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Abstract

Background and aim—Friedreich's ataxia (FRDA) and ataxia with oculomotor apraxia type 2
(AOAZ2) are the two most frequent forms of autosomal recessive cerebellar ataxias. However,
brain metabolism in these disorders is poorly characterized and biomarkers of the disease
progression are lacking. We aimed at assessing the neurochemical profile of the pons, the
cerebellar hemisphere and the vermis in patients with FRDA and AOA2 to identify potential
biomarkers of these diseases.
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Section. Disease-related Neuroscience

Research highlights
IH MR Spectroscopy in Friedreich's Ataxia and Ataxia with Oculomotor Apraxia Type 2

. Friedreich's ataxia (FRDA) and ataxia with oculomotor apraxia type 2 (AOAZ2) are the two most frequent forms of
autosomal recessive cerebellar ataxias

. Biomarkers of the disease progression are lacking

. (1H) magnetic resonance spectroscopy (MRS) was used to assess the neurochemical profile of the pons, the cerebellar
hemisphere and the vermis in patients with FRDA and AOA2 to identify potential biomarkers of these diseases

. Distinct neurochemical patterns were observed in the two patient populations
. In AOA2, total N-acetylaspartate levels in the cerebellum strongly correlated with the FARS score (p < 0.01)

. Studies with larger patient populations will determine if the alterations in metabolite levels observed here may be utilized
to monitor disease progression and treatment
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Methods—Short-echo, single voxel proton (1H) magnetic resonance spectroscopy data were
acquired from 8 volunteers with FRDA, 9 volunteers with AOAZ2, and 38 control volunteers at 4T.
Disease severity was assessed by the Friedreich's Ataxia Rating Scale (FARS).

Results—Neuronal loss/dysfunction was indicated in the cerebellar vermis and hemispheres in
both diseases by lower total N-acetylaspartate levels than controls. The putative gliosis marker
myo-inositol was higher than controls in the vermis and pons in AOA2 and in the vermis in
FRDA. Total creatine, another potential gliosis marker, was higher in the cerebellar hemispheres
in FRDA relative to controls. Higher glutamine in FRDA and lower glutamate in AOA2 than
controls were observed in the vermis, indicating different mechanisms possibly leading to altered
glutamatergic neurotransmission. In AOA2, total N-acetylaspartate levels in the cerebellum
strongly correlated with the FARS score (p < 0.01).

Conclusion—Distinct neurochemical patterns were observed in the two patient populations,
warranting further studies with larger patient populations to determine if the alterations in
metabolite levels observed here may be utilized to monitor disease progression and treatment.
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1. Introduction

Autosomal recessive cerebellar ataxias (ARCAs) are a genetically and clinically
heterogeneous group of neurodegenerative diseases. The most common ARCA in the Indo-
European population is Friedreich's ataxia (FRDA) (Anheim et al. 2009a, Campuzano et al.
1996), and recent epidemiological studies indicate that ataxia with oculomotor apraxia type
2 (AOA2) is the second most frequent ARCA identified so far (Anheim et al. 2009a, Le Ber
et al. 2004). Clinically, AOA2 bears some resemblance to FRDA (age of onset, cerebellar
signs, peripheral neuropathy), leading to misdiagnosis in AOA2; however, these diseases
belong to different categories of ataxias based on the function of the affected protein.
Friedreich's ataxia is considered a progressive, metabolic ataxia, whereas AOA2 belongs to
the group of ataxias that result from defects in the DNA repair machinery (Palau et al.
2006).

