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Abstract: Trans-synaptic degeneration could exacerbate neurodegeneration in multiple sclerosis (MS).
We aimed to assess whether anterograde trans-synaptic degeneration could be identified in the primary
visual pathway in vivo. Diffusion tensor imaging (DTI) was used to assess the optic radiations in 15
patients with previous optic nerve inflammation and 9 healthy volunteers. A probabilistic atlas of the
optic radiations was created from healthy diffusion tractography data. Lengthwise profiles for DTI param-
eters (axial [k||], radial [k?] and mean diffusivity [MD], fractional anisotropy [FA] and the angle of devia-
tion of the principal eigenvector [a]) were analyzed for patients and controls. Patients also underwent
multifocal visual evoked potential (mfVEP) assessments to characterize the latency and amplitude of corti-
cal potentials. Correlations were performed between mfVEP latency and amplitude in the left and right
visual hemi-fields and DTI parameters in the contra-lateral optic radiations. Patients displayed a signifi-
cant decrease in k|| within the body of both optic radiations, which significantly correlated with loss of
mfVEP amplitude. Abnormal k? and FA were detected bilaterally throughout the optic radiations in
patients but the abnormality was not associated with amplitude reduction or latency prolongation of the
mfVEP. An abnormal a value was observed in the left optic radiations of patients, and the a value in the
body of the optic radiations also correlated with mfVEP amplitude loss. The assocation between bilateral
DTI abnormalities within the optic radiations and loss of afferent electrical activity could indicate
anterograde trans-synaptic degeneration occurs following optic neuritis. Hum Brain Mapp 33:2047–2061,
2012. VC 2011Wiley Periodicals, Inc.

Additional Supporting Information may be found in the online
version of this article.

Contract grant sponsor: Australian National Health and Medical
Research Council (NHMRC) Principal Research Fellowship,
Australia; Contract grant number: 400317; Contract grant sponsor:
Joint MS Research Australia/Trish MS Foundation/NHMRC Betty
Cuthbert Fellowship; Contract grant number: 400476; Contract
grant sponsors: The Joint MS Research Australia/Australian
Financial Advisors Association Postgraduate Scholarship;
Charityworks for MS, Melbourne; Neurosciences Victoria Neuro-
Informatics Platform.

*Correspondence to: Scott Kolbe, Florey Neuroscience Institutes,
University of Melbourne, Victoria, Australia.
E-mail: scott.kolbe@florey.edu.au

Received for publication 23 September 2010; Revised 27 February
2011; Accepted 11 April 2011

DOI: 10.1002/hbm.21343
Published online 13 September 2011 in Wiley Online Library
(wileyonlinelibrary.com).

VC 2011 Wiley Periodicals, Inc.



Keywords: diffusion tensor imaging; multiple sclerosis; optic radiations

r r

INTRODUCTION

Multiple sclerosis (MS) is characterized by multifocal
inflammatory demyelinating lesions associated with signi-
ficant axonal trans-section [Trapp et al., 1998]. However, in
later stages of the disease, MS patients exhibit progressive
brain atrophy [Chard et al., 2003] and neurological symp-
toms [Brex et al., 2002] in the relative absence of ongoing
inflammatory activity. While the possibility exists that
such progressive symptoms could result from inflamma-
tory activity not observable using commonly employed
magnetic resonance imaging (MRI) techniques, a more
likely explanation is ongoing, secondary neurodegenera-
tion, presumably initiated by early inflammatory activity.

One putative secondary neurodegenerative process is
trans-synaptic neurodegeneration. Trans-synaptic degene-
ration has been shown to result from loss of synaptic
inputs or neuronal signals from degenerating afferent neu-
rons [Ghetti et al., 1972; Ginsberg and Martin, 2002; Glees
et al., 1967; LeVay, 1971], or loss of neurotrophic factors
from degenerating efferent neurons [Johnson and Cowey,
2000; van Buren, 1963]. Trans-synaptic degeneration can
include altered synaptic, dendritic, and neuronal morpho-
logy and even neuronal apoptosis [Ghetti et al., 1972;
LeVay, 1971]. In diseases characterized by focal brain inju-
ries such as MS, trans-synaptic degeneration could elicit
neurodegenerative processes in regions of the brain
anatomically distant from the site of injury, thereby
exacerbating neural dysfunction and clinical disability. How-
ever, the degree to which trans-synaptic degeneration contrib-
utes to neurodegeneration in patients with MS is unknown,
as the phenomenon is difficult to characterize in vivo.

The primary visual pathway is potentially useful for
studying trans-synaptic degeneration in the context of MS.
The optic nerve is commonly affected by localized inflam-
matory demyelination, presenting as optic neuritis, which
can lead to chronic demyelination and axonal degeneration
within the optic nerve [Costello et al., 2006; Klistorner et al.,
2007, 2008a; Kolbe et al., 2009; Trip et al., 2006b]. The
altered synaptic input to the lateral geniculate nuclei (LGN)
due to optic nerve demyelination and axonal degeneration
is associated with neuronal injury within the LGN [Evan-
gelou et al., 2001]. Therefore, assessments of optic nerve
function using visual evoked potentials, and LGN injury
using MRI, in patients with a history of optic neuritis could
reveal anterograde trans-synaptic degeneration.

