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Abstract: This study was to investigate the fractional anisotropy (FA) and mean diffusion (MD) values of diffusion
tensor imaging (DTI) in the whole-brain voxel-based analysis of optic neuritis (ON) patients and examine their rela-
tionship with visual evoked potentials. A total of 12 (4 male, 8 female) patients with ON and 12 age-, sex-, and edu-
cation-matched healthy controls (HCs) underwent magnetic resonance imaging (MRI). Imaging data were analyzed
using two-sample t-tests to identify group differences in FA and MD values. Correlation analyses were performed
to explore relationships between the FA and MD values of different brain regions and visual evoked potential (VEP)
in subjects with ON. Compared with HCs, ON patients exhibited significantly decreased FA in the left cerebellum
posterior lobe, left superior temporal gyrus, left extra-nuclearl, right middle frontal gyrus, and left middle frontal
gyrus and increased FA in the right cerebellum_crus, right lentiform nucleus, bilateral anterior cingulum, left extra-
nuclear2 and left precuneus. Meanwhile, increased MD was observed in the left inferior temporal gyrus, left supe-
rior temporal gyrus, left hippocampus, left anterior cingulate/caudate, right superior frontal gyrus, right precentral
gyrus, and left inferior parietal lobule. VEP latency of the right eye in ON correlated positively with the FA values of
the bilateral anterior cingulum (r =-0.583, P = 0.047) and negatively with the FA values of the left superior temporal
gyrus (r = 0.653, P = 0.021). VEP amplitude of the right eye in ON subjects negatively correlated with the FA values
of the left extra-nuclear2 (r =-0.592, P = 0.043). VEP latency of the left eye in ON correlated positively with the MD
value of the left anterior cingulate/caudate (r = 0.707, P = 0.010) and negatively with MD values of the left inferior
parietal lobule (r=0.670, P =0.017), while VEP amplitude of the left eye in ON showed negative correlation with MD
values of the left inferior parietal lobule (r =-0.684, P = 0.014). These results suggest significant brain involvement
in ON, which may reflect the underlying pathologic mechanism. Correlational results demonstrate that VEP in ON is
closely associated with FA and MD in multiple brain regions.
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Introduction The Optic Neuritis Treatment Trial (ONTT) des-

cribed a patient with ON who showed significant

Optic neuritis (ON) is defined as inflammation
of the optic nerve that leads to lesions of the
optic nerve axons and retinal ganglion cell
apoptosis. Patients with ON experience pain on
eye movement in one eye and sudden vision
loss; other symptoms include relative afferent
pupillary defect (RAPD) and papillary edema. A
previous survey reported an annual prevalence
of 5 cases per 100,000 individuals in central
Europe [1]. Optic neuritis is often the initial
manifestation of multiple sclerosis (MS) [2].

improvements in color vision and contrast sen-
sitivity within 6 months after corticosteroids
treatment [3]. However, a subsequent study
found no effect of corticosteroids on optic
nerve atrophy [4].

Visual evoked potential (VEP) measurement is
an important clinical test that has been studied
in patients with ON. One study showed signifi-
cantly prolonged multifocal (mf)VEP latency in
subjects with ON, indicating a role for demyelin-
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ation in axonal loss [5]. Notably, mfVEP ampli-
tude reduction and latency delay have been
observed after ON episodes [6]. In addition,
VEP can be used to evaluate ON prognosis, and
mfVEP amplitude improvement can contribute
to functional recovery after acute ON [7].

Diffusion tensor imaging (DTI) is a widely used
magnetic resonance imaging (MRI) modality
that depicts water diffusion directionality as
mean diffusivity (MD) and fractional anisotropy
(FA) [8]. MD is a measure of the total amount
of diffusion within a voxel and provides the
overall magnitude of water diffusion. FA is a
scalar value between zero and one and is cal-
culated from the eigenvalues (A1, A2, A3) of the
diffusion tensor; it measures the overall direc-
tionality of water diffusion and reflects the
complexity of cytoskeleton architecture, which
restricts the intra- and extracellular water
movement [9]. The direction of water diffusion
can indicate myelin sheath damage and tissue
changes. For this reason, DTl has been applied
to various diseases such as Alzheimer’s dis-
ease [10], autism [11], and stroke [12].

