imaged twice, and another two were imaged three

times on different days to determine intersubject variability.

Subjects with ON. Twelve cases of acute optic neuritis (ON)
in 10 subjects with no previous neurologic events were imaged
within 30 days of onset. One subject had bilateral involvement,
and another sequential involvement in the fellow eye, which was
initially unaffected based upon all vision tests and VEP. Twelve
nerves were prospectively followed for 3 months, with three fol-
lowed for over 1 year. Nine of the 12 episodes received IV glu-
cocorticoids, including all with VA worse than 20/40 (n = 7).
For remote ON, 28 subjects with at least one clinical episode of
ON at least 1 year prior were included. Visual measurements
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included Sloan 5% CS chart at 3 m in an illuminated cabinet
(Precision Vision, IL) and corrected VA by 20 ft Snellen wall
chart. Visual evoked potentials (VEP) P100 latency (normal
mean 98.95 msec, upper limit 112.9 msec) was read blinded. If
the waveform was unobtainable due to poor vision, the maximal
obtained value of 170 msec was used. Optical coherence tomog-
raphy (OCT) fast retinal nerve fiber layer (RNFL) thickness was
obtained on a Zeiss Stratus OCT III with v4.0 software.

MR protocol. MR data were acquired using a custom fabri-
cated transmitter coil and four-element phased array flexible sur-
face receiver coil on a 3T MR scanner (Allegra, Siemens AG,
Erlangen, Germany). A vacuum-molded pillow minimized head
movement. Subjects were encouraged to sleep or close their eyes.
Sleep was unlikely to cause excessive eye movement since the
scan is shorter than the latency to the REM stage.

A single shot spin-echo echoplanar imaging diffusion se-
quence was employed with fat suppression, and reduced field of
view (tFOV) technique with twice refocused diffusion weight-
ing."® Diffusion-weighted images were acquired transaxially
(field of view 168 mm X 84 mm, matrix 128 X 64, partial
Fourier 6/8, echo time 65 msec) with two collated groups of
1.3-mm-thick slices. Each slice group comprised five interleaved
slices and was cardiac gated (150 msec delay after the sphygmic
wave by pulse oximetry), yielding a repetition time of 4—6 sec-
onds. Eight to 12 image sets, each consisting of one with b = 0
(by) and 12 diffusion-weighted images on 12 diffusion encoding
directions (two sets of six icosahedral directions with opposite
gradient polarity) with b = 600 s/mm?, were acquired for each

slice group.!! Total scan time was 40 minutes.

DTI calculation. Each DTT data set was motion corrected
using an iterative procedure.? Diffusion images with excessive
movement (=3 mm translation in either direction) were ex-
cluded from averaging. All transforms were rigid body affine and
computed by vector gradient measure maximization.” The b,
volumes of each DTT data set were aligned using intensity corre-
lation maximization. The final motion-corrected result was ob-
tained by algebraically composing all transforms (saved from the
iterative procedure), and then averaging all data sets after appli-
cation of the composed transforms using cubic spline interpola-
tion. The final resampling step output 13 volumes with
interpolated resolution of 0.65 X 0.65 X 0.65 mm®. The diffu-
sion tensor matrix at each voxel was estimated by linear least-
squares fitting of the motion corrected and resampled DTI

dataset.'

Region of interest analysis. The region of interest (ROI)
was selected manually on the b, image to include 15-20 voxels
longitudinally (10-13 mm in length). To avoid CSF partial vol-
ume artifacts, the ROI only included voxels at the nerve center.
To avoid the region most prone to movement and confounded
by lack of myelination, the ROI started 12-15 voxels (about
15.0 mm) posterior to the retina (figure 1). After ROI identifica-
tion for controls, voxels having FA greater than 2 SD from the
mean were discarded to avoid magnetic field inhomogeneity in-
duced artifacts and incorrect diffusion calculations. Voxels with
signal-to-noise ratio (SNR)!"* lower than 32 were excluded, re-
sulting in retention of 75% of the voxels. These same ROI crite-
ria derived from the normal subjects were applied to the subjects

with ON.