The LGN is small and difficult to define on T1-weighted
structural MRI, rendering volumetric assessments of the
nuclei challenging. However, the neuronal projections
from the LGN to the visual cortex, which form the large
collinear white matter tracts known as the optic radiations,
can potentially be more easily assessed than the nuclei

themselves. Diffusion weighted imaging (DWI), a MRI
technique which is sensitive to the microscopic motion of
water molecules in tissue, can sensitively reveal disruption
to axonal and myelin microstructure in lesions and T2 nor-
mal-appearing white matter (NAWM) in MS [Rovaris and
Filippi, 2007; Rovaris et al., 2005]. When diffusion is meas-
ured in six or more non-collinear directions, DWI data can
be modeled using a tensor ellipsoid defined by three or-
thogonal eigenvectors (V1, V2, V3) and three corresponding
eigenvalues (k1 > k2 > k3) [Basser et al., 1994]. In white
matter, the multitudinous microscopic parallel barriers
produced by myelinated axons result in an anisotropic dif-
fusion tensor (k1 � k2 > k3) with the principal eigenvector
oriented axial to the direction of the fibre tract. Recent
data from animal models of white matter injury have
shown that restricted axial diffusivity (k|| ¼ k1) could be
a marker for degenerating axons [DeBoy et al., 2007; Mac
Donald et al., 2007a,b; Song et al., 2003; Wu et al., 2007;
Zhang et al., 2009]. Conversely, increased radial diffusivity
(k? ¼ [k2 þ k3]/2) has been observed in the presence of
multiple white matter pathologies including demyelination
[Song et al., 2003, 2005; Wu et al., 2008; Zhang et al., 2009],
oedema and/or gliosis [Mac Donald et al., 2007a]. Conse-
quently, white matter injury within the optic radiations
could be a useful in vivo marker for anterograde trans-
synaptic degeneration of LGN neurons.

While the optimal study design for characterizing trans-
synaptic degeneration in the visual pathway would be a se-
rial assessment of the radiations following acute optic neu-
ritis, such a study will be expensive and require
preliminary data to demonstrate feasibility. In contrast to a
longitudinal study design, a cross-sectional design, while
limited in interpretability regarding the timing of trans-syn-
aptic degeneration, is significantly cheaper and can be used
to assess effect sizes for power calculations for a subse-
quent longitudinal study. In addition, cross-sectional corre-
lations can be used to infer relationships between optic
radiation structure and optic nerve function. The aim of
this study was therefore to assess DTI parameters (k||,k?,
mean diffusivity [MD], fractional anisotropy [FA], and the
angle of deviation of V1 [a]) from T2 NAWM in 15 patients
who presented with unilateral optic neuritis 4-years ago.
We also assessed optic nerve axonal degeneration and de-
myelination using multifocal visual evoked potentials
(mfVEP) [Klistorner et al., 2008b; Kolbe et al., 2009]. Use of
multifocal stimulation allowed us to probe the function of
the visual hemifields producing afferent visual inputs to
the left and right optic radiations separately.

We aimed to characterize any observable DTI alterations
in the optic radiations of these patients and assess correla-
tive relationships between optic radiation DTI parameters
and optic nerve dysfunction assessed using mfVEP, the
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identification of which could be used to inform the design
of a prospective study.

SUBJECTS AND METHODS

Subjects

Fifteen patients (demographic and disease data are sum-
marized in Table I), who presented with unilateral optic
neuritis as a first demyelinating event 4.0 (� 0.4) years
ago, were recruited to the study. All patients’ clinical MRI
scans were assessed by a neuroradiologist (PJM) at the
time of imaging, and 10 patients satisfied the McDonald
criteria for dissemination in space [McDonald et al., 2001].
MRI data from nine control subjects (7f/2m, mean � SD
age ¼ 35.0 � 10.7 years) with no reported history of neu-
rological symptoms were used for statistical comparisons
of DTI indices. MRI data from a further 11 control subjects
(all male, mean � SD age ¼ 35.8 � 12.6 years) were
included in the calculation of the optic radiation atlas.
Ethics approval for this study was granted by the Royal
Melbourne Hospital Research Ethics Committee, and all
subjects provided voluntary written consent to participate.

Brain MRI Acquisitions

All subjects were imaged using a Siemens 3 Tesla Trio
TIM MRI system with a 12 channel receiver head coil (Sie-
mens, Erlangen, Germany). All subjects were imaged using
a high angular resolution diffusion weighted imaging
sequence with the following parameters: matrix size ¼ 128
� 128, FOV ¼ 240 � 240 mm2, 40 contiguous 3-mm
thick axial slices providing whole brain coverage, gradient
b-value ¼ 1,000 s mm�2, and GRAPPA parallel reconstruc-
tion with speed factor 2. DWI acquisition parameters var-
ied slightly between some subjects as a result of a scanner
operating system upgrade during the study. Twelve
patients and six controls were scanned with the following
parameters: five non-diffusion weighted images and 54
diffusion weighted images; TR ¼ 5,800 ms; TE ¼ 112 ms;
while three patients and two controls were scanned using

the parameters: five non-diffusion weighted images and 64
diffusion directions; TR ¼ 4,400 ms; TE ¼ 85 ms; and 11
controls were scanned with the parameters: 60 diffusion
directions; TR ¼ 5,000 ms; TE ¼ 89 ms. Diffusion encoding
gradients were applied according to an electrostatic repul-
sion algorithm [Jones et al. 1999].

In addition, patients underwent imaging using a 3D
T2-weighted fluid-attenuated inversion recovery (FLAIR)
sequence to identify T2 lesions in the optic radiations
(TR ¼ 6,000 ms, TE ¼ 403 ms, TI ¼ 2,100 ms, flip angle
¼ 120�, ETL ¼ 123, slice thickness ¼ 1 mm, coverage ¼
176 mm, FOV ¼ 256 � 222 mm2, matrix size ¼ 256 �
222). Lesions were defined on each patient’s FLAIR
image using a semi-automated local thresholding tech-
nique [Rorden and Brett, 2000] by a trained observer
(SCK). All lesion masks were subsequently validated by
a neuroradiologist (PJM). The lesion masks were linearly
transformed to diffusion space using an affine registra-
tion algorithm [Jenkinson and Smith, 2001] and used to
parcellate DTI maps into lesion and NAWM. Only
NAWM was used in subsequent analyses.

Optic Radiation Mapping

White matter pathways such as the optic radiations
can be anatomically identified using DWI data processed
using tractography algorithms which serially sample the
estimated principal direction of diffusion to produce
streamlines of probable fibre pathways from a given seed
region. However, the reduction in diffusion anisotropy
caused by white matter injury can introduce noise into
estimates of the principal direction of diffusion which in
turn can cause spurious termination or divagation of
tracts. Recent studies have attempted to address this
problem through the use of probabilistic tract maps,
which consist of tractography results calculated from
multiple healthy subjects, normalized to a standard brain
space [Hua et al., 2008; Lin et al., 2007; Pagani et al.,
2005; Reich et al., 2009b]. The standard space tract maps
can be registered to patient quantitative MR images to
obtain tract-specific measurements.