In FRDA, the gene coding for frataxin is affected (Campuzano et al. 1996). Although its
exact function is still unknown, frataxin is involved in iron homeostasis (Calabrese et al.
2005, Lodi et al. 2006, Pandolfo et al. 2009). In patients, a GAA repeat expansion results in
decreased protein transcription (Campuzano et al. 1996), which leads to excessive reactive
oxygen species production, altered mitochondrial respiratory chain function and iron
deposition in cardiac, muscular, spinal and cerebral tissue (Bradley et al. 2000, Calabrese et
al. 2005, Koeppen et al. 2007). In particular, the increase in reactive oxygen and nitrogen
species and the altered energy balance due to mitochondrial dysfunction are thought to lead
to neuronal death (Calabrese et al. 2005, Lodi et al. 2006, Voncken et al. 2004). In the
central nervous system, FRDA is characterized by the degeneration of large sensory neurons
in the dorsal root ganglia, followed by degeneration of sensory posterior columns,
spinocerebellar tracts, corticospinal motor tracts and atrophy of the large sensory fibers in
peripheral nerves. In the brain, the dentate nucleus is largely affected and exhibits grumose
degeneration and neuronal loss (Koeppen et al. 2007). Imaging studies reveal mild vermian
atrophy in advanced stages of the disease (Ormerod et al. 1994). Olivopontocerebellar
structures seem unaffected (Anheim et al. 2009a, Mascalchi et al. 2002, Ormerod et al.
1994), although alterations of the pons, medulla and inferomedial portions of the cerebellar
hemispheres have been observed in some cases (Della Nave et al. 2004, Della Nave et al.
2008, Guerrini et al. 2009, Oppenheimer 1979, Pagani et al. 2010).

Brain Res. Author manuscript; available in PMC 2011 October 28.
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AOA2 was recently shown to result from mutations in the senataxin gene (Asaka et al. 2006,
Duquette et al. 2005, Moreira et al. 2004), likely causing a loss of function of the senataxin
protein. Senataxin is thought to be involved in double strand break DNA repair and response
to oxidative stress but also in transcription regulation via exon splicing (Airoldi et al. 2009,
Suraweera et al. 2007, Suraweera et al. 2009). Patients with AOA2 have elevated o-
fetoprotein (AFP) levels, a tumor marker (Anheim et al. 2009b, Le Ber et al. 2005), but
without increased occurrence of cancer as observed in ataxiatelangiectesia. Oculomotor
apraxia is not a systematic finding and appears to be present in about 50% of patients
(Anheim et al. 2009b). Peripheral neuropathy has also been described in this disease (Asaka
et al. 2006, Criscuolo et al. 2006, Gazulla et al. 2009, Le Ber et al. 2004, Le Ber et al. 2005,
Tazir et al. 2009). In the brain, imaging studies revealed extensive vermian atrophy (Anheim
et al. 2009a, Bernard et al. 2008, Le Ber et al. 2004, Nicolaou et al. 2008, Schols et al. 2008)
which is stable shortly after the onset of the disease (Anheim et al. 2009a). Criscuolo et al.
reported extensive Purkinje cell loss and mild fibrous gliosis in the cerebellar cortex, more
severely in the vermis compared to the hemispheres (Criscuolo et al. 2006). The same
authors reported a slight reduction in the size of the brain stem and spinal cord, and a lower
number of neurons in the dentate nuclei.

Little is known about the metabolic status of the brain in both FRDA and AOA2. High

field 'H magnetic resonance spectroscopy (H-MRS) is a powerful tool for the non-invasive
characterization of biochemical alterations in the brain because it enables the measurement
of neurochemical profiles of 10-15 metabolites in localized brain regions in humans (Oz et
al. 2010a, Tk&c et al. 2009). Few MRS studies of FRDA have been published to date
(Franca et al. 2009, Guerrini et al. 2009, Mascalchi et al. 2002, Viau et al. 2005), reporting
metabolite ratios (NAA/creatine, choline/creatine, myo-inositol/creatine, glutamate
+glutamine/creatine), while AOA2 has not been studied by MRS so far. Neurochemical
levels measured by MRS in ARCAs can provide insights into the disease processes and
could potentially provide non-invasive biomarkers of disease progression. Our goal was
therefore to measure the neurochemical profiles of the pons, cerebellar hemisphere
(encompassing the dentate nucleus), and vermis in patients with FRDA or AOAZ2 in order to
identify disease biomarkers. We used single-voxel, short-echo time MRS at 4T to measure
metabolite levels in the brain and investigated their correlation with scores on a validated
ataxia rating scale (Fahey et al. 2007, Subramony et al. 2005). In addition, cerebrospinal
fluid (CSF) was collected from a subset of the volunteers and F,-isoprostanes were
measured as an independent marker of oxidative stress (Greco et al. 2000).

