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Abstract

Objective Subclinical abnormalities, including microangiopathy, swelling of nerve fibers, visual field abnormalities and
visual functional impairments had been reported in Leber’s hereditary optic neuropathy (LHON) carriers. The purpose of
this study was to investigate microstructural changes of brain white matter in asymptomatic LHON carriers using DTI and
tract-based spatial statistics (TBSS).

Methods DTI and neuro-ophthalmologic measurements were acquired in 14 LHON carriers and 15 gender- and age-matched
healthy controls, and diffusion metrics, including fractional anisotropy (FA), axial (AD), radial diffusion (RD) and mean
diffusion (MD) were calculated. Intergroup differences in diffusion metrics were compared regressing out potential nuisance
covariates of age and gender. A correlation analysis was performed to test associations between abnormal neuro-ophthalmo-
logic measures and diffusion metrics while controlling the effects of age and gender.

Results Compared to healthy controls, LHON carriers showed a weak increase of thickness of the retinal nerve fiber layer
(RNFL) of the right inferior quadrant (F'=5.22, p=0.032, before multiple comparison correction). LHON carriers exhibited
widespread decreased FA value (bilateral anterior thalamic radiations, bilateral corticospinal tracts, major and minor forceps,
bilateral inferior fronto-occipital fasciculi and left superior longitudinal fasciculus), increased RD value (bilateral anterior
thalamic radiations, bilateral corticospinal tracts, major and minor forceps, bilateral inferior fronto-occipital fasciculi, bilateral
inferior longitudinal fasciculi, bilateral superior longitudinal fasciculi and bilateral uncinate fasciculi) and increased MD value
(bilateral anterior thalamic radiations, bilateral corticospinal tracts, minor forceps, bilateral inferior fronto-occipital fasciculi,
bilateral inferior longitudinal fasciculi, left superior longitudinal fasciculus and bilateral uncinate fasciculi). Moreover, these
changed diffusion metrics were not correlated with age, gender, LHON mutations and retinal measures in LHON carriers.
Conclusion Our results show microstructural alterations in brain white matter in asymptomatic LHON carriers, indicating
that LHON-related genetic mutations themselves might result in occult white matter alterations in the brain.
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Abbreviations FA Fractional anisotropy

AD Axial diffusivity TBSS Tract-based spatial statistics

RD Radial diffusivity LHON  Leber’s hereditary optic neuropathy
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mtDNA  Mitochondrial DNA
RNFL  Retinal nerve fiber layer

Introduction

Leber’s hereditary optic neuropathy (LHON) is a maternally
inherited genetic disease with young male predilection and
characterized by an acute or subacute bilateral sequential
loss of central vision [18, 37, 55]. It has been linked to mito-
chondrial DNA (mtDNA) mutations that would affect oxida-
tive phosphorylation in mitochondria [21, 28, 32]. LHON
shows retinal ganglion cell degeneration and axonal loss of
the optic nerve that could be identified by measuring the
thickness of RNFL. The small caliber fibers of the papillo-
macular bundle are lost selectively at an early stage, and then
the involvement of the rest of fibers results in optic nerve
atrophy, which usually occurs at an advanced stage of the
disease [48]. Consistent with clinical and pathological fea-
tures, MRI studies have demonstrated atrophy and increased
T2 signals in the optic nerves in LHON patients [23].
Besides the involvement of the optic nerves, a small
percent of LHON patients also show neurological signs,
including but not limited to dystonia [34, 39], parkinsonism
[39], cerebellar ataxia [12, 36], epilepsy [6, 13], myoclonus
[8, 25], migraine [6, 25],intellectual disability [6],auditory
dysfunction [45], suggesting the involvement of the brain.
As a special clinical pattern of LHON, Leber plus has been
reported to be indistinguishable from a brain disorder of
multiple sclerosis [16]. The structural damage of the visual
cortex and retinofugal pathway has been reported in chronic
LHON patients, which could be related to axonal degenera-
tion secondary to the loss of retinal ganglion cells [4, 35].
Although LHON patients have brain damage outside the
visual pathway [33, 47], it is still unknown whether LHON
mutations have a direct impact on brain structural properties.
A variety of biological changes have been reported in
asymptomatic LHON carriers. For example, the mtDNA/
nuclear DNA content is increased in asymptomatic LHON
carriers but not in LHON patients, indicating a possible
mechanism that protects carriers from progressing into
LHON [40]. As a useful indicator of neuronal distress
[22, 57], the serum neuron-specific enolase is elevated in
asymptomatic LHON carriers than in LHON patients, and
the increase in neuron-specific enolase is more prominent in
male than in female carriers [58]. Clinically, LHON carriers
show the thickening of the RNFL [50], dysfunction of retinal
elements [49] and luminance and chromatic spatial contrast
sensitivity losses [53]. For limited MR report of carriers,
increased Cho concentration, Cho/Cr ratio and decreased
absolute NAA concentration were reported in white matter
lesions of a 26-year-old female asymptomatic LHON muta-
tion carrier with bilateral periatrial lesions [19]. Decrease of

