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Abstract
Objectives—Recovery to normal or near
normal visual acuity is usual after acute
demyelinating optic neuritis, despite the
frequent persistence of conduction abnor-
malities as evidenced by the visual evoked
potential (VEP). This raises the possibility
that cortical adaptation to a persistently
abnormal input contributes to the recov-
ery process. The objective of this study
was to investigate the pattern of cerebral
response to a simple visual stimulus in
recovered patients in comparison to nor-
mal subjects.
Methods—Functional magnetic resonance
imaging (fMRI) was used to study the
brain activation pattern induced by a
periodic monocular 8Hz photic stimulus
in seven patients who had recovered from
a single episode of acute unilateral optic
neuritis, and in seven normal controls.
VEPs and structural optic nerve MRI were
performed on patients.
Results—Stimulation of either eye in con-
trols activated only the occipital visual
cortex. However, in patients, stimulation
of the recovered eye also induced exten-
sive activation in other areas including the
insula-claustrum, lateral temporal and
posterior parietal cortices, and thalamus;
stimulation of the clinically unaVected eye
activated visual cortex and right insula-
claustrum only. The volume of extraoc-
cipital activation in patients was strongly
correlated with VEP latency (r=0.71,
p=0.005).
Conclusions—The extraoccipital areas
that were activated in patients all have
extensive visual connections, and some
have been proposed as sites of multimodal
sensory integration. The results indicate a
functional reorganisation of the cerebral
response to simple visual stimuli after
optic neuritis that may represent an adap-
tive response to a persistently abnormal
input. Whether this is a necessary part of
the recovery process remains to be deter-
mined.
(J Neurol Neurosurg Psychiatry 2000;68:441–449)
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One of the remarkable features of demyelinat-
ing diseases, both central and peripheral, is
their capacity for complete recovery of function
despite the persistence of gross distortions of
the normal pattern of nerve conduction
velocities.1–4 This is seen in optic neuritis,
which in the acute stage is associated with a
variable degree of conduction block and
marked delay in the visual evoked potential
(VEP). Recovery of visual acuity is associated
with reversal of conduction block and is main-
tained despite, usually, the persistence of delays
in the VEP.3

It is clear that the CNS has somehow
adapted so that it can deal eVectively with a
temporally distorted pattern of input. It seems
likely that these adaptive changes take place at
least in part in the synaptic relays in the
cerebral cortex. What is the mechanism? We
have taken a first step towards answering this
question by posing another, simpler, one, and
using functional magnetic resonance imaging
(fMRI) to answer it: “In patients who have
recovered from optic neuritis, is there a change
in the distribution of activity in the cerebrum in
response to a simple visual stimulus, compared
with normal subjects?” By stimulating the
aVected and unaVected eyes in each patient in
separate experiments, the activation patterns
from aVected and unaVected eyes may also be
compared.

Optic neuritis has particular value for inves-
tigating adaptive responses to focal demyelina-
tion as it represents a single anatomically well
defined lesion that is readily evaluated using
clinical and electrophysiological measures. We
have carefully selected patients who have
recovered from a single episode of optic neuri-
tis but who do not have clinical or neuroradio-
logical evidence of disease elsewhere in the
CNS. Thus, the confounding eVects of multi-
ple disseminated lesions in the brain are
avoided, allowing the fMRI results to be more
easily interpreted. A short account of some of
this work has already appeared.5

Patients and methods
SUBJECTS

We studied seven patients (mean age 37.8
years; three men, four women) who had
attended The National Hospital for Neurology
and Neurosurgery or The Moorfields Eye
Hospital with a single episode of typical unilat-
eral acute optic neuritis diagnosed according to
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standard criteria.6 Seven normal volunteers
(mean age 31.0 years; three men, four women)
were also studied. All subjects gave informed
written consent. The study was approved by
the National Hospital ethics committee. Pa-
tients were evaluated by a consultant neuro-
ophthalmologist at presentation. On the day of
study, visual acuity was measured using the
Snellen chart and colour vision was assessed
using Ishihara colour plates. Whole field visual
evoked potentials were recorded using pattern

reversal as described elsewhere.7 Patients with
abnormalities on brain MRI were excluded to
avoid a contribution from such lesions to the
fMRI response.

