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Diffusion Tensor Imaging Mapping of Brain White Matter
Pathology in Mitochondrial Optic Neuropathies

D.N. Manners, G. Rizzo, C. La Morgia, C. Tonon, C. Testa, P. Barboni, E. Malucelli, M.L. Valentino, L. Caporali, D. Strobbe,

ABSTRACT

V. Carelli, and R. Lodi
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BACKGROUND AND PURPOSE: Brain white matter is frequently affected in mitochondrial diseases; optic atrophy gene I-autosomal
dominant optic atrophy and Leber hereditary optic neuropathy are the most frequent mitochondrial monosymptomatic optic neurop-
athies. In this observational study, brain white matter microstructure was characterized by DTI in patients with optic atrophy gene
J-autosomal dominant optic atrophy and Leber hereditary optic neuropathy, in relation to clinical and genetic features.

MATERIALS AND METHODS: Nineteen patients with optic atrophy gene I-autosomal dominant optic atrophy and 17 with Leber hered-
itary optic neuropathy older than 18 years of age, all genetically diagnosed, and 19 healthy volunteers underwent DTI by using a 1.5T MR
imaging scanner and neurologic and ophthalmologic assessments. Brain white matter DTI metrics were calculated for all participants, and,
in patients, their correlations with genetics and clinical findings were calculated.

RESULTS: Compared with controls, patients with optic atrophy gene T-autosomal dominant optic atrophy had an increased mean
diffusivity in 29.2% of voxels analyzed within major white matter tracts distributed throughout the brain, while fractional anisotropy was
reduced in 30.3% of voxels. For patients with Leber hereditary optic neuropathy, the proportion of altered voxels was only 0.5% and 5.5%,
respectively, of which half was found within the optic radiation and 3.5%, in the smaller acoustic radiation. In almost all regions, fractional
anisotropy diminished with age in patients with optic atrophy gene I-autosomal dominant optic atrophy and correlated with average
retinal nerve fiber layer thickness in several areas. Mean diffusivity increased in those with a missense mutation. Patients with Leber
hereditary optic neuropathy taking idebenone had slightly milder changes.

CONCLUSIONS: Patients with Leber hereditary optic neuropathy had preferential involvement of the optic and acoustic radiations,
consistent with trans-synaptic degeneration, whereas patients with optic atrophy gene I-autosomal dominant optic atrophy presented
with widespread involvement suggestive of a multisystemic, possibly a congenital/developmental, disorder. White matter changes in
Leber hereditary optic neuropathy and optic atrophy gene 1-autosomal dominant optic atrophy may be exploitable as biomarkers.

ABBREVIATIONS: DOA = autosomal dominant optic atrophy; FA = fractional anisotropy; LHON = Leber hereditary optic neuropathy; MD = mean diffusivity;

OPAT = optic atrophy gene 1, OR = optic radiation; RNFL = retinal nerve fiber layer; TBSS = tract-based spatial statistics

M utations in optic atrophy gene 1 are the main cause of auto-
somal dominant optic atrophy (DOA) (Online Mendelian
Inheritance in Man 605290)."> DOA is characterized clinically by
insidiously progressive visual loss in childhood, centrocecal sco-
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toma, dyschromatopsia, and temporal or diffuse pallor of the op-
tic discs, due to selective loss of retinal ganglion cells leading to
atrophy of the optic nerve."? Similarly, Leber hereditary optic
neuropathy (LHON) (Online Mendelian Inheritance in Man
535000) is characterized by subacute loss of central vision, dys-
chromatopsia, and optic atrophy due to maternally inherited
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point mutations in mitochondrial DNA that affect respiratory
complex 1.2

DOA and LHON represent the so-called nonsyndromic mito-
chondrial optic neuropathies, characterized by optic nerve atro-
phy as the only or at least prevalent pathologic feature with an
early and preferential involvement of the small fibers in the pap-
illomacular bundle.>* Recent MR imaging studies by using voxel-
based morphometry,” DWI,° and DTI” have also indicated abnor-
malities of the optic radiation in patients with LHON, confirmed
by postmortem investigation,® suggesting a trans-synaptic degen-
eration. A similar secondary involvement of the retrogeniculate
visual pathway could also be hypothesized in patients with DOA.
Furthermore, given that the optic atrophy gene 1 (OPA1) is highly
expressed in the retina but also in the brain"*® and that a sub-
group of patients with specific OPAI mutations have a multisys-
tem neurologic disorder,” it is reasonable to also hypothesize a
subclinical extravisual brain involvement in patients with
OPAI-DOA.