the absolute concentration of creatine and N-acetylaspartate
to creatine ratio in normal-appearing white matter [42], and
increase of cortical thickness in visual cortex (V2 and V3)
[9] were reported in case—control studies.

Despite the lack of direct evidence, we hypothesize that
changes in oxygen consumption [54], antioxidants [24],
phosphorylation and mitochondrial ATP production [30,
31] secondary to mtDNA mutations might result in brain
white matter (WM) alterations in asymptomatic LHON car-
riers. Since DTI is a promising technique for measuring WM
changes of the brain [26, 27], in this study, we acquired DTI
data from 14 LHON carriers and explored potential changes
of fractional anisotropy (FA) using a voxel-wise tract-based
spatial statistics (TBSS) [51]. We also calculated axial dif-
fusivity and radial diffusivity to elucidate the mechanism of
FA changes, and to explain the possible underlying patho-
logical changes of the compromised WM tracts [44, 56].
Finally, we tested the potential associations between clini-
cal retinal measures and WM diffusion metrics in LHON
carriers.

Subjects and methods
Participants

We prospectively recruited 14 LHON carriers without clini-
cal symptoms from siblings, cousins or parents of LHON
patients who were diagnosed at the Zhengzhou Univer-
sity People’s Hospital from May 2012 to December 2016.
Inclusion criteria were: (1) with one of the three main point
mutations of mtDNA associated with LHON (m.3460G > A,
m.11778G > A, m.14484T > C); (2) no ophthalmic abnor-
malities confirmed by careful ophthalmic examinations; (3)
no history of neurological, psychiatric, major medical condi-
tions, or substance abuse; (4) no intracranial or intraorbital
lesions on routine MR images. We also recruited 15 gen-
der- and age-matched healthy controls. The inclusion criteria
were the same as LHON carriers except for point mutations
of mtDNA associated with LHON.

Neuro-ophthalmologic assessment

The best-corrected visual acuity was assessed by the loga-
rithm of the minimum angle of resolution (logMAR) nota-
tion performed with high-intensity red-free light. The visual
field was assessed using Octopus perimeter101G2 program
TOP Strategy (Interzeag AG, Haig-Streit Schlieren, Swit-
zerland) and the mean sensitivity, mean defect, and loss
of variance were quantified. The average thicknesses of
the peripapillary RNFL (360° measure) and four quadrant
RNFL (superior, inferior, nasal and temporal) were meas-
ured by a high-resolution spectral-domain optical coherence
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tomography (Carl Zeiss Meditec, Dublin, CA, USA). The
RNFL thickness was measured by a trained technician using
circumpapillary scans centered on the optic nerve disk, with
a preset diameter of 3.45 mm.