IMAGING

Structural MRI
Echoplanar gradient echo MR images were
acquired using a 1.5 Tesla GE Signa Horizon
Echospeed system (General Electric, Milwau-
kee, WI,USA) with a standard quadrature head
coil. High resolution echoplanar T2 weighted
near axial images of the whole brain were
obtained (TR=6000 ms, TE=40 ms, matrix
256×256, FOV 24 cm×24 cm), together with
high resolution fat suppressed spin echo images
of the optic nerves (FSE 3250/68, matrix
512×512, FOV 20 cm).8 The structural MRI
brain and optic nerve scans were evaluated
(with blinding to clinical details) for any
abnormalities by a neuroradiologist (IFM).

Functional MRI
One hundred and twenty T2* weighted images
depicting blood oxygenation level dependent
(BOLD) contrast were acquired in each 8
minute experiment at each of 10 near axial
non-contiguous 5 mm thick slices through
visual cortex roughly parallel to the AC-PC
line: TE, 40 ms; TR, 4000 ms; field of view, 24
cm×24 cm; matrix size, 96×96; in plane resolu-
tion, 2.5 mm; interslice gap, 0.5 mm.

EXPERIMENTAL DESIGN

Subjects passively viewed a visual display which
alternated periodically between 20 second
epochs of two contrasting conditions: (A) red
8 Hz photic stimulation to the whole visual
field was presented to one eye using lightproof
goggles (Grass Instruments, Quincy, MA,
USA Model SV10SB) whereas the other eye
received no visual stimulation; (B) no visual
stimulation (darkness) was presented to both
eyes. In total, 12 cycles of alternation between
the A and B conditions were presented over
the course of each experiment; condition B
(no stimulation) was always presented first.
Each subject was studied once for each side of
monocular stimulation; the order of experi-
ments was randomly decided.

ANALYSIS

Images were corrected for head motion by a
two stage procedure of realignment and
regression described in detail elsewhere.9

There were no significant diVerences between

Table 1 Characteristics of patients

Age Sex
Years from
diagnosis

Side of
aVected eye

Worst
documented
visual acuity

Brain
MRI

Acuity on day
of study

Colour vision on
day of study

MRI optic
nerves

VEP latency at
presentation (ms)

VEP latency at follow
up (ms)

R L R L AVected UnaVected AVected UnaVected

38 F 14 R 6/9 Normal 6/5 6/5 17/17 17/17 Abnormal (R) 119.0 108.0 101.1 97.1
49 M 13 L 6/36 Normal 6/5 6/5 17/17 16/17 Normal 114.0 112.5 103.1 101.6
31 M 0.5 L 6/18 Normal 6/5-2 6/5-2 17/17 15/17 Abnormal (L) ND ND 121.5 102.6
33 F 12 L 6/60 Normal 6/4 6/4 16/17 15/17 Abnormal (L) 147.0 106.0 99.6 98.6
35 M 3 L 6/24 Normal 6/5-2 6/6 16/17 15/17 Abnormal (L) ND ND 118.6 103.3
34 M 1 L NPL Normal 6/4 6/5 17/17 16/17 Normal ND ND 97.2 96.2
45 F 12 L CF Normal 6/5 6/5 17/17 15/17 Abnormal (L) No pattern 107.0 98.1 96.6

NPL=No perception of light; CF=counting fingers; ND=not done; acuity=smallest type seen on the Snellen chart; colour vision=number of Ishihara plates correctly
identified.

Table 2 Main areas of activation in generic brain activation maps for patients and controls

Area of activation

Approximate
Brodmann
area (BA)

Talairach coordinates (mm)

FPQ
Cluster size
(voxels)x y z

Control subjects: left eye stmulation:
Visual cortex 17,18,19 +11 −65 +4 10.4 253
Visual cortex 17 +9 −63 +9 13.8 177
Visual cortex 18,19 −13 −56 −2 6.2 99
Visual cortex 17,18 +11 −82 −2 8.1 143
Visual cortex 17,18 +6 −68 +15 7.6 104
Visual cortex 19 −9 −70 −2 5.7 67

Control subjects: right eye stimulation:
Visual cortex 17,18,19 −11 −72 −2 10.6 257
Visual cortex 17,18 −9 −72 +4 13.9 230
Visual cortex 18,19 −2 −74 +9 7.8 175
Visual cortex 17,18 0 −75 +15 6.7 53
Visual cortex 17,18 −17 −65 −7 5.8 49
Visual cortex 19 +17 −58 −7 7.2 33