DTI has been proposed as an assessment for
ON because it can measure FA and MD within
visual pathways. Previous studies showed
reduced axial diffusivity in optic tracts and
decreased FA in optic radiations of patients
with ON [13]. Other evidence demonstrated
that AD decreases during acute ON and corre-
lates with axonal loss [14]. Some authors have
reported significantly decreased FA in optic
radiations in patients with ON and neuromyeli-
tis optica (NMO) [15, 16]. While these results
indicate that ON patients exhibit visual path-
way, few studies have evaluated whole-brain
changes in ON. Here, we performed whole-
brain voxel-based analyses of DTl data from
patients with ON and healthy controls (HCs)
and examined how these findings correlated
with VEP.

Materials and methods
Subjects

Twelve patients with ON (four male, eight fe-
male) were recruited from the Ophthalmology
Department of the First Affiliated Hospital of
Nanchang University. The inclusion criteria for
the acute ON group were: 1) acute vision loss
with or without eye pain; 2) visual field abnor-
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malities associated with nerve fiber damage; 3)
patients with relative pupillary conduction
block or abnormal VEP; 4) no clinical or labora-
tory evidence of compression, ischemic, toxic,
genetic, metabolic, or invasive optic neuropa-
thy; 5) no acute vision loss due to retinal dis-
ease, alternative eye disease, or nervous sys-
tem disease; 6) no treatment with any drugs
before resting-state functional MRI scanning;
7) no obvious abnormality in the brain paren-
chyma on head MRI; 8) no history of congenital
or acquired diseases such as psychiatric disor-
ders, hypertension, diabetes mellitus, or coro-
nary artery disease and no drug, alcohol, or
tobacco addictions; 9) no organ transplanta-
tion; and 10) moderate body shape and weight.

Twelve age-, sex-, and education-matched HCs
(four male, eight female) were also recruited for
this study. All HCs met the following criteria: 1)
no abnormalities in visual pathways or brain
parenchyma on head MRI, 2) no ocular disease
and corrected visual acuity >1.0, 3) normal ner-
vous system with no headaches and no psychi-
atric disease, and 4) no contraindications for
MRI.

The study was authorized by the Ethics
Committee of the first affiliated hospital of Nan
Chang University. The study protocol and proce-
dure were fully explained to each subject, and
consent was obtained. The protocol followed
the Declaration of Helsinki and conformed to
the principles of medical ethics.

DTl acquisition

Each subject underwent spin echo single-shot
echo planar imaging with the following param-
eters: repetition time/echo time = 7200/104
ms, number of excitations = 2, matrix = 128 x
128, field of view = 230 x 230 mm, slice num-
ber = 49, slice thickness = 2.5 mm, axial orien-
tation, 64 nonlinear diffusion-weighting gradi-
ent directions with b = 1000 s/mm?, and addi-
tional image without diffusion weighting (b =0
s/mm?3).

Data processing

FMRIB’s free software FSL (Oxford Centre for
Functional MRI of the Brain, UK): (1) all diffu-
sion-tensor images (DTI) were checked visually
by experienced radiologists for apparent arti-
facts; (2) DTI was registered to corresponding
b0 images with an offline transformation to cor-
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rect eddy-current distortion; (3) binary brain
masks of each participant from respective bO
images were obtained using the Brain Extract
Tools (BET) functionality for brain extraction; (4)
FMRIB’s diffusion tools (FDT), the tensor of
each voxel within the brain mask was calculat-
ed by a linear least-square fitting algorithm. (5)
After diagonalization of the DTI, three eigenval-
ues (AM1>A2>A3) were obtained. Diffusion-
related parameter maps involving fractional
anisotropy (FA) and mean diffusivity (MD) were
derived from the following equations:

FA = \/(7\1 - 7\2)2 + (7\2 B 7\3)2 + (7\3 3 7\1)2
\/5 }\12 + }\22 + }\32

_ M+t ls
B 3

MD

FA reflects the extent of directionality in the
water molecular motion; MD reflects the aver-
age magnitude of its motion.