Patient demographics and CSF data

Atrophy

Table 1 shows the patient demographics. The FARS score ranged from 34 to 109 in patients
with FRDA, and from 44 to 75 in patients with AOA2. Mean FARS scores of the two
patient groups were comparable and significantly higher than controls as expected. F,-
isoprostane levels in CSF were comparable between patients and controls. In both groups of
patients, CSF glucose concentration was higher than their respective control groups, while
lactate levels were comparable between the groups. In controls, lactate concentration
correlated with age (r2=0.8, p=0.00001).

Figure 1 illustrates the sagittal and coronal T,-weighted images acquired in a control, a
patient with FRDA and a patient with AOAZ2. In patients with FRDA, the spinal cord was
visibly atrophied. The cerebellar cortical structures appeared intact on MRI, but mild
atrophy was indicated by the CSF content in the vermis voxel (table 1). The pons was
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spared. In patients with AOAZ2, the entire cerebellum was visibly affected and characterized
by severe atrophy confirmed by CSF content measurements (table 1). Pons did not show any
detectable atrophy.

Metabolite analysis

Typical spectra acquired in controls, patients with FRDA and patients with AOA2 are
shown in Figure 2. Note that each brain region is characterized by a distinct spectral pattern.
Some neurochemical differences were visible in individual spectra from patients with
AOAZ2, in the vermis and the cerebellar hemispheres, notably the N-acetylaspartate (NAA,
2.01 ppm), myo-inositol (myo-Ins, 3.5 and 3.6 ppm) and glutamate (Glu, 2.1 ppm) peaks.

Figure 3 shows the metabolite concentrations that exhibited a significant difference or a
trend for a difference in one or both patient groups relative to controls (for all metabolite
concentrations, see table 2). In the vermis, the total concentration of N-acetylaspartate and
N-acetylaspartylglutamate (tNAA) was lower in both the FRDA and AOA2 groups (by 11
and 17%, p=0.03 and 0.004, respectively) compared to their control groups. Myo-inositol
concentration was significantly higher in both patient groups than controls (FRDA, +16%, p
=0.003 and AOA2, +19%, p = 0.004). The glutamate-to-glutamine ratio (Glu/GIn) was
lower than controls in both pathologies (p = 0.03 for AOA2, p = 0.007 for FRDA), but due
to higher glutamine concentration in FRDA (p = 0.01) and lower glutamate in AOA2 (p =
0.001).

The patients with FRDA showed subtle alterations in the cerebellar hemispheres. A trend in
lower tNAA concentration (-8%, p = 0.05) and a higher creatine + phosphocreatine
concentration (tCr, +14%, p = 0.02) resulted in a lower tNAA / tCr ratio compared to
controls (p = 0.002). Pons was spared in FRDA, although trends for higher myo-Ins (p =
0.05) and glutathione (GSH, p = 0.07) and slightly lower tNAA (p = 0.05) concentrations
were observed, resulting in significantly higher GSH / tNAA ratio (p = 0.019). In the
cerebellar hemisphere myo-Ins / tNAA ratio was higher (p = 0.01).

In patients with AOAZ2, the cerebellar hemisphere showed unequivocally lower tNAA (p <
0.0001) than controls. No other metabolites were affected. In the pons, the myo-Ins content
was significantly higher than in controls (p = 0.02), along with a trend for lower tNAA (p =
0.05), resulting in a significantly lower tNAA / tCr (p = 0.016) and higher myo-Ins / tNAA
(p = 0.0002) ratios.

Correlations of metabolite levels

In the FRDA group, no correlation was observed between any metabolites and the number
of GAA repeats, the FARS score or the disease duration. However, a significant correlation
between Glu and tNAA concentrations was observed in the vermis (r2 = 0.63, p = 0.018.
Fig. 4a).

In the AOA2 group, a correlation between myo-Ins and tCr was remarkably strong in the
cerebellar hemisphere (r2=0.98, p < 0.0001), indicating that myo-Ins and tCr are likely
involved in a common pathway (Fig. 4b). In both cerebellar regions, tNAA concentration
correlated with the FARS score (Fig. 4c). In the cerebellar hemisphere, tNAA also
correlated with the disease duration (not shown), although a multivariate analysis, on a
greater number of patients, would be necessary to evaluate the separate contributions of each
factor to the tNAA concentration.