MRI data acquisition

Brain MRI data were obtained by a 3.0T MR scanner (Dis-
covery MR750, GE Healthcare, Waukesha, WI, USA). Tight
foam padding was used to minimize head motion, and ear-
plugs were used to reduce noise. The routine MRI scans of
brain and orbit were performed to exclude visible abnor-
malities. Structural T1w volumes were acquired by fast-
spoiled gradient recalled imaging (TE=3.2 ms, TR =8.2 ms,
FOV =256 mm X 256 mm; matrix size =256 X 256, slice
thickness =1 mm without gap, and 188 slices). DTI data
were acquired using a diffusion-weighted spin-echo single-
shot EPI sequence with 1 non-diffusion-weighted image
and 30 diffusion encoding directions (b= 1000s/mm?).
The scan parameters were TE=90 ms, TR =8000 ms,
FOV =240 mm X 240 mm, matrix size =128 X 128, slice
thickness =3 mm without gap, and 48 slices.

Data preprocessing

DTI data were preprocessed according to the pipelines of
the FMRIB’s Diffusion Toolbox (FDT) implemented in FSL
5.0.10 (FDT tool, FSL 5.0.10, http://www.fmrib.ox.ac.uk).
First, eddy-current-induced distortions and head motion
were corrected using the eddy correct toolbox [17]. Then,
brain tissue was extracted using brain extract toolbox (ver-
sion 2.1). The diffusion tensor was fitted using a linear least
square algorithm and eigenvalues were decomposed from
the tensor to calculate diffusion metrics of the FA, AD and
RD [5].

TBSS analysis

Intergroup differences of FA, AD, RD and MD were inves-
tigated with a modified TBSS pipeline: (1) the individual
FA, AD, RD and MD maps were first rigidly aligned to
Montreal Neurological Institute (MNI) space using a default
FMRIBS58_FA atlas by the fMRI of the Brain Linear Image
Registration Tool (FLIRT; https:/fsl.fmrib.ox.ac.uk/fsl/fslwi
ki/FLIRT) with 12-parameter model, then jointly registered
using SPM12 software (http://www.fil.ion.ucl.ac.uk/spm/
software/spm12) with diffeomorphic anatomical registra-
tion via an exponential Lie algebra (DARTEL) algorithm
to a study-specific template generated with data from all
study participants. (2) The normalized FA maps were aver-
aged to generate a group-wise white matter skeleton using a
center-of-gravity algorithm; (3) the group-wise skeleton was
refined to contain only the backbone of white matter using
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a threshold of FA > 0.2; (4) the individual FA skeleton map
was generated by projecting the normalized individual FA
map onto the group-wise skeleton mask; and (5) individual
AD, RD and MD skeleton maps were also created using the
same projection parameters [51]. A general linear model was
performed to compare voxel-wise differences of FA, AD, RD
and MD between LHON carriers and healthy controls with a
non-parametric permutation-based inference (*‘randomize’’
program within FSL) with age and gender as covariates [38].
The number of permutations was set to 5000. For signifi-
cant neuro-ophthalmologic measures, voxel-wise correlation
with significant diffusion metrics was also performed with
the general linear model with “randomize” program within
FSL. A family-wise error method (P < 0.05) was used to cor-
rect for multiple comparison using the threshold-free cluster
enhancement option in permutation testing tool in FSL [52].

Statistical analyses for other measures

Two-sample ¢ test was used to test difference in age and
Chi-square test or Fisher’s exact test was used to test differ-
ence of distribution of gender between LHON carriers and
healthy controls. An ANOVA analysis regressing out age
and gender effects was performed for neuro-ophthalmologic
measures (P <0.05). For the RNFL thickness of four quad-
rants of each eye, adjustment for multiplicity was made by
changing the significant P level value to 0.0125.

Results

There were 8 LHON carriers with 11,778 mtDNA muta-
tion, 4 with 14,484 mutation and 2 with 3460 mutation
(3 men and 11 women; mean age=37.1+12.7 years,
range =9-52 years). The age (r=1.23, P=0.227) and gen-
der (Fisher’s exact P=0.682) were not significantly dif-
ferent from healthy controls (5 men and 10 women; mean
age=31.9+10.2 years, range = 11-44 years). There were
two pediatric subjects in the LHON carrier group (carrier
14: female, 17 years old and carrier 15: female, 9 years old)
and one in health control group (control 38: female, 11 year
old).