The aim of the present study was to investigate the brain white
matter of patients with OPAI-DOA compared with those with
LHON and healthy controls, by using a voxelwise analysis of DTI,
which can disclose abnormal water diffusivity in brain areas
where atrophy and/or gliosis occur,'® to look for subtle structural
alterations.

MATERIALS AND METHODS

Subjects

Between October 2008 and May 2012, 19 adult patients with a
definite diagnosis of OPAI-DOA and 17 adult patients with
LHON were recruited for DTT evaluation. Inclusion criteria were
18 years of age and older, absence of white matter abnormalities as
reported by previous conventional MR imaging, and availability
of a genetic diagnosis. In addition, 19 control subjects with similar
demographic characteristics were recruited within the same pe-
riod. The characteristics of these cohorts are reported in and On-
line Tables 1 and 2. All subjects gave written informed consent,
and the local institutional review board approved the study.

MR Imaging Acquisition

Each subject underwent MR imaging examination by using a 1.5T
Signa HDx scanner (GE Healthcare, Milwaukee, Wisconsin), with
a protocol that included the following sequences: T2-weighted
FLAIR (TR/TE/TI, 8000/85/2000 ms; axial FOV, 24 cm; 256 X 256
in-plane resolution; 3-mm sections); T2-weighted FSE (TR, 5.6—
6.5 seconds; TE, 107 ms; coronal FOV, 24 cm; 256 X 256 in-plane
resolution; 4-mm sections); T1-weighted volumetric imaging
(fast-spoiled gradient recalled imaging; TR/TE, 12.3/5.2 ms;
1-mm isotropic resolution); DTI (TR/TE, 10,000/82 ms; 7 + 64
acquisitions with noncollinear field gradients; b-value = 0 or
900 s mm~ %; axial oblique FOV, 32 cm; 128 X 128 in-plane res-
olution; 3-mm sections). Conventional images were evaluated to
confirm the absence of white matter lesions. None of the subjects
studied showed evidence of such abnormalities.

DTI Data Processing
Following affine registration of all volumes to the first (by using
eddy_correct; fMRI of the Brain Software Library[FSL]; http://
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www.fmrib.ox.ac.uk/fsl) to account for eddy current effects and
subject motion, DTI data were processed to provide voxelwise
estimates of tensor parameters, including mean diffusivity (MD)
and fractional anisotropy (FA). FA and MD volumes from each
subject were rigidly aligned to a standard template by using the
fMRI of the Brain Linear Image Registration Tool (FLIRT; http://
www.fmrib.ox.ac.uk) with 6 df. FA and MD volumes were jointly
registered by nonlinear deformation (Diffeomorphic Anatomical
Registration Through Exponentiated Lie Algebra Toolbox, SPM8;
http://www fil.ion.ucl.ac.uk/spm/software/spm8) to a study-spe-
cific template generated by using data from all study participants.
Major white matter tracts were identified by using the tract-based
spatial statistics (TBSS) procedure (in FSL), by using high-diffu-
sion anisotropy as a marker of uniform fiber orientation, with an
FA threshold of 0.2.

DTI Statistical Analysis
The focus of the statistical analysis was to identify areas show-
ing altered white matter compared with the control group and
relate such alterations to relevant clinical and genetic factors.
Nonparametric statistical inference was performed on the basis of
a generalized linear model framework (by using Randomize;
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/randomize, with cluster-free
enhancement),'" yielding voxelwise probability estimates, ad-
justed by controlling the family-wise error rate. After intermedi-
ate processing, described above, DTI data were analyzed in 2
stages. In the first stage, group differences between each patient
group and controls were assessed (for voxels within the TBSS
mask) by using a single-sided ¢ test. We assumed that MD should
increase and FA, decrease in patients compared with controls on
the basis of previous observations of degenerative brain disease.'?
Voxels showing a difference at P < .05 after family-wise error
correction were deemed significantly altered. To reduce the pos-
sible confounding effect of demographic factors, we embedded
the t test in an ANCOVA-type analysis, first with age and sex as
covariates, and repeated it with a history of idebenone therapy as
a potential additional confounder. Because 3 patients with OPA1-
DOA (patients 4, 6, and 7; On-line Table 1) presented with an
arguably distinct pathology, we reran the analysis, placing these
participants in a separate group, to exclude the possibility that
they alone were driving any possible group differences between
OPA1-DOA and healthy control groups.