Statistical analyses. Linear modeling for the normative data
was estimated by taking 1,000 bootstrap samples of one mea-
surement from each of the 12 normal subjects, such that the

observations contributing to each mean were independent. In
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Figure 1

Region of interest (ROI) selection on the by image

Isotropic voxels permitted visualizing the nerve in the transverse (A) and coronal (B) planes.
The nerve center was selected to minimize CSF contamination. Fifteen to 20 voxels poste-
rior to the unmyelinated anterior nerve section allowed adequate sampling for approxi-
mately 2.5 cm of the nerve. ROl was coregistered to transverse images of fractional
anisotropy (C) and axial diffusion (D).

acute ON, Spearman correlation coefficients described the rela-
tionship between the diffusion and clinical parameters at onset,
to the clinical parameters 1 and 3 months later. In remote ON,
Spearman correlation described the relationship between the dif-

fusion parameters to the clinical visual tests.

RESULTS Normal subjects. Data from normal sub-
jects revealed no age or gender effects on the diffu-
sion parameters (table 1). Axial diffusivity (mean
1.66 um?*/ms) was twice the magnitude of radial dif-
fusivity (mean 0.81). The mean SNR for each voxel
within the ROI was 37.8 * 9.3 (range 17.8-69.7).
For voxels with low SNR, axial diffusion was depen-
dent upon the SNR. Below SNR of 32, the Pearson
correlation coefficient squared () of voxel SNR vs
axial diffusivity was 0.43. Above SNR of 32, > =
0.03 (both p values <0.05). Voxels above the SNR
cutoff demonstrated little dependency on other dif-
fusion parameters (MD »* = 0.05, FA #* = 0.05,

Table 1

Mean
Axial diffusivity 1.66
Radial diffusivity 0.81
Apparent diffusion 1.09
coefficient
Fractional anisotropy 0.43

Diffusion parameters in optic nerve from healthy volunteers (n = 12)

95% ClI SD 95% ClI Interscan  Intrascan
SD SD
(1.58,1.69) 0.18 (0.16,021) 0.12 0.13
(0.73,0.84) 026 (017,028 017 0.10
(1.02,1.12) 021 (0.150.24) 0.15 0.08
(0.41,046) 015 (0.12,017) 012 0.12

The inter- and intrascan variability was based on two individuals imaged three times each,
and another two individuals each imaged twice. Axial diffusivity, radial diffusivity, and ap-
parent diffusion coefficient are given in um?/ms. Fractional anisotropy is without units.

Cl = confidence interval.

Table 2 Diffusion parameters in acute optic
neuritis (ON) at onset and
after 1 year
ON1 ON2 ON3
VA at onset 20/40 Motion Motion
VA after 1 year 20/20 20/30 20/40
DTl at onset
Axial diffusivity 1.66 1.48 1.18*
Radial diffusivity 0.72 0.76 0.67
Apparent diffusion 1.03 1.02 0.91
coefficient
Fractional anisotropy 0.46 0.39 0.26
DTl after 1 year
Axial diffusivity 2.28" 2.07* 2.04"
Radial diffusivity 1.44* 1.32* 1.61*
Apparent diffusion 1.72* 1.57* 1.76*
coefficient
Fractional anisotropy 0.32 0.31 0.19

Axial, radial, and mean diffusivities (apparent diffusion co-
efficient) are given in um?/ms. Fractional anisotropy is with-
out units. Pelli-Robson contrast sensitivity is logMAR units.
*Value is =2 SD from the normative mean.