Brain Res. Author manuscript; available in PMC 2011 October 28.
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3. Discussion

CSF data

In this work, we report the neurochemical profiles of the cerebellum and pons in the two
most frequent forms of recessive cerebellar ataxias, FRDA and AOAZ2. Patients with AOA2
showed more severe structural and neurochemical alterations in the cerebellum and the pons
than patients with FRDA. However, despite striking anatomical differences, some of the
metabolic alterations observed here were similar between the two populations: lower tNAA,
trends or confirmed higher tCr and myo-inositol in the cerebellar regions, with these defects
being overall more severe in AOA2 than in FRDA. Also in the vermis, both groups of
patients exhibited a lower Glu/GIn compared to their respective controls, but interestingly
this resulted from different effects: higher GIn in FRDA and lower Glu in AOAZ2. In both
diseases, the pons was less affected or spared compared to the cerebellum.

Fo-isoprostane levels in CSF were comparable between patients and controls, for both
FRDA and AOAZ2 patients. Similarly, Myers et al. showed that urinary Fo-isoprostanes in
patients with FRDA are not different from controls and concluded that these are not a useful
biomarker for FRDA (Myers et al. 2008). The results we obtained in three patients with
FRDA are consistent with this observation. Our results also indicate that CSF F,-
isoprostanes are likely not a useful marker for AOAZ2 either although this remains to be
confirmed in a higher number of patients.

In both groups of patients, CSF glucose concentration was higher than their respective
control groups. Patients with FRDA are prone to diabetes and insulin resistance. Diabetes
mellitus was an exclusion criterion in this study; a higher glucose level may then reflect
insulin resistance in the three patients from whom CSF was collected. However, this
preliminary result (N=3) needs to be confirmed with a higher number of patients. In AOA2,
there has been no report on blood or CSF glucose in patients so far. Further investigations
are needed to determine the origin of this elevated glucose level.

CSF lactate levels were comparable between the groups. Interestingly, we observed a
correlation between lactate concentration and age in controls, confirming a previous
observation (Yesavage et al. 1982).

Neurochemical Alterations in FRDA

In patients with FRDA, we report a lower tNAA in both the cerebellar hemispheres and
vermis; a higher glutamine level in the vermis; a higher tCr concentration in the cerebellar
hemisphere; and subtle trends for differences in the pons. These neurochemical differences
were present despite the apparent structural integrity of the cerebellum in the voxel (Fig. 1)
and demonstrate the advantage of assessing biochemical differences by MRS in the absence
of differences detectable by conventional MRI. Our results are consistent with previous
findings reporting a lower tNAA / tCr in the cerebellum and white matter (Franca et al.
2009,Guerrini et al. 2009,Mascalchi et al. 2002). Here, we show that the difference in the
ratio is due to both lower tNAA and higher tCr levels. We were also able to detect
differences in myo-Ins and GIn since these metabolites are detectable at high field. At
variance with our study, Viau et al. reported in the vermis of 4 patients a lower tCho
concentration and Guerrini et al. reported a higher tCr also in the vermis (Guerrini et al.
2009,Viau et al. 2005). A relatively small number of patients at various stages of the disease
with different severity and technical differences (location of the voxel, quantification
method) might account for such variations. This emphasizes the need for multi-center
studies with technical consistency across institutions. Finally, in the pons, only trends were
observed in higher myo-Ins and GSH and lower tNAA, resulting in significant differences in
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their ratios compared to controls. Such subtle changes may reflect the loss of gray matter
volume in the dorsal pons (Franca et al. 2009) and the degeneration of the superior
cerebellar peduncles (Oppenheimer 1979) contained in the voxel.

