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The identification of efficient markers of disease progression and response to possibly
effective treatments is a key priority for slowly progressive, rare and neurodegenerative
diseases, such as Friedreich’s ataxia. Various imaging modalities have documented
specific abnormalities in Friedreich’s ataxia that could be tracked to provide useful
indicators of efficacy in clinical trials. Advanced MRI imaging (diffusion tensor imaging,
DTI; functional MRI, fMRI; and resting-state fMRI, rs-fMRI) and retinal imaging (optical
coherence tomography, OCT) were tested longitudinally in a small group of Friedreich’s
ataxia patients participating in an open-label clinical trial testing the safety and the
efficacy of 6-month treatment with interferon gamma. While the DTl indices documented
the slow progression of fractional anisotropy loss, fMRI and rs-fMRI were significantly
modified during and after treatment. The fMRI changes significantly correlated with
the Scale for the Assessment and Rating of Ataxia, which is used to monitor clinical
response. OCT documented the known thickness reduction of the retinal nerve fiber
layer thickness, but there was no change over time. This pilot study provides indications
for the potential utility of fMRI and rs-fMRI as ancillary measures in clinical trials for
Friedreich’s ataxia.

Keywords: neuroimaging, Friedreich’s ataxia, trial, fMRI, task fMRI, resting-state fMRI

INTRODUCTION

Friedreichs ataxia (FRDA) is the most frequent among the autosomal recessively inherited
ataxias. It is caused by a GAA triplet expansion in the first intron of the FXN gene, leading
to a deficit of frataxin, a mitochondrial protein involved in the Fe-S cluster assembly and in
intracellular iron management (Campuzano et al., 1996). It is characterized by sensory deficits and
impairment in limb coordination, leading to the progressive loss of ambulation and difficulty of
speech, swallowing, and hand dexterity. In addition, other systems and organs can be involved,
leading to progressive cardiomyopathy, diabetes, and impairment of visual and hearing functions
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(Koeppen and Mazurkiewicz, 2013). In spite of extensive research
and numerous clinical trials, there is still no cure for FRDA.
Possible therapeutic strategies currently under development
range from anti-oxidants, iron chelators, mitochondrial
enhancers, epigenetic modifiers, and neuroprotective cytokines
to frataxin-specific approaches, such as frataxin RNA and protein
stabilizers, frataxin protein replacement, and gene therapy
approaches (Clay et al., 2019).

Interferon gamma (IFNy), a naturally occurring cytokine
which was shown to be able to boost frataxin expression both
in vitro and in rodent models (Tomassini et al., 2012), has
been tested in several clinical trials. This drug shows a good
safety profile and variable levels of efficacy, depending on the
different biochemical and clinical measures used (Seyer et al.,
2015; Marcotulli et al., 2016; Lynch et al., 2019; Vavla et al., 2020).

A major issue when measuring a drug’s efficacy in clinical
trials for FRDA, given the individual variability and the slow
progression of the disease, is the generally poor sensitivity of
the clinical scales used to quantify minor changes (Patel et al.,
2016; Reetz et al, 2016). The use of objective instrumental
measures and the inclusion of pre- and post- treatment
observation time points, to clearly define natural disease
progression, may be valuable to better monitor the effects
of novel therapeutic strategies and support a more efficient
clinical trial design. In this regard, MRI has been used as a
useful marker to monitor disease progression and response
to experimental treatments in FRDA. Longitudinal studies
reported no volume changes over time but persistent and
progressive white matter (WM) changes in the superior
cerebellar peduncles (Mascalchi et al., 2016; Rezende et al,
2016). Two FRDA studies have used diffusion tensor imaging
(DTI) in order to investigate the efficacy of erythropoietin
in short-treatment trials by presenting bilateral widespread
supratentorial fractional anisotropy (FA) increase and
infratentorial axial diffusivity (AD) changes (Egger et al,
2014) and also gray matter volume increase in the pulvinar
(Santner et al., 2014).

Finally, measurements of the retina, which is considered
an extension of the central nervous system and reported to
be reduced in thickness in FRDA, could represent a surrogate
outcome of neuronal integrity. Optical coherence tomography
(OCT) studies showed thinning of the retinal nerve fiber layer
(RNFL), which correlates with disease severity and the patient’s
reported outcome measures (Fortuna et al., 2009; Noval et al.,
2012; Dag et al., 2014; Thomas-Black et al., 2019).