(6) Voxel-based analysis (VBA) of FA and MD
was performed with Statistical Parametric
Mapping (SPMS8, http://www.fil.ion.ucl.ac.uk/
spm). VBA was implemented as follows: (7) bO
images were normalized to Montreal Neuro-
logical Institute (MNI) space and resample to 2
x 2 x 2 mm voxels, then all subjects normalized
b0 images were averaged. (8) The averaged bO
images were spatially smoothed by using an
isotropic Gaussian filter with a full width at half
maximum of 8 mm. Thus, a new template of bO
images was obtained in the MNI space.
Subsequently, individual bO images of both
patients and healthy controls were registered
to the new template, and corresponding trans-
formation matrixes were also obtained. (9)
Then, the FA and MD maps of each participant
were normalized to MNI space using their
respective transformation matrixand smoothed
using an isotropic Gaussian filter with a full
width at half maximum of 8 mm. (10) Finally, a
paired t test was performed for smoothed FA
and MD values obtained, respectively, between
patients and healthy controls.

Statistical analysis

After the 2 sample t tests between patients
and controls were performed, t value maps of
FA and MD were obtained. The thresholds were
set at P<0.01 (corrected for false discovery
rate) with a minimum cluster size of 75 voxels.
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Clinical data analysis

All patients underwent pattern-reversal VEP
stimulation (RETLPORT electrophysiological
instrument; Roland, Germany) in a dark room.
Three active skin electrodes were placed on
the scalp along the midline (over the inion) and
on right and left lateral positions. VEP recording
was performed at a 100-cm distance. All
patients underwent monocular recording with
the untested eye covered.

Using the stimulus mode with pattern-reversal
VEP stimulation,the parameters were set as:
stimulus frequency = 1.0 and 100 Hz, inter-
phase = 500 ms, number of stimulations =
100, average screen brightness = 5 cd/m?,
spatial frequency = 50 ms/s, and contrast ratio
= 90%. Amplitude and latency VEP values were
studied at different angular dimensions of the
stimulus (120, 60’, and 15  for stimuli with
small, medium, and large spatial frequencies,
respectively). VEPs were characterized by a
series of N75, P100, and N135 peaks, each
characterized by a specific amplitude and
latency.

Results
Demographics

Subject demographics are listed in Table 1.
There were no obvious differences in weight (P
= 0.741), age (P = 0.749), or height (P = 0.172)
between the two groups. There was a signifi-
cant difference between the ON and HC groups
for best-corrected VA-Right (P<0.001).

FA and MD differences

Compared with the HC group, subjects with ON
had significantly decreased FA in the left cere-
bellum posterior lobe, left superior temporal
gyrus, left extra-nuclearl, right middle frontal
gyrus, and left middle frontal gyrus (Figure 1
[blue] and Table 2). Conversely, they exhibited
increased FA in the right cerebellum_crus, right
lentiform nucleus, bilateral anterior cingulum,
left extra-nuclear2, and left precuneus (Figure
1 [red] and Table 2). Patients with ON had
increased MD in the left inferior temporal gyrus,
left superior temporal gyrus, left hippocampus,
left anterior cingulate/caudate, right superior
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Table 1. Participant characteristics