To summarize findings, we classified voxels within the TBSS
white matter skeleton as belonging to the optic radiation (OR) or
to other white matter bundles, by using standard FSL brain

atlases,'1°

and checked them by back-projecting the resulting
labels onto the original individual FA images, to guard against possi-
ble tract misidentification.'® The number of significantly abnormal
OR voxels is also reported as a fraction of all abnormal voxels.

We assumed that given the relatively low sensitivity of (appro-
priately corrected) voxel-based statistical analysis, correlations
between altered tissue microstructure and underlying causative
variables might be apparent in the patient groups, even in regions
not showing significant differences from healthy controls. Hence,
in parallel, exploratory regression analysis was performed for FA
and MD for all voxels within the previously identified major white
matter tracts, against clinical and genetic factors with a known or
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putative importance in determining the phenotype of the pathol-
ogy under consideration. Results were not corrected for multiple
comparisons beyond voxelwise family-wise error correction.

For both patient groups, subject age, estimated age at onset of
symptoms, and disease duration were considered. In addition, a
regression on control subject age was performed as a baseline
check. Indicators of visual system involvement in disease progres-
sion, visual acuity, and retinal nerve fiber layer (RNFL) thickness
assessed by optical coherence tomography'’—specifically the av-
erage and temporal quadrant RNFL thickness—were used to per-
form a linear regression.

Categoric factors potentially modifying disease natural history
were identified and analyzed by using a t test. These were the
mitochondrial DNA haplogroup and a history of idebenone
therapy.

OPAI mutations were grouped as either missense or haploin-
sufficiency on the basis of their pathogenic mechanism and under
the hypothesis that the haploinsufficiency mutations would result
in a less severe disease phenotype.® For patients with LHON only,
the history of visual recovery was considered as an additional
factor for a subgroup t test.

RESULTS

Most patients with LHON had the 11778 ND4 mutation (13 of
17), whereas 17 different OPAI mutations were found among the
patients with OPAI-DOA (On-line Table 1). Data regarding the
mitochondrial DNA haplogroup, a potential modifying factor in
either disorder, were also available for patients and showed the
expected variation in a population of European descent, with pre-
ponderant occurrence of the most common haplogroup H (On-
line Table 1). Three patients with OPAI-DOA had extravisual
symptoms (patients 4, 6, and 7; On-line Table 1) and were classi-
fied as “plus.” Eleven patients with LHON and 9 patients with
OPAI-DOA were administered idebenone (270—675 mg/day)
(On-line Table 1). Data on visual acuity and RNFL thickness were
available for almost all patients, though with variable timing with
respect to the scan, and are presented in On-line Table 2.

In total, the white matter skeleton generated by TBSS covered
132,617 voxels, of which 12% were estimated as belonging to the
OR; 1.9%, to the acoustic radiation; and the remainder, to other
white matter bundles.

Group Comparisons

Patients with OPAI-DOA and LHON showed significant in-
creases in white matter MD and decreases in FA compared with
controls (Table 1). For both patient groups, FA was the more
severely affected in almost all areas. The number of voxels with a
significant difference in terms of diffusivity parameters was con-
siderably higher in patients with OPAI-DOA than in those with
LHON. Furthermore, in the patients with LHON, half of these
voxels were within the OR and the other half were within other
white matter areas, in which the acoustic radiation was the most
consistent, affected bilaterally (3.5% of all affected voxels, for FA),
while the remainder included the superior corona radiata, superior
longitudinal fasciculus, and medial corpus callosum only in the right
side (Figs 1 and 24, -C). The results were different in patients with
OPAI-DOA, given that only one-fifth of the voxels affected belonged

Table 1: Significant results of a t test for comparison of DTI
parameters between patients and controls

Whole White Matter
Skeleton®
Quantity Contrast Voxels % Threshold t
FA Controls > LHON 7310 55 1.54
Controls > OPAI-DOAP 40,197 303 102

Controls > pure OPAI-DOA® 19,006 14.3 118
MD LHON > controls 652 0.5 0.95
OPAI-DOA > controls? 38,789 29.2 233
Pure OPAI-DOA > controls® 19,170 14.5 113

#Results are expressed as the number of voxels within the TBSS skeleton showing
significant differences, along with the percentage so affected.