Optic neuritis: unaVected eye
stimulation:
Visual cortex 17,18 0 −74 +4 10.5 195
Visual cortex 17,18 −17 −67 −2 5.6 160
Visual cortex 17,18 −11 −60 +15 7.0 121
Visual cortex 18,19 −15 −58 −7 5.6 94
Visual cortex 17 0 −74 +9 6.4 92
Visual cortex 17,18 0 −75 −2 8.6 91
Visual cortex 18 −15 −60 +9 5.8 56
Visal cortex 19 −19 −51 −13 4.5 37
Visual cortex 19 +17 −53 −13 4.1 25
Visual cortex 18 −2 −74 +20 5.0 23
Insula 14–16 +36 +28 +4 3.5 21

Optic neuritis: aVected eye stimulation:
Visual cortex 17,18 +8 −58 +4 7.0 371
Visual cortex 17,18 +13 −56 +9 7.8 329
Visual cortex 18 0 −72 +15 5.6 219
Visual cortex 18 +4 −77 −2 5.3 193
Visual cortex 18 +11 −61 −7 4.0 129
Visual cortex 18,19 −13 −60 −7 4.3 106
Visual cortex 18 +6 −74 +9 5.5 95
Visual cortex 18 −15 −79 −2 4.3 68
Insula-claustrum 14–16 +32 +2 +15 3.5 78
Insula-claustrum 14–16 +26 +11 +9 3.8 75
Insula-claustrum 14–16 −36 +28 +9 3.8 71
Insula-claustrum 14–16 −42 +23 +4 3.6 47
Insula-claustrum 14–16 −38 −4 −2 3.2 46
Insula/corpus striatum 14–16 +23 +12 −2 4.2 79
Corpus striatum — +11 +18 +15 4.2 123
Corpus striatum — −32 +21 +15 4.3 80
Lateral temporal cortex 21,22 +49 −23 +9 3.7 81
Lateral temporal cortex 21,22 55 −47 +9 3.7 50
Lateral temporal cortex 21,22 53 −35 +4 3.7 44
Posterior parietal cortex 40 45 −19 +20 3.5 66
Posterior parietal cortex 40 −47 −23 +20 4.1 63
Orbitofrontal cortex 11 55 +11 +15 3.6 63
Thalamus — +8 −11 +9 4.5 43

FPQ is the fundamental power quotient (see text), a measure of the power of response for each
cluster.
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patients and comparison subjects for stimulus
correlated motion, which was estimated by the
power of a periodic trend at the frequency of
AB alternation in the time series of rotations
and translations of the head in three
dimensions.9 The standardised power of ex-
perimentally determined signal change at the
frequency of alternation between stimulation
and baseline conditions, or fundamental power
quotient (FPQ), in each movement corrected
fMRI time series was estimated by sinusoidal
regression.10 The FPQ represents the sum of
squared amplitudes of a sine and cosine wave at
the frequency of AB alternation, divided by its
standard error (see Bullmore et al10 for further
details). These sine and cosine waves at AB
frequency were parameterised by coeYcients ã
and ä respectively; the phase of periodic
response in each time series was estimated by
φ=tan−1 ä/ã.11 Individual brain activation maps
were examined to ensure that no subject
showed an extreme pattern of response that
might unduly influence the result of generic
brain activation mapping. Individual fMRI
time series were inspected at occipital and
extraoccipital sites of activation. Generic brain
activation maps were computed in the standard
space of Talairach and Tournoux12 by a permu-
tation test with voxel-wise one tailed probabil-
ity of false positive error=p<0.0001. At this size
of test, the expected number of false positive
voxels in each map is less than two. Generically
activated voxels were colour coded according
to their phase of response and overlaid on a

grey scale EPI template image to form a
generic brain activation map (GBAM).13

The power of periodic response was com-
pared between groups and between eyes within
group by analysis of variance (ANOVA). The
following one way ANOVA model was fitted at
each intracerebral voxel in standard space:

FPQ=µ+â.F+å
where µ is the overall mean power at the ith

voxel, F is a factor coding group membership
(patient or control) or stimulated eye (right or
left), and å is an error. The coeYcient â was
tested by permutation at those voxels that were
generically activated in one or both of the
groups of data being compared.14 15 The use of
this permutation procedure for MRI data
analysis is described in detail elsewhere.9 14 For
these analyses, we set the two tailed probability
of false positive error p=0.05. This relatively
lenient threshold is justified by the restricted
search volume for between group comparisons.
Where we have tested for a significant diVer-
ence in the power of response between eyes
(that is, we have used repeated measures), the
permutation procedure has been adjusted
accordingly.