ON HC t p-Value
Sex (M/F) 4/8 4/8 N/A N/A
Handedness 12R 12R N/A N/A
Age (years) 44.08 + 10.56 4558 + 11.37 -0.335 0.741
Weight (kg) 54.92 + 7.48 59.00 + 3.96 0.324 0.749
Height (cm) 159.25 + 2.38 159.67 + 6.67 -1.411 0.172
ON duration (days) 5.17 £ 1.64 N/A N/A N/A
Best-corrected VA - Right 0.24 £+ 0.31 1.14 £ 0.24 -7.966 <0.001*
Best-corrected VA - Left 0.80 + 0.51 1.12 +0.23 -2.003 0.058
Latency (ms) - Right of the VEP 114.03 + 15.42 N/A N/A N/A
Amplitudes (pv)-Right of the VEP 6.14 + 2.45 N/A N/A N/A
Latency (ms) - Left of the VEP 105.95 + 4.23 N/A N/A N/A
Amplitudes (pv) - Left of the VEP 11.92 £ 5.95 N/A N/A N/A

Notes: Significant at #P<0.001, independent t-test. Abbreviations: HC, healthy control; N/A, not applicable; ON, optic neuritis;
VA, visual acuity; VEP, visual evoked potential.
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Figure 1. Overlay images demonstrating statistically significant FA alterations in ON patients and HCs. The image
shows the left cerebellum posterior lobe, left superior temporal gyrus, left extra-nuclear, right middle frontal gyrus,
left middle frontal gyrus, right cerebellum_crus, right lentiform nucleus, bilateralanterior cingulum, left extra-nucle-
ar2, and left precuneus. The red and blue areas denote regions with higher and lower FA, respectively. The statis-
tical thresholds were set at P<0.01 (corrected for false discovery rate) with a minimum cluster size of 75 voxels.
Abbreviations: FA, fractional anisotropy; HC, healthy control; ON, optic neuritis.

frontal gyrus, right precentral gyrus, left inferior Correlation analysis

parietal lobule (Figure 2 [red] and Table 3). The

mean MD and FA values of both groups are The results of correlation analyses are graphi-
shown in Figure 3A and 3B. cally represented in Figure 4. In the ON group,
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Table 2. Brain regions with significant between-group differ-

right cerebellum_crus, right lenti-

ences in FA form nucleus, bilateral anterior
cingulum, left extra-nuclear2 and
Condition ON group and MNI Peak left precuneus. Meanwhile, incre-
healthy control  Voxels  coordinates  value ased MD was noted in the left
“Brain areas BA X Y 7 t-score inferior temporal gyrus, left supe-
ON<HC rior temporal gyrus, left hippo-
Left cerebellum posterior lobe - 125 -38 -54 -46 -3.6151 campus, Ieft anterlor'cmgulate/
caudate, right superior frontal
Left superior temporal gyrus 38 98 46 20 -24 -4.4492 gyrus, right precentral gyrus, and
Left extra-nuclearl - 107 -24 -46 12 -4.186 left inferior parietal lobule. Fur-
Right middle frontal gyrus 6 181 42 12 62 -4.2278 thermore, We observed that the
Left middle frontal gyrus 8 199 -34 28 56 -4.369 changes of FA and MD values
ON>HC showed correlation with VEP out-
Right cerebellum_crus - 170 52 -40 -40 4.4597 comes.
R?ght Ientlform nu.cleus - 223 22 -8 0 4.6043 The cerebellum is involved in bal-
Bilateralanterior cingulum 24 186 -2 22 22 39175 ance and motor and is also linked
Left extra-nuclear2 - 90 -16 -52 24 4.0764 to “cognitive” networks that in-
Left precuneus 7 133 -10 64 36 4.0553 clude the prefrontal and parietal

Notes: The statistical thresholds were set at P<0.05 (corrected for false
discovery rate) with a minimum cluster size of 75 voxels. Abbreviations: BA,
Brodmann area; FA, fractional anisotropy; HCs, healthy controls; MNI, Montreal

Neurological Institute; ON, optic neuritis.