5 All patients included.

 Three cases with OPAT plus are excluded.
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FIG 1. The number of significantly abnormal OR voxels as a propor-
tion of all abnormal voxels in patients with LHON and OPAT-dominant
optic atrophy.

to the OR, while most were distributed evenly throughout the whole
white matter, including several areas not involved in patients with
LHON and involving almost all bundles within the supratentorial
and infratentorial compartments (Figs 1 and 2B, -D). On-line Figs
1-6 show the complete set of results for both groups.

For the comparison of patients with LHON and controls, the
inclusion of treatment with idebenone as a covariate increased the
number of affected voxels (by 45% for FA and 175% for MD,
dispersed both within and beyond the OR), while for those with
OPAI-DOA compared with controls, there was essentially no
change (—1.7% and 0.9%, respectively).

If we excluded the patients with OPAI “plus” (with nonvisual
symptoms) from the analysis, the decrease in FA and increase in
MD remained in about half the voxels that were altered for the whole
group of patients with OPAI-DOA compared with controls (Table
1). The proportion of altered voxels outside the OR remained similar
(Fig 1). FA values were lower for “plus” compared with nonsyn-
dromic patients at the level of the right internal and external capsules,
left OR, and splenium of corpus callosum bilaterally.

Regression Analysis

Exploratory regression analyses are summarized in Table 2 and
revealed a highly significant reduction in FA with age in patients
with OPAI-DOA in almost all of the areas considered. The regres-
sion of FA on subject age for the control group was negative,
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FIG 2. Representative axial sections are shown on the white matter tract skeleton (in green)
projected onto the mean FA and MD maps. Voxels showing significant differences between
patients and controls (corrected P < .05) are shown in a red-yellow scale. A, LHON FA < control
FA: bilateral optic and acoustic radiation and right superior corona radiata, superior longitudinal
fasciculus, and middle corpus callosum were significant. B, OPAT-DOA FA < control FA: wide-
spread reduction of FA involving almost all white matter bundles was present. C and D, Patient
MD > control MD: increased MD was found in the same areas where FA was reduced, though to
a lesser extent, in both groups of patients. Complete results in both groups of patients are shown
in On-line Figs 1-6.

ton value, 0.815 * 0.229 versus 0.741 *=
0.170 X 10 >mm?® s~ '), and again this
finding was true of the OR and almost all
other WM areas. In addition, FA values
directly correlated with average RNFL
thickness in several areas, mostly within
the OR, optic tract, internal and external
capsules, and corona radiata bilaterally.
A trend toward higher MD values (P =
.05, corrected) was evident in patients
with OPAI-DOA with worse visual acu-
ity, at the level of the anterior cingulum,
genu of corpus callosum, and prefrontal
WM of the left side. Other trends (.05 <
P <07, corrected) were disclosed in pa-
tients with OPAI-DOA. Specifically,
disease duration was diffusely and in-
versely correlated with FA values (prev-
alent in the right hemisphere); finally,
FA values in the genu of corpus callo-
sum were higher in patients taking ide-
benone compared with untreated pa-
tients (mean corpus callosum WM
skeleton value, 0.745 = 0.087 versus
0.618 = 0.136).

Considering patients with LHON,
the only significant regression analysis
was for idebenone therapy, showing that
patients taking idebenone had lower
MD values within the anterior cingulum
(0.750 = 0.035 versus 0.773 = 0.039),
genu of corpus callosum (0.784 = 0.071
versus 0.814 = 0.058), olfactory tracts
bilaterally (0.750 = 0.120 versus 0.769 *
0.095), and in the left prefrontal WM
(0.728 £ 0.053 versus 0.740 = 0.045)
compared with untreated patients. No
other regression analysis yielded positive
results.