We also investigated the relation between
extent of abnormal (extraoccipital) activation
and neurophysiological evidence for persist-
ently delayed optic nerve conduction in the
patients. The volume of extraoccipital activa-
tion was estimated using a semiautomated
contouring algorithm (DispImage, D Plum-
mer, UCL, London UK) in each individual
brain activation map. The relation between
extraoccipital volume of brain activation and
VEP latency was assessed by scatter plot and by
a significance test of Spearman’s correlation
coeYcient.

Results
The patient characteristics are shown in table
1. All patients had a typical clinical history of
acute optic neuritis with documented loss of
visual acuity at presentation, and by the time of
our study had recovered normal visual acuity
and colour vision. All had normal eye move-
ments, with accurate fixation during formal
visual field perimetry. Four patients had VEP
recordings at presentation; three were abnor-
mal (two were delayed and one absent). All
patients had VEP recordings at the time of our
study. The three previously abnormal VEPs
now had normal latencies; two of the remaining
three cases (with shorter clinical histories) had
delayed responses; MRI of the aVected optic
nerve was abnormal in five of the seven cases
(fig 1).

There were no significant diVerences be-
tween the control and patient groups in stimu-
lus correlated motion during the fMRI studies.
Selected slices from generic brain activation
maps13 for patients and control subjects are
shown in fig 2; coordinates of the main foci of
activation in the generic brain activation maps
in standard space,12 cluster sizes and FPQ
values are given in table 2. In the control sub-
ject generic brain activation maps (fig 2 A and
B), activation in response to the stimulation of

Table 3 One way ANOVA comparison between generic brain activation maps for
stimulation of the unaVected eye in patients after left optic neuritis, and for stimulation of
the right eye in controls showing Talairach coordinates.

Talairach coordinates

Approximate BA x (mm) y (mm) z (mm)

Areas of significantly greater response in patients:
Right anterior insula 14–16 −35 +28 +4
Right visual cortex 19 −27 −54 −1
Right visual cortex 18 −5 −72 −1
Left visual cortex 18 +20 −63 −1
Left visual cortex 19 +15 −62 −8
Left visual cortex 18 +10 −62 +4
Left visual cortex 18 +6 −46 +4
Left visual cortex 18 +16 −70 +4
Left visual cortex 17 +5 −75 +12
Left visual cortex 18 +5 −81 +12
Right lateral temporal cortex 22 −48 −5 +8
Left lateral temporal cortex 22 +49 −22 +8
Right cingulate gyrus 31 −7 −52 +8
Right cingulate gyrus 31 −8 −63 +8
Left cingulate gyrus 31 +7 −65 +12
Right cingulate gyrus 23 −25 −53 +8
Right inferior frontal gyrus 45 −38 +24 +4

Areas of significantly greater response in controls:
Right visual cortex 19 −18 −62 −8
Right visual cortex 19 −32 −61 −8
Left visual cortex 18 +11 −75 −8
Right visual cortex 17 −11 −92 −1
Right visual cortex 18 −10 −82 −1
Right visual cortex 18 −16 −70 −1
Left visual cortex 17 +5 −94 −1
Left visual cortex 18 +7 −80 −1
Left visual cortex 19 +12 −60 −1
Left visual cortex 19 +18 −42 −1
Right visual cortex 18 −34 −78 +4
Right visual cortex 18 −9 −82 +4
Left visual cortex 17 +12 −95 +4
Left visual cortex 18 +7 −75 +4
Right visual cortex 17 −10 −82 +8
Right visual cortex 17 −10 −75 +8
Left visual cortex 17 +10 −75 +8
Right visual cortex 18 −10 −82 +12

Search volume 1476 voxels, p<0.05. Patients>controls=125 voxels, controls>patients=305. voxels.
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either eye was demonstrated almost exclusively
in visual cortical areas (approximate Brod-
mann areas (BA) 17, 18, and 19). A visual
impression of asymmetry in activation patterns
between the left and right eyes (left eye stimu-
lation apparently inducing greater right visual
cortex activation, right eye stimulation induc-
ing greater left visual cortex activation) was
confirmed using a repeated measures one way
ANOVA thresholded at p<0.05.

