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BACKGROUND AND PURPOSE: Often diagnosed at birth or in early childhood, mitochondrial disease
presents with a variety of clinical symptoms, particularly in organs and tissues that require high
energetic demand such as brain, heart, liver, and skeletal muscles. In a group of pediatric patients
identified as having complex | or I/Ill deficits on muscle biopsy but with white matter tissue appearing
qualitatively normal for age, we hypothesized that quantitative DTl analyses might unmask disturbance
in microstructural integrity.

MATERIALS AND METHODS: In a retrospective study, DTl and structural MR brain imaging data from 10
pediatric patients with confirmed mitochondrial disease and 10 clinical control subjects were matched
for age, sex, scanning parameters, and date of examination. Paired TBSS was performed to evaluate
differences in FA, MD, and the separate diffusion direction terms (Ar and Aa).

RESULTS: In patients with mitochondrial disease, significant widespread reductions in FA values were
shown in white matter tracts. Mean diffusivity values were significantly increased in patients, having
a sparser distribution of affected regions compared with FA. Separate diffusion maps showed signif-

CONCLUSIONS: Despite qualitatively normal-appearing white matter tissues, patients with complex
or I/l deficiency have widespread microstructural changes measurable with quantitative DTI.

icant increase in Ar and no significant changes in Aa.

ABBREVIATIONS: FA = fractional anisotropy; FSL = FMRIB software library; Aa = axial diffusivity;
Ar = radial diffusivity; MD = mean diffusivity; MELAS = mitochondrial encephalopathy, lactic
acidosis, and strokelike episodes; MNI = Montreal Neurological Institute; TBSS = tract-based

spatial statistics

M itochondrial diseases'> represent a heterogeneous
group of disorders defined by impairment of oxidative
phosphorylation. These can manifest in virtually any tissue,
often with predominant involvement of the central nervous
system. Complex I* is the most common electron transport
chain abnormality and can result in a range of clinical syn-
dromes including the following: Leber hereditary optic neu-
ropathy, MELAS, myoclonic epilepsy with ragged red fibers,
and Leigh syndrome. Typically diagnosis is based on muscle
biopsy and enzyme testing, with complex I/II often tested
together, with the results supporting complex I or I/III deficits.
The most common disorder associated with complex I/III
changes is Leigh syndrome, characterized by early childhood
onset with a severe progressive course. Bilateral lesions are
often seen in the basal ganglia, thalamus, and brain stem with
Leigh syndrome.” Patients having complex I or I/III deficits
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but not clearly defined Leigh syndrome represent a broader
phenotype that can include diffuse leukoencephalopathy,
pathologically characterized by white matter rarefaction and
cystic degeneration.®

While diffusion changes are most obviously recognized in
tissues in which lesions are present,”'" a range of studies have
shown the presence of structural changes in tissues that do not
appear qualitatively abnormal. DTI has been used to probe
tissue features in a variety of conditions, including mild trau-
matic brain injury, brain tumors, 12 multiple sclerosis, and psy-
chiatric disorders, as examples.'*"'* In mitochondrial disease,
a recent study in adults with m.3243A>G mutations that did
not meet the criteria for MELAS, except for 1 patient, demon-
strated FA changes in the occipital lobes, thalami, external
and internal capsules, brain stem, cerebellar peduncles, and
cerebellar white matter compared with matched control
subjects.'®

Because white matter lesions have been reported in patients
with complex I and I/III deficiencies, we hypothesized that
quantitative measures of diffusion might be sensitive for de-
tecting subthreshold abnormalities. To test this hypothesis, we
identified a group of patients at our center with complex I or
I/III deficiencies having qualitatively normal-appearing white
matter for age (on T1/FLAIR MR images). Results and a gen-
eral discussion of how DTI parameters may be more effectively
used in routine clinical work are the focus of this report.