DISCUSSION

In this study, we evaluated the integrity
of brain WM in patients with mitochon-
drial optic neuropathies, by using a vox-
elwise analysis of DTI, demonstrating
that in both LHON and OPAI-DOA,
there are pathologic changes, but with a
different distribution. Patients with
LHON showed abnormal diffusion
mainly in the bilateral OR, with some
involvement of the acoustic radiation
and a few other areas. In contrast, pa-
tients with OPA1-DOA showed changes
not only in the OR but also throughout

strengthening the likelihood that the positive finding for pa-  much of the white matter, indicating a widespread pathology af-

tients with OPAI-DOA was group-specific. MD was higher in  fecting the central nervous system.

patients with OPAI-DOA with a missense mutation compared The involvement of the OR in patients with LHON confirms

with those with haploinsufficiency mutations (mean WM skele-  and extends the results of recent imaging studies,”” suggesting
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Table 2: Significant results of analyses of DTl parameters for patient groups

Quantity Explanatory Variable Test Threshold P Value % Suprathreshold Voxels® Threshold r°
OPAI-DOA FA Age Regression .05 14.5% —0.299
Mean RNFL Regression .05 8.0% +0.318
Disease duration Regression .07¢ 7% +0.224
Idebenone t test .07° 0.6% NA
MD Mutation t test .05 60.8% NA
Visual acuity Regression .07¢ 31.0% +0.224
LHON MD Idebenone t test .05 42% NA

2 Results are expressed as the percentage of voxels within the TBSS skeleton showing P value indicated.

®Rindicates the Pearson product moment correlation coefficient.
€ Trend finding.

the probable trans-synaptic nature of this impairment. This inter-
pretation was supported by a postmortem investigation in 1 case
of LHON, detecting atrophy (40%—45% decrease of neuron soma
size) and, to a lesser extent, degeneration (approximately a 28%
decrease of neuron attenuation) in the lateral geniculate nucleus,
in contrast to the extremely severe axonal loss (99%) in the optic
nerve.® In one of these imaging studies, the reduced attenuation of
the OR detected by voxel-based morphometry analysis correlated
with the average and temporal RNFL thickness.” This correlation
was not apparent in the previous DTI study on the same patients’
or in our study, though missing ophthalmologic data for a few
patients and the variable timing with respect to the scan could
have affected our regression analysis.

Our results also demonstrate the bilateral involvement of the
acoustic radiation in patients with LHON, a finding not apparent
in previous studies in which whole-brain analysis was performed.
The presence of auditory dysfunction in LHON had been studied
in the past, with conflicting results. An early study found auditory
brain stem—evoked potential abnormalities in 7 of 11 patients,'®
and subsequently 2 cases of LHON with auditory neuropathy
were reported.'® A further study on a sample of 10 patients found
no evidence of auditory neural abnormalities,*® while a more re-
cent study on 48 subjects carrying a LHON mutation disclosed
that >25% of both symptomatic and asymptomatic participants
showed electrophysiologic evidence of auditory neuropathy with
either absent or severely delayed auditory brain stem potentials.*'
Our current results of white matter changes in the auditory radi-
ation may represent the auditory counterpart of the trans-synap-
tic degeneration attributable to the OR.

Furthermore, we have found some other brain diffusion
changes in LHON at the level of the right superior corona radiata,
superior longitudinal fasciculus, and medial corpus callosum.
These results are more difficult to interpret but may indicate a
microscopic and diffuse, though variable, white matter pathology
associated with the primary mitochondrial impairment. This was
previously suggested by older studies using phosphorus MR spec-
troscopy to show bioenergetic dysfunction in the occipital lobes*
and mild abnormalities of the whole normal-appearing white
matter using histogram analysis of magnetization transfer imag-
ing and DWL.>* These findings may also relate to the occasional
co-occurrence of a multiple sclerosis—like illness in patients with
LHON,** in which an autoimmune process could be triggered by
the release of immunogenic material due to myelin damage
caused by mitochondrial dysfunction in the presence of a specific
predisposition.*®

Most interesting, in patients with LHON treated with ide-

benone, the MD values within the anterior cingulum, genu of
corpus callosum, olfactory tracts bilaterally, and left prefrontal
WM were lower compared with untreated patients. Conversely,
patient-control differences were more readily apparent when ide-
benone treatment was included as a confounding factor. Al-
though this result should be considered with caution, it is com-
patible with previous clinical evidence of the partial efficacy of
idebenone treatment in LHON.>%?7