Neurochemical Alterations in AOA2

In patients with AOA2, we report 1H-MRS data in the brain for the first time. Changes
observed in the cerebellum of these patients were similar to, albeit more severe than those in
FRDA. The tNAA concentration is lower in both cerebellar regions and could be accounted
for by loss of Purkinje cells (Criscuolo et al. 2006). We also observe higher myo-Ins than
controls, consistent with the mild fibrous gliosis observed in the cerebellum (Criscuolo et al.
2006). The strong correlation between the tCr and myo-Ins concentrations in the cerebellar
hemispheres in AOA2 (but not in control nor FRDA) supports an involvement of these
metabolites in the same pathological pathway. Since tCr and myo-Ins may be markers of
gliosis (Brand et al. 1993, Pouwels et al. 1998b, Vrenken et al. 2005), it is tempting to
hypothesize that this common pathway is related to the gliotic process. However, this
correlation was not observed in the vermis, where myo-Ins is significantly higher and gliosis
is more severe (Criscuolo et al. 2006). Another mechanism may therefore account for this
correlation. Interestingly, in the vermis, Glu/GIn was lower as in FRDA, but due to a lower
glutamate level in this pathology. Finally, in the pons, we observed a higher myo-Ins level,
along with trends for higher tCr and lower tNAA. To our knowledge, there is no histological
report in the pons; however, the brainstem and spinal cord are slightly reduced in size
(Asaka et al. 2006, Criscuolo et al. 2006), indicative of alterations in the tissue. Our results
suggest a possible neuronal dysfunction (lower tNAA), disturbances in the homeostasis and
metabolism of this structure and gliosis (higher myo-Ins and tCr). Further analyses with
larger sample sizes are needed to confirm these results.

Glutamine and glutamate

In both pathologies, a lower Glu/GIn was observed in the vermis. However, this difference is
due to higher glutamine in FRDA and lower glutamate in AOA2. Glutamate and glutamine
are involved in the glutamatergic neurotransmission cycle. Glutamine is mainly found in
astrocytes, while the glutamate pool is primarily localized in neurons (Hertz 2004). The
higher glutamine could be due to gliosis in the vermis that has been reported in this region in
FRDA (Oppenheimer 1979), consistent with the higher myo-Ins level observed in the same
region. However, patients with AOA2 also exhibited a higher myo-Ins level in the vermis
where gliosis has been reported (Criscuolo et al. 2006), and yet their vermian glutamine
levels were comparable to controls. Attributing the higher glutamine, and/or the higher myo-
Ins solely to a gliotic process might therefore be simplistic and these higher levels may also
reflect impaired glutamatergic neurotransmission and/or altered mechanisms involving
homeostasis. On the other hand, glutamate was low in the vermis of patients with AOA2.
The major source of glutamate in the cerebellar cortex is granular neurons (Somogyi et al.
1986), which may degenerate with long-standing loss of Purkinje cells. That may be
happening in the vermis first where atrophy is extensive, as lower tNAA is not accompanied
by lower glutamate in the relatively less affected cerebellar hemisphere of the same patients.
Supporting this hypothesis, a recent longitudinal study in mice with another form of ataxia
reported a decrease in tNAA first, followed by a decrease in glutamate, suggesting that
neuronal dysfunction must be more advanced before glutamate levels drop (Oz et al. 2010b).
This sequence of events would be consistent with the drastic atrophy observed in the vermis
of patients with AOAZ2. These results suggest that gliosis in FRDA and neuronal loss in
AOAZ2 cannot account solely for the observations on glutamine and glutamate levels. It is
interesting however that the vermian neurotransmission is likely affected in both pathologies
but in different ways.

Brain Res. Author manuscript; available in PMC 2011 October 28.
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tNAA, a biomarker for neuronal dysfunction

Limitations

In both pathologies, tNAA concentration was lower than controls in the cerebellum.
Although its role is still under investigation, tNAA has been validated as a marker of
neuronal viability and function (Clark 1998, Demougeot et al. 2001). Its concentration is
variable in different regions of the brain but generally higher in white matter (WM) than in
gray matter (GM) (Pouwels et al. 1998a). Therefore it is possible that a lower tNAA level
may merely reflect a lower WM-to-GM ratio in the VOI. Because we studied VOI with the
same dimensions in patients and controls, the cerebellar hemisphere VOI may have a lower
WM-to-GM ratio in patients than controls due to WM loss (it is unlikely that the WM-to-
GM ratio was different in patients in the other two VOI because atrophy results in a higher
CSF content in vermis, rather than a different WM content, and we did not observe any
indication for atrophy in the pons). However, our data in controls indicates similar tNAA
levels in cerebellar GM (vermis) and WM (cerebellar hemispheres) (Fig. 3), therefore lower
tNAA levels cannot be simply explained by a change in VOI composition. This argues in
favor of tNAA as a functional marker of the tissue in these pathologies rather than a
structural marker of gray and white matter volumes.