Stimulating the clinically unaVected eye in
patients induced additional activation in the
right insula-claustrum (BA 14) (fig 2 C). To
confirm that this apparent visual diVerence
between the group activation maps was of sta-
tistical significance, a one way ANOVA com-
paring the generic map for the patient’s
unaVected eyes (including only the six patients
with a left optic neuritis to remove possible
confounding eVects of right-left fMRI activa-
tion asymmetry) with the generic map for the
control right eye studies was performed (table
3). This confirmed increased activation in the
right insula-claustrum region in patients com-
pared with controls, but showed a significantly
larger response in visual cortex (approximate
BA 17,18,19) in controls.

In response to stimulating the recovered eye,
additional extensive activations were seen
bilaterally in the insula-claustrum (BA 14–16),
lateral temporal cortex (BA 21 and 22), poste-
rior parietal cortex (BA 39 and 40), orbitofron-
tal cortex (BA 11), corpus striatum, and thala-
mus (fig 2 D). A one way ANOVA comparison
between the generic activation maps of the
aVected eye (again including only the six
patients with a left optic neuritis) and the left
eye maps from controls confirmed greater acti-
vation in patients in the orbitofrontal cortex,
anterior insula bilaterally, and the corpus stria-
tum (table 4), but significantly greater activa-
tion in controls in visual cortical areas
(approximate BA 17,18,19). The finding of
extraoccipital activation induced by stimula-
tion of the aVected eye in patients was seen in
all seven individual activation maps, indicating
that the group result was not influenced by a
few outlier observations.

A generic brain activation map for stimula-
tion of the aVected eye in the two patients with
definite VEP delay at the time of fMRI showed
a much greater extent of extraoccipital activa-
tion than that for the remaining five patients
without VEP delay (fig 3). Furthermore, whole
field VEP latency showed a strong positive cor-
relation with the volume of extraoccipital acti-
vation (Spearman’s r=0.71, p=0.005) (fig 4).

Whereas occipital regions were activated in
the patient group with MR signal maximum
during the photic stimulation condition, as in
the control group, areas of extraoccipital
activation showed a relatively delayed response
with signal maximum during the early part of
the dark condition; figures 2 and 5.

Discussion
These findings show that there is indeed a
change in the distribution of cortical activation
by a simple visual stimulus in patients who have
recovered from acute optic neuritis compared
with normal subjects. Activation in response to
periodic stimulation of the recovered eye
occurs not only in the occipital visual cortex,
but also in the insula-claustrum, lateral tempo-
ral, posterior parietal and orbito-frontal corti-
ces, corpus striatum, and thalamus (fig 2 D,
table 2). Although these sites are not normally
activated by a simple visual stimulus, they are
known to have extensive connections with
visual processing areas, and some of them have

Figure 1 Coronal MRI through the optic nerves in a patient after a single episode of left
unilateral optic neuritis 14 years previously. Note the abnormal high signal in the aVected
nerve (arrowed), indicating persisting structural abnormality despite the excellent clinical
recovery found.

Table 4 One way ANOVA comparison between generic brain activation maps for aVected
eye stimulation in patients after left optic neuritis, and left eye stimulation in controls
showing Talairach coordinates.

Talairach coordinates

Approximate BA x (mm) y (mm) z (mm)

Areas of significantly greater response in patients:
Right orbitofrontal cortex 11 −22 +40 −12
Right insula-claustrum 14–16 −28 +28 −1
Left insula-claustrum 14–16 +27 +29 −1
Right insula-claustrum 14–16 −31 +25 +4
Left insula-claustrum 14–16 +35 +20 +4
Right corpus striatum — −20 +3 −1
Right inferior frontal cortex 45 −52 +26 +4
Right visual cortex 19 −12 −45 −1
Right visual cortex 18 −14 −55 +4
Right visual cortex 17 −13 −70 +12
Right cingulate gyrus 23 −14 −60 +8
Right lateral temporal cortex 22 −49 −25 +8
Right cingulate gyrus 23 −13 −61 +12
Left cingulate gyrus 23 +8 −61 +12

Areas of significantly greater response in controls:
Left visual cortex 18 +21 −64 −8
Right visual cortex 18 −8 −80 −1
Right visual cortex 19 −12 −55 −1
Left visual cortex 18 +5 −85 −1
Left visual cortex 18 +11 −77 −1
Left visual cortex 18 +12 −61 −1
Left visual cortex 19 +25 −61 −1
Left visual cortex 19 +12 −44 −1
Right superior temporal gyrus 22 −53 −20 +4
Right middle temporal gyrus 22 −55 −37 +4
Right visual cortex 18 −32 −78 +4
Right visual cortex 18 −25 −75 +4
Left visual cortex 17 +5 −85 +4
Left visual cortex 18 +7 −75 +4
Left visual cortex 18 +10 −61 +4
Right visual cortex 17 −10 −72 +8
Left visual cortex 17 +6 −75 +8
Right visual cortex 17 −10 −75 +12
Left visual cortex 18 +20 −80 +16