TABLE I. Summary demographic and disease data for patients

Patient characteristics Mean SD Range Ratio

Age (yrs) 34.8 7.7 22.6–49.7 —
Sex (F : M) — — — 12 : 3
Time since acute optic neuritis (yrs) 4 0.4 3.4–4.8 —
Affected logMAR visual acuity 0.07 0.39 �0.3 to þ1.0 11 left : 4 right
Unaffected logMAR visual acuity �0.13 0.13 �0.3 to þ0.18 —
T2 lesion volume (% BPV) 0.24 0.32 0–1.26
Fulfillment of McDonald criteria for

dissemination in space (Yes : No)
— — — 10 : 5

Abbreviations: yrs (years), F (female), M (male), BPV (brain parenchymal volume), CIS, (clinically isolated syndrome), SD (standard
deviation of the mean).
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A probabilistic atlas of the optic radiations was gene-
rated using control DWI data from 20 healthy subjects (7f/
13m, mean � SD age ¼ 35.4 � 11.8 years). This group
included the 9 control subjects described above used for
case-control comparisons together with data from an addi-
tional 11 healthy subjects obtained from a local imaging
database. The additional subjects were included to
improve the anatomical accuracy of the probability map.
Imaging parameters for data from the imaging database
were as follows: 60 diffusion directions; TR ¼ 5,000 ms; TE
¼ 89 ms; matrix size ¼ 128 � 128, FOV ¼ 240 � 240 mm2,
40 contiguous 3-mm thick axial slices providing whole
brain coverage, gradient b-value ¼ 1,000 s mm�2, and
GRAPPA parallel reconstruction with speed factor 2.

The analytical procedures used to generate the optic
radiation probability map are summarized in Figure 1.
Raw diffusion weighted images were eddy-current and
motion corrected by affine registration of all the images to
the first non-diffusion weighted image using a linear regis-
tration algorithm (FLIRT) [Jenkinson and Smith, 2001]. The
diffusion tensor and associated k||, k?, MD, FA, and V1

maps were calculated for each subject using FSL [Smith
et al., 2004]. For each subject, the FA map was aligned
with a standard space FA template [Mori et al., 2008]
using FLIRT, followed by a non-linear deformation
(FNIRT, FSL, Oxford) (Fig. 1A). The resulting deformation
fields were used in all subsequent transformations to
standard space and inverse deformation fields were used
to transform images from standard space back to each sub-
ject’s acquired image space. Vector fields for V1 were non-
linearly transformed using the deformation fields and the
preservation of principal direction (PPD) algorithm
[Alexander et al., 2001].

Diffusion tractography was subsequently used to define
the optic radiations in control subjects. Seed, waypoint
and termination masks (Fig. 1B) were defined in standard
space. The seed masks (LGN) and secondary waypoint
masks (primary visual cortex) were obtained from a proba-
bilistic histological atlas [Eickhoff et al., 2005]. Waypoint
masks in the anterior optic radiations were drawn on the
template image according to a published protocol [Xie
et al., 2007]. All masks were transformed to each control
subject’s acquired image space. Tractography was per-
formed using the FSL diffusion toolkit (www.fmrib.ox.
ac.uk/fsl). The FSL diffusion toolkit uses a local diffusion
model (BEDPOSTX) which estimates a probability distri-
bution for the PDD in each voxel accounting for the possi-
bility of more than one fibre direction [Behrens et al.,
2007]. Tractography was then performed using a probabi-
listic streamline algorithm (PROBTRACKX) which gene-
rates streamlines by serially sampling the PDD
distributions [Behrens et al., 2007]. Probabilistic stream-
lines were calculated for tracts from the left and right
LGN. Only streamlines which passed through both way-
point masks in the anterior optic radiation and primary
visual cortex and did not cross the termination mask were
considered valid optic radiation streamlines. The resulting

‘‘connectivity’’ images contained values which represent
the number of probabilistic streamlines which passed
through each voxel. Voxels which had values less than
10% of the total streamlines which passed through the
waypoints were excluded from the tract images (10% was
an arbitrary conservative value applied consistently to
remove voxels with low probability of being included in
the tract). The thresholded tracts were then binarised to
create binary tract masks.

The binary tract masks were normalized to standard
space and the final optic radiation probability map was
calculated by averaging the binary tract masks at each
voxel for the control group to produce probability values
between 0 (tract in no subjects) and 1 (tract in all subjects)
(Fig. 1C). The probability map was then transformed to
each patient and control subject’s acquired image space. In
patients, voxels classified as lesion based on FLAIR hyper-
intensity were excluded from the probability map. In
controls and patients, any remaining probability map vox-
els where MD >2.1 � 10�3 mm2 s�1 (CSF) or FA < 0.2
(gray matter) were excluded.

Optic Radiation Probability Map Reliability

Assessments

The reliability of the probability map was assessed in
two ways. The first method, similar to that used by Pagani
et al. [2005], was to determine whether there were system-
atic differences in k||, k?, MD, and FA calculated from in-
dependently generated probability maps. Control subjects
were randomly assigned to two groups (denoted ‘‘group
A’’ and ‘‘group B’’). Two independent optic radiation
probability maps were calculated using data from each
group. The two maps were used to calculate weighted
mean values for k||, k?, MD, and FA for each control sub-
ject and patient. Limits of agreement (the 95% confidence
interval for the differences between two measurements
made using two methods) were calculated for DTI param-
eters obtained using the two maps using the method pro-
posed by Altman and Bland [1983]. Limits of agreement
for DTI parameters calculated from the two independently
generated probability maps were less than 2% of the mean
of the measurements for all DTI parameters calculated
from controls (k||: 1.47%; k?: 1.57%; MD: 0.77%; FA:
0.88%) and patients (k||: 0.78%; k?: 1.51%; MD: 1.85%; FA:
1.27; Supporting Information Fig. 1A).