VA = visual acuity; DTI = diffusion tensor imaging.

radial diffusivity 7 = 0.05). After the cutoff was ap-
plied, diffusion parameters displayed a Gaussian dis-
tribution. Only three percent of voxels had FA
greater than 2 SD above the mean. The SD of the
noise on b, images was found to be consistent across
all studies (mean 15.51, SD 1.83, range 11.40—
18.50), as a measure of quality control.

Acute ON. In 12 cases of ON imaged within 30 days
of clinical onset, FA was the only diffusion parameter
correlated with the vision at onset (CS » = 0.66, p =
0.02; VA r = 0.66, p = 0.02). However, visual re-
covery 1 or 3 months later did not correlate with the
initial alteration in FA. Axial diffusivity was the only
diffusion parameter at onset to correlate with a visual
function parameter at both 1 (CS » = —0.59, n =
12, p = 0.04) and 3 months later (CS r = —0.65,
n = 11, p = 0.03) (figure e-1 on the Neurology®
Web site at www.neurology.org). Of note, CS and
VA at onset did not correlate with CS and VA 1 or 3
months later, suggesting that axial diffusivity is con-
tributing prognostic information independent of
that acquired clinically.!*!¢

Three cases of acute ON were available after 1
year to determine the evolution of DTI into the re-
mote phase (table 2). Only ON 3 demonstrated a
significant change in a diffusion parameter at onset,
with axial diffusivity being decreased <2 SD below
normal. In the three nerves after 1 year of follow-up,
axial and radial diffusivity, along with ADC, were
significantly increased 2 SD above normal. ON 3,
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Table 3

DTl parameter

Axial diffusivity
Radial diffusivity
Apparent diffusion coefficient

Fractional anisotropy

Correlation coefficients of diffusion parameters for clinical
and physiologic measures in remote optic neuritis

5% Contrast  Visualacuity ¥OCTRNFL VEPP100

0.47 -0.51 -0.59 041
0.68 -0.56 -0.81 0.54
0.61 -0.58 -0.76 0.54
-0.64 0.49 0.74 -0.53

All subjects (n = 28) had a clinical episode of ON in at least one eye over 1 year ago. Recov-
ery was variable. Values in the table represent r values using the Spearman test. All corre-
lations were significant at p = 0.001, except axial diffusivity to VEP was p = 0.006.

DTI = diffusion tensor imaging; OCT = optical coherence tomography; RNFL = retinal nerve
fiber layer; VEP = visual evoked potentials.

592

with an initial 2.5 SD decrease in axial diffusivity at
onset, had reversed after 1 year to become 2 SD in-
creased above the mean. The DTT parameters from
the three cases of acute ON followed prospectively
over a year were not different from the mean DTI
parameters for the 28 subjects with remote ON.

Remote ON. The 28 individuals with a prior clinical
history of ON had a median age of 43 years (range
22-59), 11:3 female:male, median disease duration 8
years (range 1-27), median EDSS of 2.0 (range
0-7), median Snellen VA 20/20 (range 20/13 to no
light perception), and median CS 0.3 logMAR
(range 0.1-1.0) (figure e-2). Spearman coefficients of
all diffusion parameters demonstrated correlation
with all clinical parameters (table 3). Of the four diffu-
sion parameters, radial diffusivity had the highest corre-
lations with concurrent visual system tests. Radial
diffusivity was highly correlated with OCT (r =
—0.81, p < 0.001) and 5% CS (» = 0.68;]) < 0.001),
and moderately correlated with VA (r = —0.56; p <
0.001) and VEP (r = 0.54,p < 0.001).

DISCUSSION Most episodes of ON have a favor-
able outcome, sometimes without regard for the se-
verity at onset.”” However, visual impairment in ON
remains a disabling problem, adversely affecting
quality of life in many. The variability in recovery is
likely due to the nature of the inflammatory re-
sponse, the extent of tissue injury, along with the
individual’s capacity to repair. The temporary vision
loss in some severe cases may be due to reversible
inflammation and edema. Lack of recovery for others
may be due to extensive demyelination without ade-
quate repair, along with variable injury to axons. In
ON, as well as MS or NMO, a biomarker is needed
to determine individual risk of poor recovery at onset
of a demyelinating event.