Neuro-ophthalmologic comparisons

An 11-year-old pediatric health control and a 50-year-old
LHON carrier refused the neuro-ophthalmologic test. Only
the thickness of the right-inferior-quadrant RNFL had inter-
group difference before correction for multiple comparisons
(F=5.22, P=0.032 Table 1, the meaningful P value level
was changed to 0.0125 when performing adjustment for mul-
tiplicity). The mean RNFL thickness of the left eye of six
LHON carriers (46.15%) and nine health controls (64.29%)
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Table 1 Demographic characteristic and visual function of LHON
patients and control groups

Health controls LHON carriers P value
Healthy controls

versus LHON
carriers
Age 31.87+10.22 37.14+12.73  0.227
Gender MS5F10 M3F11 0.682*
Left eye
Visual acuity  1.01+0.05 1.03+£0.21 0.882
Mean sensitiv- 27.19+1.36 26.75+1.46 0.238
ity
Mean defect  1.54+1.27 1.58+1.43 0.736
Loss of vari-  4.03+2.48 3.37+2.69 0.557
ance
RNFL
Average 103+7.96 101.08 +£8.62  0.633
Temporal 7721+12.83  69.69+17.01 0.362
Superior 136+13.43 132.54+15.20 0.652
Orbital 64+9.59 65.615+13.44 0.994
Inferior 134.43+17.87 137+15.52 0.714
Right eye
Visual acuity  1.01+0.05 1.04+£0.09 0.786
Mean sensitiv- 27.25+0.96 26.74+2.21 0.457
ity
Mean defect ~ 1.49+0.90 1.59+2.01 0.932
Loss of vari-  3.93+2.09 5.56+5.80 0.396
ance
RNFL
Average 101.79+6.93  102.23+7.58  0.899
Temporal 77.57+13.85 74.69+19.21 0910
Superior 131.36+16.03 124+12.12 0.269
Orbital 68.29+9.08 68.92+14.76  0.602
Inferior 130.14+10.46 141.92+12.93 0.032%

*Fisher’s exact test

Ap value’s meaningful level was 0.0125 to adjust for multiplicity

and the mean RNFL thickness of the right eye of seven
LHON carriers (53.85%) and six health controls (42.86%)
were greater than 100 um.

Microstructural changes in brain WM in LHON
carriers

In the voxel-wise TBSS analysis, LHON carriers showed
widespread decreased FA value (mainly in 9 fibers: bilateral
anterior thalamic radiations, bilateral corticospinal tracts,
major and minor forceps, bilateral inferior fronto-occipital
fasciculi and left superior longitudinal fasciculus), increased
RD value(mainly in 14 fibers: bilateral anterior thalamic
radiations, bilateral corticospinal tracts, major and minor
forceps, bilateral inferior fronto-occipital fasciculi, bilateral
inferior longitudinal fasciculi, bilateral superior longitudinal

fasciculi and bilateral uncinate fasciculi) and increased MD
value (mainly in 12 fibers: bilateral anterior thalamic radia-
tions, bilateral corticospinal tracts, minor forceps, bilateral
inferior fronto-occipital fasciculi, bilateral inferior longi-
tudinal fasciculi, left superior longitudinal fasciculus and
bilateral uncinate fasciculi) (P <0.05, family-wise error cor-
rected) (Fig. 1). No significant abnormal AD changes were
detected and no significant correlation was found between
the neuro-ophthalmologic measurements and these diffusion
metrics showing intergroup differences in LHON carriers
(data not shown).

Discussion

In this study, we used TBSS analysis of DTI data to investi-
gate possible microstructural changes of brain white matter
in LHON carriers and their correlations with neuro-oph-
thalmologic measures. The most important finding is that,
compared to healthy controls, LHON carriers demonstrated
widespread decreased FA, increased RD and MD in bilat-
eral white matter tracts of the brain. Moreover, no correla-
tion was found between these altered diffusion metrics and
ophthalmologic indices in LHON carriers. These results
indicate that LHON-related mtDNA mutations could result
in widespread brain white matter changes in asymptomatic
LHON carriers.