The second method, similar to that used by Hua et al.
[2008], was to determine the agreement between k||, k?,
MD, and FA calculated using the probability map and cor-
responding DTI parameters calculated from ROIs based on
thresholded individual tractography results in control sub-
jects. The individual tractography maps for each control
subject were thresholded to exclude voxels with FA < 0.2,
binarized, and multiplied by the k||, k?, MD, and FA
maps. Limits of agreement were calculated for k||, k?,
MD, and FA for probability map data and individual trac-
tography ROI data. Limits of agreement were between five
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Figure 1.

Illustrates the methodology used to create the probability map of

the optic radiations. (A) Each subject’s FA image was registered to

the ICBM template FA image using a two-step registration proce-

dure involving an initial linear alignment followed by a nonlinear de-

formation. The deformation field and inverse deformation field

were output. (B) Seed masks in the lateral geniculate nuclei (LGN,

green), waypoint masks in the anterior optic radiation (blue) and pri-

mary visual cortex (V1, red) and termination masks used to remove

spurious interhemispheric, anterior and superior projecting stream-

lines (yellow) were defined in standard space, deformed to each

subject’s DW image space and used for probabilistic tractography.

(C) Individual subject binary tract images were deformed to stand-

ard space and averaged to created the probability map which is dis-

played here as an orthogonal maximum intensity projection. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]



and 13% of the mean of the two measurements (k||:
5.68%; k?: 12.97%; MD: 7.33%; FA: 13.17%; Supporting In-
formation Fig. 1B).

These reliability assessments demonstrated that the
probability mapping method produced robust DTI param-
eters in both controls and patients independent of the sub-
jects used to calculate the map. However, there was
poorer agreement between DTI parameters calculated
using probability maps and those calculated using individ-
ual tractography data.

Optic Radiation DTI Parameter Assessments

in Patients and Controls

Average k||, k?, MD, and FA were calculated for controls
and patient NAWM, weighted according to the optic radia-
tion probability map. In addition, the probability maps were
parcellated into 40 cross-sections, from the LGN to V1, to
study potential localized patterns of DTI abnormalities in
patients. The procedure for defining the cross-sections was
developed in MATLAB7 (www.mathworks.com). First the
tract centreline was defined for left and right optic radia-
tions as the voxel with maximum probability in each coro-
nal slice. Second, at each centre point, a circle of radius
10 mm was defined orthogonal to the vector joining the
centres of the proximal and distal centre point voxel neigh-
bours. The intersection of this circle with probability map
voxels was defined as a cross-section. Forty such cross-
sections were defined for left and right optic radiations.
Average DTI indices were calculated and weighted accord-
ing to the optic radiation probability map, at each cross-
section. For patients, only NAWM voxels were included.

Recent evidence has suggested that white matter injury
could result in incorrect estimation of V1, thus also render-
ing inferential assessments of ‘‘axial’’ and ‘‘radial’’ diffusiv-
ities inaccurate [Wheeler-Kingshott and Cercignani, 2009].
We therefore quantitatively assessed angular deviation in
the direction of V1 in patients and controls. To do this we
first calculated, in standard space, a reference map for V1

(Vref
1 ) by averaging cartesian elements (x, y, z) of the nor-

malized V1 vectors for the healthy volunteer group. The
average cartesian vectors were then voxelwise length nor-
malized. We then performed voxelwise calculations of the
absolute angle of deviation (a) of V1 in each subject (V

subj
1 )

from Vref
1 using the arc-cosine of the dot product of the ref-

erence vector to the subject’s vector:

a ¼ arccosðVref
1 � Vsubj

1 Þ

Scalar maps of a for each control and patient were con-
verted from radians to degrees and analyzed using the
same procedures used for maps of k||, k?, MD, and FA.
An example of image for a control subject in standard
space is available as Supporting Information (Supporting
Information Fig. 2). All calculations on V1 were performed
using MATLAB7.

Multifocal VEP

Multifocal VEP data was acquired using Accumap
mfVEP system (ObjectiVision, Sydney, Australia) by a
trained technician. Patients viewed a computer screen
where a dartboard configuration was used to display
reversing black and white checks in pseudo-random
binary sequences. Fifty-eight such checks were used to
stimulate sectors spanning the central 24� of the visual
field. Four gold electrodes placed around the inion
recorded 10–12 runs of 55 s stimulation for each eye. The
signal corresponding to each visual field sector was sub-
sequently calculated using cross-correlation of the
response with the stimulus sequence. The average peak-
to-trough amplitude and latency of the VEP was calcu-
lated for VEP waveforms in each visual field sector and
averaged across each visual hemifield.

To characterize visual dysfunction associated with optic
nerve injury in the clinically affected side while removing
functional variability associated with the unaffected side
we calculated the interocular percentage difference for am-
plitude and latency for each hemifield.

Statistical Analyses

Group differences in DTI parameter profiles obtained
from control and patient left and right optic radiations
were compared using two-way repeated measures analy-
ses of variance (repeated measures: segment; fixed fac-
tors: group, sequence). Main effects for group and DWI
sequence as well as the interactions group � segment,
group � sequence, and group � segment � sequence
were tested for significance. In the case that the modeled
interaction group � segment was significant indicating a
regional DTI abnormality, post-hoc t tests were per-
formed between control and patient DTI parameters for
each segment to identify the anatomical location of the
regional abnormality.

Correlation analyses between left and right optic radia-
tion DTI parameters and left and right hemifield visual
asymmetry were performed using Pearson’s parametric
correlation coefficients.

All statistical analyses were performed using PASW
Statistics 18.0 for Mac (SPSS, Chicago, USA). To account
for multiple statistical tests, only P < 0.01 was considered
significant with P < 0.05 reported as a non-significant
trend.

RESULTS

Optic Radiation DTI Profiles in Controls

The geniculo-striate profiles for DTI parameters from
control optic radiations were similar between left and right
hemispheres (see Fig. 2). The LGN (Segments 1–3) showed
increasing k|| and FA consistent with the interfacing of
grey and white matter. Segments 4–10, corresponding with
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Figure 2.

(A) Mean DTI parameter profiles for the left and right optic

radiation NAWM, measured from 40 segments from LGN (0) to

cortex (40). Dashed lines indicate standard error of the mean.