Directional diffusivities have potential to provide
a window into the pathology of demyelinating
disease.>” Because it is a single tract with quantifiable
function, the optic nerve is an ideal system for inves-
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tigating directional diffusivities from DTI. Herein,
the optic nerve was used to understand the dynamics
of diffusion alterations as a prelude to studying more
complex systems.

In 12 acute episodes of ON, a decrease in axial
diffusivity at presentation correlated with worse con-
trast sensitivity 1 and 3 months later. These time
points are notable because recovery from ON begins
to plateau 30-60 days from onset,'” and therefore
recovery at 1-3 months may serve as a surrogate of
long-term recovery. Contrast discrimination is a sen-
sitive test that can reveal subtle and important defi-
cits despite recovery of Snellen acuity.' It is of
interest that initial axial diffusivity did not correlate
with initial clinical parameters, suggesting that axial
diffusivity adds independent prognostic information.
Initial Snellen VA and contrast sensitivity did not
correlate with these same parameters 1 and 3 months
later, suggesting in this cohort that recovery is not
always predicted by the initial clinical severity.!¢!8
Additional subjects and longer follow-up are needed
to confirm this finding.

In these 12 acute cases, axial diffusivity was the
first diffusion parameter to be altered (table e-1). De-
cline in axial diffusivity in the acute setting therefore
has potential as a surrogate marker of tissue destruc-
tion and outcome. Radial diffusivity, FA, and ADC
were less useful as predictors, becoming abnormal be-
yond the acute setting. Since tissue injury in demyeli-
nating disease is presumably a dynamic process, one
would expect diffusion parameters to also change
over time. Thus, the timing of diffusion imaging, as
well as the existence of prior injury within that tract,
should be considered for proper interpretation of
DTT results.

In the group of 28 subjects with remote and stable
ON, marked alterations in all diffusion parameters of
the affected optic nerves were evident. Radial diffu-
sivity, along with FA and ADC, had strong correla-
tions to tests of vision (CS and VA), structure
(OCT), and physiology (VEP). The correlation to
RNFL thickness by OCT supports the underlying
hypothesis, since the RNFL is thought to reflect tis-
sue alterations within the optic nerve.

Axial diffusivity was less strongly correlated to vi-
sion, structure, and physiology in remote disease. We
hypothesize that axial diffusivity in the remote set-
ting may be overwhelmed by increased diffusivity
and decreased anisotropy from demyelination, tissue
vacuolization, and gliosis." Axial diffusivity may be
insensitive to axons if they are not tightly packed
with myelin. To illustrate the effect of increased total
diffusivity upon axial diffusivity, three cases of ON
followed from the acute to the remote state demon-
strate increased axial diffusivity with increasing ADC

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



and radial diffusivity over the year. The role of diffu-
sion parameters with disease recurrence needs further
investigation to better understand how to translate
future DTI to those with established MS. Interpreta-
tion of axial diffusivity with acute but recurrent dis-
ease may be more challenging if there are preexisting
alterations in overall diffusivity.

Imaging of the optic nerve is difficult due to small
size, mobility, and surrounding tissues. The diameter
of a normal optic nerve is 3—4 mm. Normal retro-
bulbar optic nerve has a fiber count of 1,141,000 *
212,000, a 20% range.? In the present study, high-
resolution imaging with 1.3 mm? isotropic voxels
minimized CSF contamination and allowed 2-3
transverse slices of the nerve. Isotropic voxels permit-
ted visualization in multiple planes for optimal ROI
selection (figure 1). Central voxels were selected, sac-
rificing possible peripherally positioned plaques in
order to exclude voxels bordering CSF. Distortion
from high-resolution echoplanar sequences was low-
ered by a reduced echo train length by rFOV tech-
nique.