However, the most interesting findings of the current study
concern our results in OPAI-DOA, to our knowledge the first for
this patient group based on DTI. We found widespread WM dif-
fusivity changes without a clear prevalence in a specific pathway.
This finding implies that besides trans-synaptic degeneration,
there is also a primary WM pathology involving multiple brain
systems, a finding in close agreement with the mounting clinical
evidence that subjects carrying OPAI mutations may have a mul-
tisystem neurologic disease (DOA “plus”), including sensorineu-
ral deafness, ataxia, sensory-motor polyneuropathy, chronic
progressive external ophthalmoplegia, and mitochondrial my-

9,28,29 +

opathy, in addition to optic atrophy. Other reported clinical

presentations may include spastic paraparesis mimicking heredi-

230 cervical

tary spastic paraplegia,” multiple sclerosis—like illness,
dystonia,”! and even a multisystemic disorder in the absence of
optic atrophy.”® Furthermore, patients with “pure” optic atrophy
may have evidence of subclinical corticospinal tract involvement
as shown by electrophysiologic evaluation.>® All these observa-
tions fit well with our finding of subclinical impairment of several
white matter pathways, which correlates with optic atrophy, as
quantified by the average RNFL thickness. These observations are
consistent with white matter sensitivity to mitochondrial dys-
function."** In particular, complex I deficiency, as obviously oc-
curring in LHON and also demonstrated in OPAI-DOA with
haploinsufficiency,”* is frequently associated with leukoencepha-
lopathy or other white matter pathology.’> Most interesting, re-
cent studies propose that myelin itself has an autonomous respi-
ratory activity, thus linking white matter integrity to defective
oxidative phosphorylation.*®

An interesting and strong correlation was found between dif-
fusivity parameters and age for patients with OPAI-DOA, but not
for those with LHON or healthy controls, suggesting a disease-
specific association. The absence of a correlation with “apparent”
disease duration (.05 < P < .07 in the same areas) and the diffi-
culty of accurately defining the onset of this insidious disease in
clinical practice suggest that OPAI-DOA may be a congenital dis-
ease. Indeed, it has been shown that patients have a significantly
smaller optic nerve head compared with controls, leading to the
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hypothesis of a developmental disorder.”” In addition, the role of
the OPAI protein in controlling apoptosis is well-docu-

mented,*®>°

and it may be postulated that OPA1 mutations alter
the pattern of developmental apoptosis during embryonic stages
leading to a congenital “weakness” of the optic nerve and other
brain structures.

Almost all WM areas in patients with OPA1-DOA had higher
MD values in the presence of a missense mutation compared with
those predicted to lead to haploinsufficiency. This finding is not
surprising because the occurrence of clinical multisystem neuro-
logic disease, though associated with all mutational subtypes, has
been reported to be increased 3-fold with missense mutations.”
The 3 patients with DOA “plus” tended to have greater pathologic
changes compared with nonsyndromic patients, both within and
beyond the OR. The findings regarding the effect of idebenone
treatment are inconclusive but give limited support to previous
preliminary clinical results showing a slight improvement of vi-
sual function in patients with DOA after idebenone therapy.*°

CONCLUSIONS

Voxelwise analysis of DTI was used to evaluate brain WM integ-
rity in patients with LHON and, for the first time, in patients with
OPA1-DOA, with clear-cut differences between the 2 disorders.
Patients with LHON presented with a preferential involvement of
the optic and acoustic radiations, possibly due to trans-synaptic
degeneration. Patients with OPAI-DOA presented with a wide-
spread WM involvement, supporting the view of OPAI-associ-
ated disorders as a multisystemic disease, not merely limited to
the optic nerve. The strong and specific correlation between dif-
fusivity abnormalities and the age of these patients also supports
the hypothesis of a congenital and developmental disorder, an
issue that will require further investigation. Finally, our study
shows that DTT can evaluate white matter integrity in mitochon-
drial optic neuropathies and may yield useful surrogate biomark-
ers of disease severity and progression, to evaluate therapeutic
efficacy in these mitochondrial optic neuropathies.
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