Anatomical subregions of the optic radiations are color coded

as follows: lateral geniculate nuclei (LGN, red), Meyer’s loop

(ML, blue), the body of the optic radiations (Body, green), and

the subcalcarine white matter (SCWM, purple). (B) Axial slices

of the probability map in MNI space colour coded to illustrate

the anatomical distribution of the optic radiation subregions.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]



the location of Meyer’s loop in the ventral optic radiations,
displayed a trough in FA, which was associated with a
peak in k? and a. These DTI changes are consistent with a
high rate of angular change in V1 within the loop. Distal
to Meyer’s loop (Segments 11–30) the body of the optic
radiations displayed high k|| and FA and relatively low
k? and a, indicative of tightly packed, collinear axon
bundles. However, in distal regions of the radiations
(Segments 31–40), FA progressively decreased, associated
with a progressive decrease in k|| and an increase in k?.
The reduction in anisotropy near the cortex was poten-
tially associated with the intersection of the geniculo-
striate fibres by orthogonal intra-cortical fibres connecting
primary and higher visual cortices. The parcellation of the
optic radiations based on these DTI patterns (LGN,
Meyer’s loop, body and subcalcarine white matter) corre-
sponds to a published microsurgical parcellation [Peltier
et al., 2006].

Optic Radiation DTI Alterations after

Optic Neuritis

Optic radiation lesions were observed in the left
optic radiations in 12 patients (mean � SD volume of
tract ¼ 2.1% � 2.7%; range ¼ 0–8.1%) and in the
right optic radiations in 14 patients (mean � SD vol-
ume of tract ¼ 4.3% � 3.7%; range ¼ 0–13.0%). The
right optic radiation of a single patient contained
28.4% lesional volume, and that optic radiation was
excluded from subsequent analyses to minimize the
potential effects of peri-lesional white matter injury on
NAWM DTI measures.

Two DWI sequences were used to acquire control and
patient data. Therefore we included ‘‘sequence’’ as a fac-
tor in our analyses of variance to investigate the influ-
ence of MR sequence on DTI parameter comparisons. A
significant main effect for ‘‘sequence’’ was observed for
k? and FA (Table II). However, no significant interaction
was observed between ‘‘group’’ and ‘‘sequence’’ for either
k? or FA, indicating that alterations in these measures
due to sequence variation did not influence group differ-
ences. No significant three-way interaction between
‘‘group,’’ ‘‘segment,’’ and ‘‘sequence’’ was observed for
any DTI parameter, indicating that differences in DWI
sequences did not affect sensitivity to regional abnormal-
ities in DTI parameters.

Analyses of variance revealed a significant main effect
for ‘‘group’’ for k? bilaterally, FA bilaterally and a within
the left optic radiation (Table III). A significant interaction
between ‘‘group’’ and ‘‘segment’’ was observed for k||
bilaterally and FA bilaterally. Multiple segment-wise
unpaired t tests confirmed that regional abnormality (P <
0.01) in k|| was located within the body of the optic
radiations bilaterally (left: Segments 20–27; right: Seg-
ments 22–25) and regional abnormality in FA was located
in the left Meyer’s Loop (Segments 4–8) and the body of

the optic radiations bilaterally (left: Segments 21–28; right:
Segments 22–25).

Optic Nerve Dysfunction in Patients

Visual evoked potential trace waveforms recorded from
patients’ clinically affected eyes displayed significantly
reduced amplitude for the left (affected mean � SD ¼
0.149 � 0.048 lV; unaffected mean � SD ¼ 0.221 � 0.062
lV; P < 0.0001) and right (affected mean � SD ¼ 0.167
� 0.054 lV; unaffected mean � SD ¼ 0.236 � 0.080 lV;
P ¼ 0.002) visual fields compared to unaffected eyes. La-
tency was significantly increased for the right (affected
mean � SD ¼ 149.8 � 10.2 ms; unaffected mean � SD ¼
143.0 � 8.4 ms; P < 0.0001) but not the left (affected
mean � SD ¼ 144.8 � 10.8 ms; unaffected mean � SD ¼
145.2 � 8.8 ms; P ¼ 0.88) visual fields in affected com-
pared to unaffected eyes.

TABLE II. F statistics and P-values for the main

effects and interactions of ‘‘sequence’’ tested using

repeated-measures ANOVA

Dependant
variable

Explanatory
model

F statistic (significance)

Left optic
radiation

Right optic
radiation

k|| Sequence 0.15 0.51
Sequence � Group 0.81 0.18
Sequence � Group �

Segment
0.89 1.17

k? Sequence 9.62
(P ¼ 0.006)

9.54
(P ¼ 0.006)

Sequence � Group 0.49 1.24
Sequence � Group �

Segment
0.5 1.18

MD Sequence 0.72 4.29
Sequence � Group 0.05 0.14
Sequence � Group �

Segment
0.6 1.22

FA Sequence 15.30
(P ¼ 0.001)

8.46
(P ¼ 0.009)

Sequence � Group 1.85 4.65
(P ¼ 0.04)

Sequence � Group �
Segment

0.65 0.83

a Sequence 0.02 0.02
Sequence � Group 0.7 0.03
Sequence � Group �

Segment
0.5 0.91

These results confirm that despite the existence of a main effect
for sequence for radial diffusivity and fractional anisotropy, no
interaction terms were significant indicating that differences in
DTI parameters attributable to DWI sequence did not affect group
comparisons
Abbreviations: k|| (axial diffusion coefficient), k? (radial diffusion
coefficient), MD (mean diffusivity), FA (fractional anisotropy), a
(angle of deviation of the principal eigenvector).
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Optic Radiation Injury Correlates With

Optic Nerve Injury

Our central hypothesis was that injury to the optic nerve
following optic neuritis could lead to injury to second
order neurons in the LGN, resulting in abnormalities in
their axonal projections into the optic radiations. After
confirming significant DTI abnormalities in the optic radia-
tions, we wanted to test whether these were associated
with loss of functional input to the LGN measured as
mfVEP amplitude loss and mfVEP latency prolongation.
As all patients presented with unilateral lesions with no
subsequent contra-lateral attacks of optic neuritis, we cal-
culated percentage asymmetries for mfVEP amplitude and
latency in order to capture only dysfunction associated
with optic neuritis. Asymmetries for the left and right vis-
ual hemifields were correlated with DTI parameters meas-
ured from subregions (LGN, Meyer’s Loop, body,
subcortical white matter) of the contra-lateral optic radia-
tion (Table IV, Fig. 3A).