In addition, in AOA2, tNAA correlated with the FARS score in both cerebellar regions.
Note that all concentrations were corrected for CSF content, and therefore do not merely
reflect the degree of atrophy of the tissue. The tNAA-FARS correlation is particularly
significant because atrophy appears not progressive on conventional MRI after disease onset
in AOA2 (Anheim et al. 2009b). On the other hand, this correlation implies progressive cell
loss/dysfunction after symptom onset. As such, the tNAA concentration in the cerebellum
might provide a valuable biomarker for disease progression for which conventional MRI
appears insufficient. We recently demonstrated that NAA, myo-Ins and Glu are markers of
progressive cerebellar neurodegeneration in an ataxia mouse model (Oz et al. 2010b) and
expect to observe similar progressive changes in MRS markers in future longitudinal studies
with patients. While we did not observe a correlation of MRS markers with clinical
measures in FRDA, future studies with larger sample sizes might reveal weak correlations
that could not be detected in the current cross-sectional study.

Future studies will require several improvements. First, a higher number of participants with
FRDA and AOA2 will be necessary to define more precisely the changes characteristic of
these diseases. Second, longitudinal studies are necessary to establish potential biomarkers
of disease progression. Third, as high field magnets are spreading worldwide, studies at even
higher fields (i.e. 7T) might unravel differences in a greater number of metabolites, hence
potential biomarkers, with greater accuracy (Tkac et al. 2009). While 4T scanners are not
widely available, most of the results obtained in the current study are expected to be
applicable to 3T scanners that are now available at almost all major universities, clinical
centers and even some hospitals.

In conclusion, here we report neurochemical profiles of the cerebellum and brainstem of
patients affected by the two most frequent forms of autosomal recessive ataxias. To our
knowledge, we show for the first time 1H spectra acquired in patients with AOA2. Multiple
neurochemical differences in each disease and a potential biomarker for disease progression
in AOAZ2 were identified.

Brain Res. Author manuscript; available in PMC 2011 October 28.
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4. Experimental Procedure

Patients and Control Participants

MRS

Thirty-seven healthy volunteers (19 M / 18 F, mean age + SD: 32 + 12 years, range 19 - 61),
8 volunteers with FRDA (5 F /3 M, 27 £ 9 years, range 15 - 41) and 9 volunteers with
AOA2 (5F /4 M, 37 + 9, range 26 - 53) participated in the study after giving written
informed consent using procedures approved by the Institutional Review Board: Human
Subjects Committee of University of Minnesota. FRDA and AOA2 diagnoses were
confirmed by genetic testing, except for one AOA2 patient, where the genetic testing of a
sibling confirmed the AOAZ2 diagnosis. The mutations identified in patients with AOA2
were the following: A1304G, A2975G and A6590G; 5264delC, A1945P and T4755G (Fogel
et al. 2006); M2230T and AT insertion 2747-2748; 4 base pair (bp) deletion (GAGA)
5308-5311 and 2 bp deletion (CA) 6729-6730; C7103G (homozygous); and T5927G
(Duquette et al. 2005). Ataxia severity was assessed using the FARS composite scores
(Subramony et al. 2005). Briefly, FARS assesses bulbar, upper limb, lower limb, peripheral
nerve, and upright stability/gait functions (maximum scores of 11, 36, 16, 26, and 28,
respectively; maximum deficit composite score 117). Patients with Harrington rods were
excluded as a magnet safety precaution. To avoid confounding factors that could influence
metabolite levels, smoking and diabetes were exclusion criteria, and patients were asked to
hold any antioxidant supplements for 3 weeks prior to the study because putative oxidative
stress markers were assessed in the study. A subset of the volunteers underwent a lumbar
puncture via the L3-4 intervertebral space under local anesthesia for CSF sample collection.
Routine analyses for glucose and lactate were performed in these samples. For Fy-
isoprostanes measurement, CSF was centrifuged to remove cells and the supernatant was
frozen in aliquots at -80°C. A negative ion chemical ionization GC/MS based method was
then used to determine Fy-isoprostane levels (Gross et al. 2005, Morrow et al. 1999). The
study was performed according to the guidelines of the Declaration of Helsinki 1975.