Search volume 2471 voxels; p<0.05. Patients>controls=125 voxels; controls>patients=424 voxels.
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Figure 2 Generic brain activation maps from seven control subjects and seven patients showing areas of significant
response to monocular photic stimulation compared with binocular darkness. The one tailed probability of false positive
activation p<0.0001 for each voxel; activated voxels are colour coded according to the delay (in seconds) of periodic
response relative to the onset of photic stimulation. The left side of each map represents the right side of the brain; z
coordinates in standard space are given for each slice in mm.(A) In the control subject group (left eye) there is activation
only in bilateral visual cortex, with a larger area of activation in the right compared with the left visual cortex. (B) The
right eye response showed a similar pattern but with greater activation of the left visual cortex. (C) In the patient group
(unaVected eye) there is an additional focus of activation in right insula-claustrum.(D) In the patient group (aVected eye)
there is additional activation of a network of multimodal processing areas including bilateral insula-claustrum, lateral
temporal cortex, posterior parietal cortex, thalamus, and corpus striatum. Note that periodic response in extraoccipital areas
is considerably delayed relative to the response in visual cortex.

Functional MRI after recovery from optic neuritis 445
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been proposed as areas of multimodal sensory
integration.16 The claustrum is a small nucleus,
the function of which remains uncertain. It is
well developed in primates, and its size
increases roughly in proportion to the volume
of cerebral cortex.17 It has complex projections
to many cortical regions. It has rich connec-
tions with BA 17, 18, and 19 and the visual
thalamus,17 and receives input from both visual
fields18; furthermore the claustrum can func-
tionally modulate the response properties of
neurons in the primary visual cortex (BA 17).19

The claustrum receives input from, and
projects to multimodal visual and auditory
areas, and has recently been proposed as a site
of transfer of information between tactile and
visual modalities.20 These extensive visual con-
nections provide a plausible physiological sub-
strate for activation of the claustrum during
simple visual stimulation. The insula has also
been proposed as a multimodal convergence
area,21 and damage to the insula in humans
causes a syndrome of multimodal neglect.22

The anterior insula has substantial connections
with the orbitofrontal cortex and the thalamus
as well as limbic areas.21 The posterior insula
has connections with frontal, temporal and
parietal cortices, and the thalamus.21 The
medial pulvinar thalamic nucleus in turn
projects to higher order multimodal association
cortex.23 The lateral temporal cortex (BA 21
and 22) and posterior parietal cortex (BA 39

and 40) were activated in patients in response
to simple visual stimulation of the aVected eye,
but not in normal controls. These areas have
been suggested to be sites of multimodal
sensory processing on the basis of homologies
with primate multimodal areas.16 Finally there
is experimental evidence that the corpus stria-
tum, although classically thought to have
mainly a motor role, receives functional input
from the visual cortex.24

Thus the areas that are activated during
stimulation of the aVected eye in patients

Figure 3 Generic brain activation maps from stimulation of the aVected eye in patients after recovery from optic neuritis (A) with VEP delay (defined as
a latency prolongation of>109 ms for those under 40 years old and >122 ms for those over 40 years old) and (B) without VEP delay. z Coordinates for
each slice in Talairach space are given in mm. The phase of response is coded as red (maximum fMRI signal during the stimulus condition) or blue
(maximum fMRI signal during the baseline condition). The deepness of colour represents the magnitude of the fundamental power quotient (FPQ) at each
voxel, a measure of the power of periodic response at the experimental frequency. Note the similar distribution of extraoccipital areas activated in both maps,
but the much greater extent in those with VEP delay.