Reduced k|| (R ¼ �0.450, P ¼ 0.009) and increased a
(R ¼ 0.479, P ¼ 0.008) in the body of the optic radiations
were both associated with greater asymmetry in mfVEP
amplitude (Fig. 3B). To determine whether k|| and a were
collinearly related to mfVEP amplitude asymmetry, we
performed a post-hoc multiple regression analysis includ-
ing mfVEP amplitude asymmetry as the dependent and
k|| and a as competing independent variables. The model

including both variables was significant (R ¼ 0.585, P ¼
0.004) with both independent variables showing a strong
trend towards independent contributions (k||: bstd ¼
�0.348, P ¼ 0.04; a: bstd ¼ 0.388, P ¼ 0.03).

DISCUSSION

Trans-synaptic degeneration could cause significant and
widespread secondary neurodegeneration in MS, but is
difficult to assess in vivo. Histological evidence supports a
role for anterograde trans-synaptic degeneration in the pri-
mary visual pathway, given that optic nerve axonal degen-
eration is associated with LGN neuron loss in MS autopsy
cases [Evangelou et al., 2001]. The current study investi-
gated chronic DTI alterations in the optic radiations four
years after an episode of acute unilateral optic neuritis and
assessed correlations between optic radiation DTI abnor-
malities and the degree of optic nerve dysfunction,
assessed using mfVEP. In summary, we observed signifi-
cant differences in axial and radial diffusivities, diffusion
anisotropy and tensor directionality in the optic radiations
between patients and controls. Significant correlations
were detected between asymmetry in hemi-field VEP am-
plitude, potentially indicative of optic nerve axon loss, and
contra-lateral optic radiation k|| and a. In contrast, asym-
metry in hemi-field VEP latency, potentially indicative of
optic nerve demyelination, did not significantly correlate
with any DTI parameters in the optic radiations. These
results suggest that chronic loss of afferent electrical activ-
ity could injure second order neurons in MS.

DTI Alterations in Patients

We observed a reduction in k|| regionally restricted to
the body of the optic radiations. In contrast, k? was
increased throughout the length of the radiations.
Reduced k|| has previously been associated with acutely
injured axons in animal models [DeBoy et al., 2007; Mac
Donald et al., 2007a,b; Song et al., 2003; Wu et al., 2007;
Zhang et al., 2009] and humans [Concha et al., 2006].
However, subsequent changes to the cellular milieu such
as oedema, demyelination, and inflammation can all lead
to a secondary increase in isotropic diffusion, accompa-
nied by a recovery or increase in axial diffusivity com-
pared to baseline [Mac Donald et al., 2007a]. Indeed,
reduced k|| has recently been reported in the optic
nerves of human patients during acute optic neuritis
[Naismith et al., 2009] but chronically, both k|| and k?
have been shown to be elevated [Kolbe et al., 2009; Trip
et al., 2006a]. The observed increase in k? potentially
reflects subtle diffuse white matter injuries which could
include demyelination [Song et al., 2003, 2005] as well as
oedema and gliosis [Mac Donald et al., 2007a]. The
reduction in k|| and accompanying increase in k?
resulted in no change in MD but a significant reduction
in FA throughout the radiations.

TABLE III. F statistics and P-values for the main effects

and interactions of ‘‘group’’ and ‘‘segment’’ for left

and right optic radiations tested using

repeated-measures ANOVA

Dependant
variable Explanatory model

F statistic (significance)

Left optic
radiation

Right optic
radiation

k|| Group 3.55 2.44
Group � Segment 5.33

(P < 0.0001)
2.93

(P < 0.0001)
k? Group 13.78

(P ¼ 0.001)
9.01

(P ¼ 0.007)
Group � Segment 0.91 1.12

MD Group 0.9 0.62
Group � Segment 1.58

(p ¼ 0.02)
1.59

(P ¼ 0.02)
FA Group 25.13

(P < 0.0001)
31.64

(P < 0.0001)
Group � Segment 1.83

(P ¼ 0.002)
1.68

(P ¼ 0.006)
a Group 10.85

(P ¼ 0.004)
7.23

(P ¼ 0.02)
Group � Segment 0.92 0.72

Abbreviations: k|| (axial diffusion coefficient), k? (radial diffusion
coefficient), MD (mean diffusivity), FA (fractional anisotropy), a
(angle of deviation of the principal eigenvector).
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When interpreting directional diffusivity abnormalities it
is important to note that k|| and k? represent diffusivity
measures which are parallel and perpendicular to the prin-
cipal eigenvector, V1, not the underlying axonal tract as is
commonly assumed. A recent paper by Wheeler-Kingshott
and Cercignani [2009] illustrated that alterations to the
raw diffusion-weighted imaging signal due to white mat-
ter pathology can lead to alteration in the estimated direc-
tion of V1, particularly in white matter characterised by
non-collinear axonal fibres. In order to quantitatively com-
pare the direction of V1 between patient and control optic
radiations, V1 was normalized for each subject using the
previously estimated deformation fields and the PPD algo-
rithm used by Wheeler-Kingshott and Cercignani [2009].
From the normalized V1 vectors, we calculated the angle
of deviation, a, from the average control V1. A significant
increase in the a measure was observed in the left optic
radiation of patients compared to controls, and a near-sig-
nificant trend was observed in the right optic radiation.
The cause of the change in V1 direction is difficult to inter-
pret but potentially reflects disorganization or tortuosity of
injured axonal fibres, as has been observed histologically
in postmortem MS tissue [Craner et al., 2004]. Further
studies investigating microstructural correlates of DTI in
MS will be required to better understand the biological
causes of alterations in V1 direction in NAWM.