All studies were performed with a 4 tesla magnet (Oxford Magnet Technology, Oxford, UK)
with an INOVA console (Varian, Palo Alto, CA) and a TEM volume coil (Vaughan et al.
1994). Volume-of-interest (VOI) placement was based on sagittal and coronal multi-slice
fast spin echo images. Spectra from vermis (1x2.5x2.5 cm3), cerebellar hemispheres
(1.7x1.7x1.7 cm3) and pons (1.6x1.6x1.6 cm3) were acquired with a stimulated-echo
acquisition mode (STEAM) sequence (echo time TE =5 ms, mixing time TM =42 ms,
repetition time TR = 4.5 s, 128 averages) as detailed previously (Oz et al. 2010a, Oz et al.
2005). MR sessions lasted for 1 hour to 1 hour 15 minutes. Four-scan averages were
corrected for By, eddy current effects and summed. MRS data were collected in all three
regions in patients with FRDA. For one patient with AOA2, data in the pons and the
cerebellar hemisphere were discarded due to subject movement. In two other volunteers with
AOAZ2, data in the vermis were discarded due to lipid contamination.

CSF content in the voxels was measured as an index of atrophy and for determination of
metabolite concentrations in the tissue (Oz et al. 2010a). For this, unsuppressed water
spectra were acquired at different TE values (5 to 5000 ms, with TR = 15 s for fully relaxed
condition) and the integrals of the signals were fitted with a biexponential decay function
(Ernst et al. 1993). To estimate tissue metabolite levels, CSF concentrations of all
metabolites, except glucose and lactate, were assumed 0 (Kruse et al. 1985).

Spectral Quantitation

Metabolites were quantified using the LCModel (Linear Combination of Model spectra)
method (Provencher 1993), as described before (Oz et al. 2010a, Oz et al. 2005). Briefly, the
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contribution of each metabolite to the spectra was estimated using frequency domain
analysis. For this, model spectra of 19 metabolites (Oz et al. 2010a) were simulated based on
previously reported chemical shifts and coupling constants (Govindaraju et al. 2000, Tkag¢
2008). Macromolecule spectra were acquired using an inversion recovery sequence (TR =2
s, inversion time = 0.675 s). The unsuppressed water signal was used as a quantitation
reference assuming a water content of 72% for cerebellar hemispheres (primarily white
matter) and 82% for vermis and pons (Siegel et al. 1999). Only results with Cramér-Rao
lower bounds (CRLB) < 50% were included in the analysis and only those metabolites with
CRLB < 50% in at least half of the spectra were included in the neurochemical profile of
each region. If the correlation coefficient between two metabolites was consistently high
(correlation coefficient < -0.5), their sum was reported, e.g. tNAA, tCr, tCho, Glc + Tau.
Using these criteria, 10 metabolites were quantified in the pons, 11 in the cerebellar
hemispheres and 15 in the vermis.

Statistical analysis

Patients with FRDA and those with AOA2 were different in age. Therefore, frequency
matching on age was used and resulted in selecting controls ages 21-64 years for the AOA2
group and controls ages <45 years for the FRDA group. This resulted in two control groups,
one for the FRDA and one for the AOA2 group. MRS data for each patient group vs. its
control group were compared using ANCOVA, adjusting for age and gender, for each
neurochemical concentration in each region separately. Secondary analyses using a linear
mixed model to account for the potential correlation across regions within person were not
different from results shown here. Because of a few outliers and skewness for some
measures, analyses were repeated using a Wilcoxon test; results were again not different
from those shown here. P-values shown have not been adjusted for multiple testing.

Acknowledgments

This work was supported by the Kory and Scott Tabor Ataxia Research Fund and NINDS grant R21INS056172 (to
GO). The 4 T TEM coil was built with a grant (3761-9236-07) from the Minnesota Medical Foundation (to GO).
The Center for MR Research is supported by National Center for Research Resources (NCRR) biotechnology
research resource grant PA1RR008079 and Neuroscience Center Core Blueprint Award P30NS057091. The General
Clinical Research Center is supported by NCRR grant MO1RR00400. The authors thank Drs. Susan Perlman
(UCLA), Bernard Brais (CHUM), and David Lynch (UPenn) and their assistants for supporting this work by
referring their patients to our institution. We also thank the patients and their families for participating in this study.