A high SNR is necessary for reliable DTI quantifica-
tion. This presents a challenge for high-resolution imag-
ing, because signal strength decreases with increasing
resolution. In this study, plots comparing diffusion pa-
rameters to voxel SNR in normal subjects found an op-
timal value of SNR to be 30—40. A custom-built optic
nerve receiver coil and a 3T magnet with multiple aver-
ages increased SNR. An inversion pulse for CSF sup-
pression was not used, since this reduces signal from the
CNS tissue. Using these methods, the mean optic nerve
SNR was 34.6. An SNR of 32 was selected as a criterion
for inclusion in quantitative measurements (see Meth-
ods). This value is consistent with published theoretical
analyses that show increasing measurement accuracy
above 30.21-

This investigational imaging protocol was optimized
to obtain quality images. It required 40 minutes using a
dedicated surface and transmitter coil. With proper in-
struction and positioning, only 2 of 38 scans were re-
peated due to motion. Thus, directional DTT of ON is
feasible in the clinical setting, although ideally obtained
in a dedicated imaging session.

Published animal studies in different models of
axonal injury and myelin loss support the concept of
utilizing directional diffusivities as markers of pathol-
ogy.>*> This study in acute and isolated ON in
humans demonstrates an initial decrease in axial dif-
fusivity (figure 2). This early decrease in axial diffusiv-
ity has been demonstrated after corpus callosotomy within
the brain.?® This decrease has also been observed in
animal imaging, with histologic correlation to de-
creased axon count. Animal imaging is very useful for
following diffusion changes longitudinally and corre-

Figure 2 Axial diffusivity is decreased in acute

retrobulbar optic neuritis (ON)

Xial (um>ms) = W |

This optic nerve was imaged 11 days after clinical onset of
ON (ON 2). Vision was motion perception only, and fundus-
copic examination was normal. Decreased axial diffusivity
was manifested by a warmer color. A moderate decrease in
axial diffusivity within the retrobulbar portion of the right
nerve was observed. Axial diffusion was 1 standard devia-
tion below the normative range. Although this eye had a se-
vere onset, it made a good recovery.

lating them with histopathology, but animal models
have limitations. Experimental autoimmune enceph-
alitis (EAE) is used as a model for MS, but there are
important immunopathologic differences. For exam-
ple, EAE is induced by immunization, whereas the
inciting event for MS is unknown. Thus far, in the
nonrelapsing C57BL/6 EAE model, a late elevation
in ON axial diffusivity following the early decline in
axial diffusivity has not been observed in studies up
to 90 days.’

Other investigators have reported DWI/DTT studies
of human optic nerves.?*?’ Previous reports describe el-
evated mean diffusion in the remote state following
ON, the ability to distinguish normal from abnormal
optic nerves, and correlations of DTT with results of
clinical testing.**! The present work expands upon the
prior reports, and includes acute DTT in isolated ON
with prospective determination of clinical outcome.
The present report describes imaging and postprocess-
ing procedures, a high SNR, sampling across a 10-15
mm longitudinal segment of the optic nerve, and corre-
lation of DTI measures to OCT.

Our primary objective was to evaluate the use of
the individual tensors of a human CNS tract to esti-
mate the pathology within white matter. High-
resolution diffusion imaging of the living human
optic nerve can be reliably accomplished while main-
taining high SNR. We report an early decrease in
axial diffusivity in acute ON, and preliminary data
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that the degree of decline in axial diffusivity may cor-

relate with clinical outcome. DTI and directional

diffusivities provide information about function,

physiology, and structure of the optic nerve. This

clinically important information is not obtained by

conventional MRI. The present studies also showed

that diffusion parameters are dynamic, and changing

between the acute and remote stages. Future studies

will determine whether these techniques have practi-

cal benefit in the care of patients.

Received April 18, 2008. Accepted in final form August 4, 2008.
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