We observed significant correlations between reduction
in k|| and increase in a in the body of the optic radiations
and loss of optic nerve signal transduction. Post-hoc multi-
ple linear regression confirmed that both k|| and a values
showed a trend toward independent associations with

mfVEP amplitude loss. Chronic loss of visual evoked
potential amplitude is commonly believed to result from
transection of optic nerve axons or retinal ganglion cell
degeneration. Conversely, prolongation of VEP is com-
monly believed to reflect extant demyelination. We did not
observe correlations between hemi-field mfVEP latency
asymmetry and any optic radiation DTI parameter. These
results suggest that optic nerve axonal degeneration and
the resulting loss of afferent connections to the LGN fol-
lowing severe optic neuritis can induce changes in LGN
neurons which in turn alter the direction and magnitude
of the principal diffusion direction in the optic radiations.

Two alternative hypotheses for the observed optic radia-
tion NAWM DTI alterations are (a) Wallerian or retrograde
degeneration of axons due to inflammatory activity within
the radiations themselves, or (b) retrograde degeneration
due to cortical lesions within V1. No significant correlations
were detected between optic radiation lesion volume and
any NAWM DTI parameter in any subregion, rendering the
first alternative hypothesis unlikely. A previous study
[Reich et al., 2009c] also assessed correlations between optic
radiation NAWM DTI parameters and those measured from
lesions as indicators of lesion severity. We did not perform
such an analysis because some optic radiations contained
no lesions and therefore assessments of lesional DTI in those
radiations were impossible. The possibility exists that corti-
cal lesions could have contributed to the DTI alterations
observed. Cortical lesions are difficult to observe using con-
ventional image contrasts but have been successfully identi-
fied using double inversion recovery sequences [Geurts
et al., 2005] which were not used in this study.

TABLE IV. Coefficients (and P-values where significant) for Pearson correlation analyses between DTI parameters

measured from left and right optic radiation subregions and contralateral hemifield mfVEP amplitude asymmetry,

mfVEP latency asymmetry, and lesion volume within the whole optic radiation

Optic radiation
DTI parameter Correlate

Optic radiation subregion

LGN ML Body SCWM

k|| Amplitude asymmetry �0.110 0.050 0.450 (P ¼ 0.009) �0.260
Latency asymmetry 0.143 0.063 �0.310 0.012
Lesion volume �0.066 �0.010 �0.263 0.037

k? Amplitude asymmetry �0.235 �0.005 0.045 �0.007
Latency asymmetry �0.082 0.225 �0.083 0.137
Lesion volume �0.187 0.261 0.136 �0.027

MD Amplitude asymmetry �0.193 �0.027 �0.226 �0.124
Latency asymmetry 0.012 0.171 �0.223 0.097
Lesion volume �0.140 0.159 �0.067 0.004

FA Amplitude asymmetry 0.135 �0.033 �0.365 (P ¼ 0.05) �0.121
Latency asymmetry 0.205 �0.158 �0.139 �0.025
Lesion volume 0.197 �0.252 �0.360 0.079

a Amplitude asymmetry 0.150 0.287 0.479 (P ¼ 0.008) 0.125
Latency asymmetry �0.150 �0.260 0.057 0.087
Lesion volume �0.100 �0.075 �0.002 0.041

Abbreviations: k|| (axial diffusion coefficient), k? (radial diffusion coefficient), MD (mean diffusivity), FA (fractional anisotropy),
a (angle of deviation of the principal eigenvector), LGN (lateral geniculate nuclei), ML (Meyer’s Loop), SCWM (subcalcarine
white matter).

r Kolbe et al. r

r 2056 r



Comparisons With Previous Post-Geniculate

Imaging Studies of Patients With Optic

Nerve Injury

A previous optic radiation diffusion MRI study of the
optic radiations by Ciccarelli et al. [2005] reported a no
significant differences in FA in the optic radiations of
patients with extant optic neuritis of 1 year, compared to
controls. The authors did, however, detect significant dif-
ferences in the location of the tracts and in the probabil-
istic connectivity values obtained from their tractography
algorithm. As lesions in the optic radiations were only

observed in four patients and were reasonably small
(�2 mm3), the authors interpreted the displacement of
the tracts and the alterations in connectivity values to
indicate trans-synaptic degeneration. However, this was
not confirmed by correlating the results with measures of
optic nerve injury. More recently, Reich et al. [2009a] an-
alyzed DTI from the optic radiations of 90 patients with
MS and 29 healthy controls, to assess whether primary
optic radiation injuries were associated with retinal injury
and visual dysfunction. The authors performed a similar
lengthwise analysis of the radiations to that described in
this study, and this revealed significant increases in k||,

Figure 3.

(A) Schematic illustrating the connectivity of the primary visual

pathway. Cortical activity induces by stimulation of the left

(green) or right (blue) visual hemifields was assessed using

mfVEP. Left (blue) and right (green) optic radiation injury was

assessed using DTI. (B) Scatterplots illustrating the correlative

relationships between k|| and a measured from the normal-

appearing white matter of the body of the optic radiations in

patients and mfVEP attenuation in the visual hemifield of clini-

cally affected side. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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k?, and MD accompanied by a significant reduction in
FA. Optic radiations k?, FA, and lesion volume were
found to correlate with mean binocular RNFL thickness
and low contrast letter acuity, suggesting that optic radia-
tion injuries potentially lead to retrograde optic nerve
degeneration and are relevant to visual dysfuntion. The
finding that k|| was increased, rather than decreased as
was observed in the current study, potentially reflects
differences in disease duration, lesion load and progres-
sive alterations in non-lesional white matter observed
with increased MS duration. Specifically, patients
recruited to the previous study were on average older
(45 years, compared to 34 in this study) and had longer
disease durations (8 years, compared to four). Impor-
tantly, the patients in the previous study had greater vol-
ume of inflammatory lesions in the radiations (5.9%,
compared to 3.2%).

Several additional human imaging studies have revealed
LGN and post-geniculate alterations in patients with optic
nerve or retinal injury. Korsholm et al. [2007] demon-
strated LGN atrophy and blood-oxygen level dependent
changes in the LGN in optic neuritis patients in the
months following presentation. Although measurements of
LGN atrophy would have provided strong supporting evi-
dence for our DTI results, we were unable to segment the
LGN on T1 images due to difficulties identifying the boun-
daries of the nucleus.