Abbreviations

FRDA Friedreich's ataxia

AOA2 ataxia with oculomotor apraxia type 2
ARCA autosomal recessive cerebellar ataxia
MRS magnetic resonance spectroscopy
FARS Friedreich's Ataxia Rating Scale
NAA N-acetylaspartate

NAAG N-acetylaspartylglutamate

tNAA NAA+NAAG

Glu glutamate

Gln glutamine

tCr creatine + phosphocreatine
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Figure 1.

To-weighted images acquired in the mid-sagittal (left) and coronal planes (right) in a control
subject (CTRL), a patient with FRDA (FRDA) and a patient with AOA2 (AOA2). Boxes
indicate the voxel locations (1: pons; 2: vermis and 3: cerebellar hemisphere).
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Figure 2. Short echo time Iy spectra acquired in the three regions (pons, vermis, cerebellar
hemisphere) in a control, a patient with FRDA and a patient with AOA2

tNAA, N-acetylaspartate + N-acetylaspartylglutamate; Glu, glutamate; tCr, creatine +
phosphacreatine; tCho, choline-containing compounds; myo-Ins, myo-inositol. The arrows
indicate visible differences in the patient spectrum compared to the corresponding control
spectrum. Displayed spectra (STEAM, TE =5 ms, TR = 4.5 s) are the sum of 128 transients
after By and eddy-current correction. All spectra were processed identically, and weighted
with the same Gaussian function prior to Fourier transformation. For the pons, the voxel size
(VOI) was 4.1 ml; vermis, VOI = 6.3 ml; cerebellar hemisphere, VOI = 4.9 ml.
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Figure 3. Metabolite concentrations that differed (or showed a trend for a difference) between

patient groups vs. controls in the three regions

of interest

All data are displayed as mean + standard deviation. Gln, glutamine; Glu, glutamate; myo-
Ins, myo-inositol; tNAA, N-acetylaspartate + N-acetylaspartylglutamate; tCr, creatine +
phosphocreatine; GSH, glutathione. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001

(patient groups vs. their respective controls).
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Figure 4. Scatter plots of correlations found in the FRDA and AOA2 groups

Each marker corresponds to data obtained in one individual. In a) r2=0.634, p = 0.018. In b)
r2 = 0.983, p < 0.0001. In c) vermis, r?2 = 0.675, p = 0.012; cerebellar hemispheres (CH), r2 =
0.863, p < 0.0001.
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Group demographics and CSF and serum measures. FRDA, patients with Friedreich's ataxia; AOAZ2, patients
with ataxia with oculomotor apraxia type 2; CTRL FRDA and CTRL AOAZ2, control populations age matched
for the FRDA and AOAZ2 groups, respectively. All data are presented as means * standard deviations.

FRDA (N=28) CTRL FRDA (N AOA2 (N=9) CTRL AOA2 (N =
=29) 33)
Gender (F/M) 5/3 15/14 5/4 14/19
Age (years) 27+9 26+6 37+9 33+12
Age of onset (years) 12+6 n/a 16+6 n/a
Disease duration (years) 14+9 nla 217 nla
# of GAA triplet repeats (short allele) 611 + 237 (range: 120 - n/a n/a n/a
970)
CSF glucose (mg/dL) 61 + 2* (N=3) 51+5 (N =20) 65 + 5**** (N=7) 52 +6 (N =23)
CSF lactate (mmol/L) 2.3+1.2 (N=3) 1.7+ 0.2 (N=9) 1.9+ 0.5 (N=5) 1.7 £ 0.2 (N=9)
CSF F,-isoprostanes (pg/mL) 31+ 10 (N=3) 29 + 8 (N=20) 23 £5(N=7) 31+ 9 (N=23)
CSF vermis (%) 18 + 5% 11+4 50 + 13 11+4
CSF cerebellar hemisphere (%) 32+03 20+13 85+45 21+13
CSF pons (%) 19+0.1 25+0.1 29+0.1 24+£0.1
Serum o-fetoprotein (ug/L) n/a n/a 45 + 53 (range: 9. 3 - 150, n/a
N =6)
FARS score 61+ 26" (range: 34 - 2%2 59 + 11 (range: 44 - 3+3(N=28)
109) 75)

*
p=0.0033

*%

p=0.0015
KKk
p=0.0003

p<0.0001 (patient groups vs. their respective controls). Sample sizes are indicated if data are available from a subset of subjects in a group.
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