Patients with complex | or I/lll: clinical and biochemical features

ETC Activity
Patient Age (yr) Complex | Citrate Synthase Abnormal Labs Clinical MRI Findings
1 13 15% 96% None DD, S, GI-C, H, M, ADHD Normal
2 13 16.7% 111% UOA DD, S, FTT, Micro, A, GI-C Micro
3 7 25% 100% UOA, Lac DD, M, GI-C, H Normal
4 3 11.7% 140% UOA DD, H, M, GI-C Normal
5 4% 94% CSF DD, S, F1T, GI-C, M, H Mild cerebral volume loss
6 8 5% <5%? None HA, M, OP Normal
7 13 0% 100% None DD, M, GI, H, OP Normal
8 4 8% 130% UOA, Lac-B H,DD, S, GI, M Normal
9 2 15% 179% UOA DD, M, GI-C, GI, H Normal
10 5 0% 84% None DD, FTT, GI, M Mild cerebral and cerebellar volume loss

Note:—ETC indicates electron chain transfer; UOA, urine organic acids; Lac, lactic academia; Lac-B, lactate peak on MRS; CSF, elevated cerebral spinal fluid protein; OP, ophthalmologic
abnormality; DD, developmental delay; S, seizures; FTT, failure to thrive; M, muscle weakness/endurance problems; Gl, gastrointestinal dysmotility; GI-C, severe constipation; H, hypotonia;

Micro, microcephaly; A, autism spectrum disorder; ADHD, attention deficit/hyperactivity disorder; HA = migraine headache.

@ Complex Il was 100% in this patient.

Materials and Methods

Subjects

Ten patients with mitochondrial disease (6.7 = 4.9 years, 6 girls/4
boys) were evaluated. Clinical features are shown in the Table. None
of our patients had a known mitochondrial syndrome, including spe-
cifically MELAS, myoclonic epilepsy with ragged red fibers, Leigh
syndrome, or Alpers syndrome, based on clinical and biochemical
criteria. The complex I activity was <20% compared with control
values and together with the clinical presentation and biochemical

findings would meet the criteria of Bernier et al'”

for having mito-
chondrial disease. These patients could be classified as having multi-
systemic mitochondrial disease.

All patients had white matter maturation in the normal range for
age, as reviewed by 2 pediatric neuroradiologists. Clinical control sub-
jects all had scan findings read by radiologists as normal, spanning a
number of reasons for examinations (6 headache, 1 vertigo, 1 with
episode of generalized tonic-clonic seizure, 1 CSF flow query [normal
scan findings], 1 ataxia). These patients were matched with those with
mitochondrial disease in terms of sex (6 girls/4 boys) and age (within
5.8 = 6.6 months). The 3 patients younger than 3 years of age were
age-matched to controls within 7 weeks of the same age. Patient and
control MR imaging data were also matched by the historical date of
scanning (within 2.8 * 4.3 months), to minimize any variability in
scanner performance with time, and field strength (3T, n = 9; 1.5T,
n = 1) by using the radiology unified worklist and search tool zVision
(http://www.clariomedical.com). Retrospective institutional review
board approval was obtained by the Seattle Children’s Hospital for
inclusion of all participants in this report.

MR Imaging Data Acquisition

Imaging was performed on Trio and Allegra magnets (Siemens, Er-
langen, Germany) by using phased array coils. Standard clinical im-
aging included a high-resolution sagittal T1 magnetization-prepared
rapid acquisition of gradient echo, axial T2, axial FLAIR, and coronal
T2 scans. DTT used a single-shot echo-planar imaging sequence, with
imaging parameters varying slightly depending on the scanner used:
TE, 92-96 ms; TR, shortest possible; FOV, 230 mm; number of signal
intensity-intensity averages, 2—4. The b-values for diffusion-weight-
ing were 0, 1000 s/mm?, with 10 gradient-encoding directions. Data
were obtained with a matrix size of 128 X 128 and 1.8 X 1.8 mm
in-plane resolution. Section thickness was 3.5 mm, with 40 sections

covering the entire brain.