Alterations in MTR in the visual cortices have also been
reported in patients who presented with acute optic neuri-
tis only 6 months previously [Audoin et al., 2006]. The
authors hypothesized that, MTR being a marker for macro-
molecular density, cortical reductions in MTR might be
associated with cortical neuronal changes such as degenera-
tion, alterations to synaptic morphology, or neuroplasticity.

Two studies have demonstrated significant DTI altera-
tions in the optic radiations of patients with early blind-
ness [Shimony et al., 2006; Shu et al., 2009]. The former
study demonstrated significant atrophy of the optic radia-
tions in early blind patients as well as increased diffusivity
and reduced anisotropy in visual pathway white matter
[Shimony et al., 2006]. The latter study demonstrated a sig-
nificant increase in k? with an associated reduction in ani-
sotropy, but no change in k||, in the optic radiations of
early blind subjects, using a probability mapping method
similar to that used in the current study [Shu et al., 2009].
The results of both these studies suggest that loss of visual
input to LGN neurons can result in degeneration in the
optic radiations although the precise alterations differ to
those reported here.

In contrast, two diffusion imaging studies of patients
with extant optic nerve injury [Inglese et al., 2001; Ueki
et al., 2006], found no significant differences in diffusion
measures between patients and controls in the optic radia-
tions. However, both studies employed manual ROI defi-
nition rather than tractography for segmentation of the
optic radiations, so it is possible that ROI misplacement
could have reduced the sensitivity of the analyses.

Our finding of reduced k|| outside the context of acute
axonal injury is novel and will require replication in future
studies. Previous studies such as those of MacDonald
et al. [2007a] in mice with traumatic brain injury or Con-
cha et al. [2006] in human callosotomy patients have
reported secondary increases in k|| post-acutely. How-
ever, those studies report DTI parameters from within the
primary injury rather than in second order neuronal tracts.
While, none of the aforementioned DTI studies in patients
with optic nerve injury or early blindness reported
reduced k||, differences in study cohorts and pathology
could explain the discrepant results. For example, trans-
synaptic degeneration has been shown to be associated
with neuronal atrophy rather than neuronal loss in MS
[Evangelou et al., 2001] and we have previously shown
that axonal atrophy is associated with reduced axial diffu-
sivity in the optic nerves in a mouse model of MS [Wu
et al., 2007]. Based on our results and these previous find-
ings, we hypothesize that reduced k|| could be a DTI
marker for anterograde trans-synaptic degeneration in the
visual pathway.

Methodological Issues and Limitations

This study utilized a probabilistic atlas of the optic radia-
tions calculated from control diffusion tractography data to
obtain diffusivity and anisotropy measures from within the
optic radiations specifically. We found that diffusivity and
anisotropy measures calculated from two atlases produced
from two independent subgroups of healthy subjects
showed good agreement indicating that anatomical varia-
tion was minimal after nonlinear coregistration of FA maps.
However, DTI parameters calculated using the atlas demon-
strated poorer agreement with those obtained using subject
specific tractography maps. Reich et al. [2009b] demon-
strated that average DTI parameters calculated using a
probability map exhibited lower coefficients of variation for
repeated scanning of the same individual when compared
to individual tractography results. Therefore, quantitative
imaging results obtained from probability mapping techni-
ques are potentially more reproducible than those obtained
from traditional individual tractographic mapping.

The method for creating the probability map employed
here differed in some ways to methods employed previ-
ously. In this study, tractography seed and target masks
were defined in standard space using published brain
atlases freely available with the FSL MRI analysis toolkit.
The use of standard space masks can minimize the ana-
tomical variability in ROI placement and enables greater
flexibility in defining novel tracts of interest using various
anatomical mask combinations. Excellent intersubject
image coregistration is also imperative for probabilistic
mapping, especially for clinical studies, where brain atro-
phy can displace white matter tracts. To minimise inter-
subject anatomical variability, we used a spatial normaliza-
tion procedure, based on nonlinear alignment of the FA
map to a standard space FA template image. The FA
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image has high contrast in the centre of white matter
tracts, such as the optic radiations. Therefore, image regis-
trations based on the FA image will be biased toward
more precise alignment of white matter tracts. Recently,
DTI registration algorithms have been proposed which uti-
lize the full 3D tensor to drive the registration process
[Zhang et al., 2006]. Such registration schemes may
improve inter-subject alignment and require further inves-
tigation in the context of clinical applications of DTI.

Limitations with the current study require brief discus-
sion. First, the study was designed as a preliminary inves-
tigation to determine whether evidence existed for the
presence of trans-synaptic degeneration in the primary vis-
ual pathway following optic neuritis. Although our results
do support this hypothesis, a larger study of patients with
acute optic neuritis, imaged prospectively after first pre-
sentation will be required to assess the timing of trans-
synaptic degeneration following acute optic neuritis. In
addition, the DWI sequences used to collect patient data
altered during the study, unfortunately out of our control.
In order to assess the potential effect of this change on our
results, we acquired matching data from three control sub-
jects and included ‘‘sequence’’ as a fixed factor in ANOVA.
Although k? and FA did display significant main effects
for ‘‘sequence,’’ no interactions were detected between
‘‘sequence’’ and ‘‘group,’’ indicating that differences in k?
and FA related to DWI sequence did not influence group
differences between people with optic neuritis and healthy
control subjects. Importantly, we did not see a significant
effect of ‘‘sequence’’ on the k|| or a values, which were
found to correlate with optic nerve dysfunction.

CONCLUSIONS

This study provides preliminary evidence that optic
nerve axonal degeneration following optic neuritis is asso-
ciated with optic radiation injury, characterized by
increased deviation and reduced magnitude of the princi-
pal direction of diffusion. A likely mechanism underlying
this relationship is anterograde trans-synaptic degenera-
tion, although such an interpretation requires replication
in a larger prospective study. Given that progressive brain
atrophy and neurological symptoms characteristic of sec-
ondary progressive MS cannot be explained by concurrent
inflammatory activity, the pathological mechanisms of
neurodegeneration are to be elucidated incontrovertibly.
However, processes such as chronic trans-synaptic degen-
eration could be responsible, and diffusion tensor imaging
could have a role in characterizing such secondary neuro-
degeneration in vivo.
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