right-eye VEP latency in the ON group correlat-
ed positively with bilateral anterior cingulum
FA (r = -0.583, P = 0.047) and negatively with
left superior temporal gyrus FA (r = 0.653, P =
0.021). The VEP amplitude of the right eye in
ON exhibited a negative correlation with left
extra-nuclear2 FA (r =-0.592, P = 0.043). Left-
eye VEP latency in the ON group correlated
positively with MD value of the left anterior cin-
gulate/caudate MD (r = 0.707, P = 0.010) and
negatively with left inferior parietal lobule MD
(r=0.670, P=0.017), while left-eye VEP ampli-
tude in ON showed a negative correlation with
left inferior parietal lobule MD (r = -0.684, P =
0.014).

The details are presented in Figure 4.

Discussion

We previously reported that the spontaneous
brain-activity of patients with optic neuritis by
magnetic resonance images [17-19]. The goal
of our study was to evaluate FA and MD values
in the whole brains of subjects with ON using
DTI. We found that ON patients had significant-
ly decreased FA in the left cerebellum posterior
lobe, left superior temporal gyrus, left extra-
nuclearl, right middle frontal gyrus, and left
middle frontal gyrus and increased FA in the
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association cortices [20]. Cere-
bellum connections to the pre-
frontal lobe are involved in motor
operations and eye movement
control [21]. Previous studies
have implicated cerebellar in autism [22],
schizophrenia [23], and ataxia [24]. Redondo
and colleaguesreported Purkinje axonal spher-
oids and Purkinje cell loss in the cerebellum of
patients with MS [25]. In our previous studies
have showed that significantly decreased
amplitude of low-frequency fluctuation (ALFF)
values in the posterior and anterior lobes of the
right cerebellum and lower regional homogene-
ity (ReHo) in the left cerebellum in the patients
with ON [18, 19]. In support of these findings,
we found that patients with ON had lower FA
values in the left cerebellum posterior lobe.
That is to say, ON may involve tissue abnormali-
ties in cerebellum, which may reflect dysfunc-
tion of cerebellum in ON.

The default mode network (DMN) shows gre-
ater activity when individuals are at rest [26]
and plays an important role in maintaining cen-
tral nervous system homeostasis [27]. DMN
dysfunction has been described in multiple
conditions such as schizophrenia [28], Alzh-
eimer disease [29], and depression [30]. The
DMN includes multiple brain regions including
the medial prefrontal cortex, superior and infe-
rior prefrontal cortices, anterior cingulate cor-
tex, and orbitofrontal cortex [31]. In our recent
researches have showed that ON may involve
dysfunction in the default-mode network using

Int J Clin Exp Med 2016;9(8):16971-16980
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Figure 2. Overlay images demonstrating significantly greater MD in ON patients compared to HCs. The image shows
the left inferior temporal gyrus, left superior temporal gyrus1, left hippocampus, left superior temporal gyrus2, left
anterior cingulate/caudate, right superior frontal gyrus, left superior temporal gyrus3, right precentral gyrus, left in-
ferior parietal lobulel, and left inferior parietal lobule2. The red and blue areas denote regions with higher and lower
MD, respectively. The statistical thresholds were set at P<0.01 (corrected for false discovery rate) with a minimum
cluster size of 75 voxels. Abbreviations: HC, healthy control; MD, mean diffusion; ON, optic neuritis.

Table 3. Brain regions with significant between-group differences in ALFF and ReHo techniques
MD [18, 19]. Interestingly, we
condit ON group and MNI found that pgtlents with ON
ondition healthy control coordinates €@k had lower FA in the left supe-
Brain Voxels voxel rior temporal gyrus and bilat-

areas BA X Y z tscore eral middle frontal gyrus. We

ON>HC f'jlso observgd |n.creased MD
o in the left inferior temporal
Left inferior temporal gyrus 20 366 -40 -16 -42 4.6858 gyrus, left superior temporal
Left superior temporal gyrus1 21 277 -44 8 -26 4.0646 gyrus, left hippocampus, left
Left hippocampus 81 -28 -14 -16 4.9201 anterior cingulate/caudate,
Left superior temporal gyrus2 22 96 -54 -24 -2 4.0017 and right superior frontal
Left anterior cingulate/caudate 25,32 734 2 12 0 4.4833  8yrus. Collectively, the lower
Right superior frontal gyrus 10 4716 4 72 8 5.3195 FA -and hl.gher .MD. In these
_ brain regions indicate that