Analysis
FSL was used for DTI data processing (Version 4.1; FMRIB, Oxford,
UK, http://www.fmrib.ox.ac.uk/fsl). TBSS (http://www.fmrib.ox.
ac.uk/fsl/tbss/) was used to perform voxelwise statistical analysis.'®
First, a tensor model fitted to the raw diffusion data created FA im-
ages, followed by brain extraction by using the Brain Extraction Tool
in FSL."” Nonlinear registration was used to align all subjects’ FA data
into a common space. Each subject’s aligned data were then projected
onto the MNI template image, and voxelwise cross-subject statistics
was applied to the resulting data. Maps generated and analyzed were
FA, MD, Ar, and \a.?°

Paired t tests between patient and control groups were performed
with voxelwise analyses and the FSL tool Randomize (http://www.fm-
rib.ox.ac.uk/fsl/randomize/). This method implements permutation-
based inference. Multiple comparison correction was performed by
using the threshold-free cluster enhancement option, which is recom-
mended for TBSS data.

Results

A descriptive comparison of average FA for mitochondrial dis-
ease and control subjects is shown in Fig 1. Quantitative com-
parison for TBSS analyses demonstrated widespread statisti-
cally significant differences in FA (P < .05, corrected for
multiple comparisons), for which values were lower in pa-
tients with complex I or I/III compared with control subjects
(Fig 2, top row). Specifically, bilateral regions affected in-
cluded the superior and inferior longitudinal fasciculi; inferior
fronto-occipital fasciculus; anterior, superior, and posterior
corona radiatae; anterior and posterior thalamic radiations;
corpus callosum; external and internal capsules; corticospinal
tracts; mesencephalon; pons; medulla oblongata; superior,
middle, and inferior cerebellar peduncles; and cerebellar white
matter. No regions demonstrated elevated FA in the complex I
or I/III group compared with clinical controls.

Group MD analyses are shown in the second row of Fig 2.
Consistent increases were observed in patients with complex I
or I/IIT compared with controls; no region demonstrated de-
creased MD. Maps were generally less attenuated in statistical
differences than FA, predominantly in the posterior cere-
brum, with most affected regions being the superior and infe-
rior longitudinal fasciculi; inferior fronto-occipital fasciculus;
anterior, superior, and posterior corona radiatae; anterior and
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Mitochondrial Disease

Fig 1. Group mean FA value maps for patients with mitochondrial disease and clinical controls. Individual patient FA maps were coregistered to standard space by using the TBSS technique
and averaged. The first row shows the group mean FA map for patients with mitochondrial disease complex | or I/Ill. The second row shows the group mean FA maps for age-matched
controls. Even though qualitative analysis of DTl scans (ie, FA, MD, color FA maps, and so forth) showed normal patterns, quantitative analysis revealed widespread reduction in FA values
in patients with mitochondrial disease. Values shown were color-coded to highlight subtle differences that may be more difficult to distinguish on gray-scale images.

posterior thalamic radiations; corpus callosum; external and
internal capsules; and corticospinal tracts.

Evaluation of radial and axial terms (Fig 2, rows 3 and 4)
demonstrated that radial changes are the primary term re-
sponsible for the above-noted changes.

Discussion
White matter abnormalities are seen on imaging with some
types of mitochondrial disease, including complex I/III,
pathologically characterized by sponginess, deficient myelin
formation, myelin loss, abundant presence of lipid-laden mac-
rophages, marked capillary proliferation, prominent gliosis,
and eventually also axonal loss. Our purpose was to investigate
whether quantitative DTI parameters would detect structural
alterations in subjects with complex I/III who did not demon-
strate white matter abnormalities on standard MR imaging
Comparing 10 patients with complex I or I/III abnormali-
ties with clinical controls, we demonstrated consistent FA re-
ductions and MD increases in white matter by using TBSS
methods. Differences in radial diffusion likely account for
most of the explanatory variance, with the caveat that substan-
tial methodologic confounds preclude unambiguous map in-
terpretation.”® Nonetheless, these consistent changes in FA
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support the finding that TBSS methods, compared with paired
or population comparison groups, have utility for detecting
abnormalities in white matter that can go undetected on qual-
itative evaluation. Future work pursuing multimodal diffu-
sion and cellular measures such as magnetization transfer®' or
cross-relaxation imaging®* will be instructive in probing what
structural differences in myelin or cell membranes underlie
the differences described herein.