Figure 4 Correlation between the volume of extraoccipital
activation and whole field VEP latency (including both
aVected and unaVected optic nerves) for seven patients after
unilateral optic neuritis.
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constitute a cortical and subcortical network of
areas known to be involved in visual or
multimodal sensory processing. The activation
map for the unaVected eye showed a limited
activation of this network, confined to the right
insula-claustrum region at the statistical
threshold used in this study. This could be a
response to abnormal input due to clinically
silent abnormality of conduction in the unaf-
fected optic nerve (a well recognised
phenomenon).2 An alternative mechanism,
suggested by the fact that visual input to the
claustrum is binocular,18 is that a change in
functional organisation in the claustrum due to
disease in one eye could result in altered
activation additionally on stimulating the other
clinically unaVected eye. Why this activation is
lateralised to the right side is uncertain,
although it is noteworthy that six of seven
unaVected eyes were on the right.

Although the significance of these areas of
extraoccpital activation in the recovery process
in optic neuritis remains to be determined, and
the number of cases is small and must be
increased, the data suggest that they may be
related to the degree of VEP delay. Firstly, the
greater extent of extraoccipital activation from

stimulating the aVected eye in patients with
VEP delay compared with those without VEP
delay suggests that slowed conduction in the
optic nerve is a contributory factor in produc-
ing, and sustaining, an abnormal distribution
of cerebral response to visual stimulation. Sec-
ondly, there is a strong correlation between the
volume of extraoccipital activation and the
VEP latency. The origin of a prolonged VEP
latency is complex, but is likely to be in part
due to slowed conduction in completely or
partially demyelinated axons; a reduction and
dispersion of the normal input due to unequal
slowing in diVerent fibres may also
contribute.25 In the acute phase of optic neuri-
tis there is a decrease in amplitude and an
increase in the latency of the VEP. As recovery
of vision occurs the amplitude recovers to a
variable extent, but the prolonged latency per-
sists for much longer, even when full visual
recovery has usually occurred.25 Our findings
suggest that the extraoccipital network acti-
vated in patients after optic neuritis may repre-
sent an adaptive cerebral response to VEP
delay, which could contribute to the recovery
process.

Figure 5 Regional mean fMRI time series from an individual brain activation map obtained from a 35 year old man who had fully recovered from an
episode of left optic neuritis. In this experiment 20 second epochs of 8 Hz monocular visual stimulation to the recovered eye alternated with binocular
darkness. The fMRI signal time series in the occipital visual cortex and in one of the areas activated outside the occipital cortex (left insula) are shown
(diamonds). A periodic response to the stimulus (experimental input function; dotted square wave, bottom of figure) is seen in both regions, but is delayed in
the left insula compared with the visual cortex.
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The phase of periodic fMRI signal change in
the extraoccipital areas activated only by
patients was delayed relative to the phase of
response to photic stimulation in visual cortex;
figure 2 C and D and fig 5. On the assumption
that locally increased BOLD magnetic reso-
nance signal reflects increased synaptic activity,
whether excitatory or inhibitory,11 there are
several possible explanations for this finding.
Firstly, extraoccipital multimodal areas could
be excited by delayed propagation of neural
activity from primary visual areas. The delay
that we have found between occipital visual
cortex and these areas (of about 10 seconds) is,
however, considerably longer than delayed
hierarchical excitation of visual cortical
processing areas (shown by electrophysiologi-
cal studies to be of the order of milliseconds),
making this unlikely. A second possibility is
that multimodal regions are actively inhibited
in patients during the dark condition (causing
locally increased fMRI signal), from which they
are released (disinhibited) at the onset of
photic stimulation. Disinhibition (by experi-
mental reduction of inhibitory input to the
superior colliculus, a putative subcortical mul-
timodal region) has been suggested as a
contributory mechanism in recovery from
experimental injury to mammalian visual
cortical areas (the Sprague eVect),26 but the
role of such a process in recovery from anterior
visual pathway lesions has not been investi-
gated. A third possibility is that extraoccipital
areas show a relative increase in activity during
the baseline condition that may be suspended
during visual stimulation. Finally, the peak
fMRI signal could occur later in multimodal
areas due to a diVerent, delayed haemody-
namic reponse. There is evidence that the
response to a semantic decision task in
multimodal lateral frontal areas in normal sub-
jects is delayed by about 10 seconds compared
with the response to pure tone discrimination
in primary auditory cortex.27 28 Further experi-
ments, including variation of epoch length or
event related fMRI studies are needed to clarify
the precise phase and time course of activations
and their relation to the stimulus.

One potential artifactual source of increased
fMRI signal during the resting phase is from
involuntary eye movement, which could not be
monitored with the apparatus used in this
study. However, the extraoccipital responses
that we have demonstrated in patients do not
include the frontal eye fields or other classic
oculomotor control areas, and would not be
expected to be activated by eye movements.
Furthermore, we think that eye movements are
unlikely to have contributed to the diVerence in
activation patterns between patients and nor-
mal subjects as patients fixated normally
during visual field perimetry, and had no clini-
cal evidence of any eye movement disorder.