Left superior temporal gyrus3 22 205 -50 46 12 443 ON may lead to DMN dam-
Left inferior parietal lobulel 40 113 -50 -34 26 4.2027 that VEP latency of the right
Left inferior parietal lobule2 40 81 -38 -42 44 4.3365 eye in ON correlated nega-
Notes: The statistical thresholds were set at P<0.05 (corrected for false discovery tively with left superior tem-
rate) with a minimum cluster size of 75 voxels. poral gyrus FA (r = 0.653, P =
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Figure 3. The mean of altered MD and FA values between the ONs and HCs. Abbreviations: MD, mean diffusion; FA,

fractional anisotropy; HC, healthy control; ON, optic neuritis.

0.021). As we all know that, the prolonged VEP
latency reflects the degree of optic nerve injury.
We therefore conclude that decreased FA val-
ues in the left superior temporal gyrus may
relate to the severity of ON.

Extra-nuclear region contains major fibers link-
ing the striatum and frontoparietal cortex, and
structural alterations in this pathway [32].
Extra-nuclear dysfunction has been described
in multiple conditions such as major depressive
disorder [33], schizophrenia [34] and depres-
sive [35]. In our study, we found that decreased
FA values in the extra-nuclearl (x =-24,y = -46,
z=12), That is, the ON may lead to the dyfunc-
tion of extra-nuclear. However, we also observed
that increased FA values in extra-nuclear2 (x =
-16,y =-52,z = 24). The increased FA values in
neighboring brain regions may reflect function-
al reorganization to compensate for the dam-
aged area. Furthermore, we found that VEP
amplitude of the right eye in ON showed a nega-
tive correlation with left extra-nuclear2 FA (r =
-0.592, P = 0.043). The reduced VEP amplitude
reflect the severity of nerve injury. We therefore
come to conclusion that the increased FA val-
ues in left extra-nuclear2 may reflect the sever-
ity of ON.

Inferior parietal lobule (IPL) comprises the lat-
eral bank of the intraparietal sulcus (IbIPS),
angular gyrus (AG), and supramarginal gyrus
(SMG) [36]. Meanwhile, the intraparietal sulcus
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is associated with the processing of visual
space information [37]. In our study, we found
that decreased MD values in left inferior pari-
etal lobule in ON. We come to conclusion that
the ON may lead to the dysfunction of left infe-
rior parietal lobule. Moreover, We also observed
that VEP amplitude of the left eye in ON showed
negative correlation with left inferior parietal
lobule2 MD (r=-0.684, P=0.014). The reduced
VEP amplitude reflected the severity of nerve
damage. Therefore, the increased MD values of
the left inferior parietal lobule may related to
the severity of ON.

Conclusion

In summary, we found that patients with ON
had abnormal brain morphology changes,
which showed correlations with the VEP results
in ON. These findings provide important infor-
mation for the understanding of the neural
mechanisms underlying ON. However, there are
some limitations to our study, such as the rela-
tively small sample size, and the lack of com-
parison between patients before and after
treatment. In future studies we will use other
techniques to explore changes in brain function
in patients with ON.
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the left extra-nuclear2 (r =-0.592, P = 0.043) (C). The VEP latency of the left eye in ON positively correlated with MD
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inferior parietal lobule (r =-0.684, P = 0.014) (F). Abbreviations: FA, fractional anisotropy; MD, mean diffusion; ON,

optic neuritis; VEP, visual evoked potential.
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