In previous DTI studies, most of the recruited LHON
patients are in the chronic stage of the disease, and patients
generally show long-time damage in retina and optic nerves
and manifest severe visual deficits. These studies have
revealed white matter damage along the visual pathway and
in some other white matter areas in LHON patients, which
was usually interpreted as axonal degeneration secondary to
the damage of retina and optic nerves [4, 35]. As supporting
evidence, the reduced FA in the visual pathway is correlated
with the decreased visual acuity in chronic LHON patients
[35]. In the present study, however, we included LHON
carriers who had LHON-related mtDNA mutations but did
not have neuro-ophthalmologic symptoms. This sample is
extremely suitable for investigating the occult brain white
matter changes that resulted from LHON-related mtDNA
mutations. In this special sample, we found extensive FA
reduction, RD and MD increase in LHON carriers, suggest-
ing that there are extensive microstructural changes in brain
white matter. Moreover, the lack of correlations between
diffusion and neuro-ophthalmologic changes in LHON car-
riers indicate primary alterations of brain white matter in
these carriers.

The reduction of the FA indicates reduced anisotropy,
which may be a result of increased RD and/or reduced AD
[1]. The RD increase in LHON carriers was more extensive
than FA reduction and should be the main reason behind FA

@ Springer



1478

Journal of Neurology (2019) 266:1474-1480

Fig. 1 Representative axial sections of voxel-wise TBSS analysis
show reduced FA (upper row), increased RD(middle) and MD (bot-
tom) values in LHON carriers than in healthy controls. The voxels
with blue or light blue color represent those with significant reduc-
tion and the voxels with red or yellow color represent those with sig-

reduction and MD increase for AD showed no significant
changes. Although the exact mechanisms remain unknown,
two possible pathological processes may be related to the
changes of diffusion metrics. One hypothesis is demyelina-
tion, which is the hallmark pathological change of multiple
sclerosis [43]. This hypothesis is supported by the findings
of the coexistence of multiple sclerosis and LHON-related
mitochondrial DNA mutations in some patients [10, 11, 15,
20, 41, 46]. It is also supported by an electron microscopic
analysis of optic tracts that shows the thinning of the myelin
sheath in mouse mitochondrial DNA mutation model [29].
The second hypothesis is the redistribution of intracellu-
lar and extracellular water content caused by compensatory
increase of mitochondrial biogenesis, with the indirect evi-
dence of increased content of mitochondrial DNA [7, 40].

The significance of the thickening of the right-inferior-
quadrant RNFL was weak, which failed to reach the changed
meaningful P value level of 0.0125 for adjustment for mul-
tiplicity, though early studies showed that RNFL thickening
is present in more than 1/3 of asymptomatic LHON carriers
[14], and more diffuse in male carriers [50] and still present
at acute phase of LHON [3]. The mechanism is likely to be
a compensatory increase of mitochondrial biogenesis and/
or the axonal stasis along the fibers [2].

The major limitation of this study is the relatively small
sample size, which prevents us from dividing patients into
several subgroups with enough sample size to observe the
respective effect of potential confounding factors of gender,

@ Springer

nificant increase of DTI metrics in LHON carriers relative to healthy
controls (P<0.05, threshold-free cluster enhancement family-wise
error corrected). The significant regions are thickened for better vis-
ibility. The white matter skeleton is shown in green (FA>0.2). The
background image is the mean FA map derived from all subjects

age and mutation types on brain white matter changes. How-
ever, we have tried our best to regress out the effects of age
and gender.

In conclusion, to the best of our knowledge, this is the
first study to explore the potential white matter microstruc-
tural changes of the brain in asymptomatic LHON carriers.
We found extensive brain white matter changes in LHON
carriers, indicating that LHON-related genetic mutations
themselves might result in occult white matter changes in
the brain.
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