There have to date been few other studies of
demyelinating optic neuritis using fMRI, and
no studies have investigated a directly compa-
rable group of patients after isolated unilateral
optic neuritis. Rombouts et al29 studied nine
patients with a variable degree of visual recov-
ery from optic neuritis, eight of whom had

clinically definite multiple sclerosis, and did
not report extraoccipital activation. This could
be due to several methodological diVerences
compared with the present study. Firstly, the
patients in our study were more homogeneous
in their clinical history and MRI appearances,
with a uniformly good degree of visual
recovery. It is possible that this selected group
have diVerent visual activation patterns com-
pared with a heterogeneous group of patients,
some of whom had a poor recovery or dissemi-
nated disease. Secondly, the stimulus used in
the present study was of 20 second duration
compared with 40 seconds; it is known that
epoch length aVects the modulation of the
fMRI signal,30 and this could have diVerent
eVects in diVerent parts of the brain. Thirdly,
the analysis method we have used takes
account of locally variable haemodynamic
delay and response shape and allows an
accurate estimation of the phase of periodic
response in diVerent brain regions; the time
shifted boxcar approach used by Rombouts et
al29 may not be sensitive to extraoccipital
activation if it is phase shifted with respect to
the visual stimulus.

Rombouts et al29 reported a reduced volume
of visual cortex activation in patients on stimu-
lating both the aVected or the unaVected eye in
comparison with control subjects. The results
of ANOVA comparisons between the generic
maps of patients and controls (tables 3 and 4)
show a relatively greater response in visual cor-
tical areas in controls compared with patients
for both aVected and unaVected eyes, in agree-
ment with these findings.

Two other studies of patients with optic neu-
ritis using fMRI31 32 studied clinically heteroge-
neous populations of patients using data acqui-
sition and analysis methods that were not
optimised to detect extraoccipital activation.
One study included four patients with multiple
sclerosis, three of whom had experienced an
episode of unilateral optic neuritis31 using a
surface MR receiver coil which cannot detect
activation in anterior brain regions. Another
study investigated eight patients (five with defi-
nite or probable MS) with varying degrees of
clinical recovery after optic neuritis.32 In this
study images were acquired in the coronal
plane with limited brain coverage in the
anteroposterior direction; these data do not
include anterior brain regions in which we have
noted activation in recovered patients.

In summary the present study has disclosed
a previously unsuspected degree of functional
reorganisation of the brain after acute unilat-
eral optic neuritis implicating a distributed
cortical and subcortical network of multimodal
areas that are not normally involved in a simple
visual stimulation experiment. These areas
have extensive visual connections. Whether
and how these changes might contribute to the
recovery process and its maintenance remains
to be determined. Components of this network
have been identified in other functional imag-
ing studies as potential areas of cross modal
integration between diVerent sensory inputs—
for example, when seen speech influences the
perception of heard speech.33 Our results may

448 Werring, Bullmore, Toosy, et al

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp.68.4.441 on 1 A

pril 2000. D
ow

nloaded from
 

http://jnnp.bmj.com/


thus reflect a greater than normal contribution
of such higher processing areas (so called top
down processing) in patients compared with
controls. One possibility is that multimodal
regions contribute to suppression of the abnor-
mal input from the aVected eye; there is
experimental evidence that when the two eyes
receive dissimilar visual inputs there is a long
latency suppression of response from one eye
that may be mediated by cortico-thalamic
pathways.34 Alternatively, a recent study has
reported activation in a network including pos-
terior parietal, occipitotemporal cortex, and
anterior insula during a spatial attention task,35

and it is possible that activation of these areas
in our data reflects increased attention and thus
perhaps perceptual enhancement of a patho-
logically degraded stimulus. The data we have
presented cannot rule out a possible contribu-
tion from increasing fatigue (or reduced
arousal) in patients at the end of the baseline
period to the extraoccipital activation, however.
At this stage it is clear that temporary visual
loss in optic neuritis has previously unexpected
long term consequences for the pattern of acti-
vation of the brain by simple visual stimuli. An
important next step will be to determine the
time course of the changes, and their relation to
clinical and electrophysiological measures in
serial studies from symptom onset.
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