Our results overlap somewhat with the previous study by
Virtanen et al,'® which demonstrated widespread FA altera-
tions in a group of patients characterized by m.3243A>G mu-
tations, characteristic of MELAS. Most interesting, in that
study of adults, group differences were more striking in the
posterior and caudal parts of the brain, without MD changes.
In our sample, the changes observed were more diffuse and
inclusive of MD effects. This may relate to specific complex I
or I/III white matter changes or the additional effects of devel-
opmental alterations. Further work will be helpful in evaluat-
ing the evolution and pattern of changes within other and
larger cohorts of patients with mitochondrial disease, in hopes
of evaluating concordance in the patterns of observed changes.
These results demonstrate the benefit of having quantitative
comparisons between age- and sex-matched subjects and,



Fig 2. Results of TBSS analysis revealed significant differences between the mitochondrial disease and control groups. The figure shows the results of TBSS analysis of DTI parameters
(FA, MD, Ar, and Aa) of patients with mitochondrial disease compared with controls (see “Materials and Methods”). Shown in green is the mean FA skeleton, which represents the centers
of main white matter tracts. Overlaid on the skeleton are the results of statistical analysis (P < .05). Red and yellow represent a significant increase; blue and light blue represent a
significant decrease in corresponding DTI parameters. Patients with mitochondrial disease demonstrate widespread decrease in FA and widespread increase in MD and Ar, while Aa remains
unchanged. Axial sections corresponding to MNI coordinates Z = —30, —15, 0, +15, +30 are shown.

considering the differences not just in group but also in case-
to-control comparisons, suggest the potential for clinical util-
ity. Future studies should include comparison with cohorts
with leukodystrophies, amino acid disorders, and other bio-
chemical and neurogenetic disorders known to disrupt white
matter. Comparison with acquired white matter pathology
such as periventricular leukomalacia and traumatic brain in-
jury should also be included. This will be important to deter-
mine the specificity and sensitivity of this approach and to
define the age-dependent patterns observed in these disorders.

This study has 3 main limitations. The first is the retrospec-
tive design and potential selection bias. The second is the small
number of patients and controls; however, worth mentioning
is the role of nonparametric statistical testing used by FSL. The
methods used are more robust for small subject numbers than
comparable parametric tests; this consideration is further
aided by the paired design of the study.?® The third limitation
is that the controls were obtained from clinically scanned pa-
tients and, therefore, potentially differ from healthy popula-

tion controls. Despite being screened for known white matter
disorders, the clinical controls may represent a collection of
different pathologies, variably expressed. However, this addi-
tional variability in the control group is a benefit toward con-
servatively detecting disease-specific changes. The pairing of
samples was necessary to optimize our retrospective experi-
mental design; future studies attempting to more widely im-
plement this method would benefit from collected cohorts
arranged in age-specific databases that would allow some eval-
uation of normalcy on a case-by-case basis. Because these
methods may be automated in a research environment, the
ability to integrate such measures into the clinical workflow
would seem achievable.

Conclusions

Consistent changes in white matter diffusion were observed
in a cohort of patients with mitochondrial disease related to
complex I or I/III alterations without overt abnormalities on
standard MR imaging. Whether DTI changes represent ana-
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tomic regions vulnerable to lesion development with time
should be evaluated longitudinally, as well as the potential for
these types of methods to provide additional information in
understanding the disease processes involved.
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