We performed an open-label, one-step dose escalation phase
IT clinical trial to assess the safety and the efficacy of IFNy in
FRDA patients. The results were partly published and included a
series of objective outcome measures intended to detect changes
in multiple affected systems in FRDA (Vavla et al., 2020). The
clinical and the cardiac indicators testified for a halt in disease
progression and in cardiac wall thickness and pointed out a
rebound effect after the termination of treatment. In the present
manuscript, we report additional results of the clinical trial with
regard to the neuroimaging outcome investigation. We assessed
whether IFNy treatment induced quantitative modifications of
the cerebral structure and function as measured by MRI in our

cohort of FRDA patients. We believe that our findings have
general implications for clinical trial design in FRDA.

MATERIALS AND METHODS

General Information

FRDA patients participating in an open-label, one-step dose
escalation phase II clinical trial investigating the safety and
the efficacy of IFNy treatment were assessed before and
after therapy with MRI and OCT measures as reported in
the following paragraphs. The FRDA patients underwent an
escalating IFNy dose (from 100 pg for 2 weeks to 200 pg for
the following 22 weeks) for an overall treatment duration of 24
weeks. The patients included had a genetic diagnosis of FRDA,
whose age ranged 10-40 years. The exclusion criteria included
unstable medical condition (heart, respiratory, liver, or kidney
failure), myelosuppression, blood dyscrasia, hypersensitivity to
latex and/or to IFNYy, exposure to erythropoietin within 3
years prior to the study recruitment, use of other medications
(e.g., deferiprone, idebenone, vitamin B, etc.), pregnancy, and
breastfeeding. Efficacy (clinical and instrumental assessments)
and safety measures were performed at baseline (T0), 2 weeks
(T2w), 3 months (T3), at the end of the treatment at 6 months
(T6), and at the end of the 6-month follow-up period (T12).
Additionally, the clinical and the neuroimaging assessments were
administered ~6 months prior to study initiation (T-6). Detailed
information about the clinical study design, inclusion criteria,
IFNy administration, and safety measures have been reported
elsewhere (Vavla et al., 2020). The study was approved by the IRB
(no. 04215-CE) and registered at the ClinicalTrials.gov website
(NCT03888664). All adult participants and legal guardians for
underaged patients or parents provided written informed consent
at the beginning of the study.

Neuroimaging Protocol

Brain MR evaluations were performed four times for each patient
(four time points): over 6 months prior to the treatment period
(T-6), at the beginning (T0) and at the end (T6) of treatment, and
6 months after the end of treatment (T12).

All examinations were performed on the same 3T MRI
scanner (Philips Achieva Scanner; Philips Medical System,
Netherlands) equipped with a digital 32-channel head coil and
included both structural (DTI) and functional as task-based fMRI
and resting-state fMRI (RS-fMRI) measurements.

The following sequences were acquired:

- a 3D Tl-weighted (T1lw) MPRAGE high-resolution
sequence (TE =4 ms, TR = 8 ms, flip angle 8°, SENSE factor
2,voxel size 1 x 1 x 1 mm?, matrix size 288 x 288 x 170).

- amulti-shell diffusion gradient echo-planar (EPI) sequence
(15 directions at b = 300 s/mm?, 53 directions at b = 1,100
s/mm?, eight volumes at b = 0 s/mm,, TE = 81 ms,
TR = 9,324 ms, SENSE factor 2, SPIR fat suppression, voxel
size 2.2 x 2.2 x 2.2 mm?, matrix size 112 x 112 x 80).

- a T2-weighted (T2w) structural volume with a
fat-suppressed TSE sequence to correct DTI data
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for susceptibility-induced EPI  distortion artifacts
(TE = 100 ms, TR = 3,000 = 5, 000 ms, flip angle
90°, SENSE factor 2, voxel size 1.5 x 1.5 x 1.5 mm?,
matrix size 160 x 160 x 110).

- aconventional task-activation fMRI acquired with a single-
shot EPI sequence [field of view (FOV) = 240 x 240
mm?, 40 slices interleaved without gap, voxel size
2.5 x 2.5 x 3.5mm?, TE = 20 ms, TR = 2,000 ms, flip angle
85°, 178 volumes].

- a rs-fMRI sequence acquired with a single-shot EPI
sequence (FOV = 240 x 240 mm?, 40 slices interleaved
without gap, voxel size 2.5 x 2.5 x 3.5 mm?, TE = 20 ms,
TR = 2,000 ms, flip angle 85°, 233 volumes).

Diffusion-Weighted Imaging Processing
Diffusion-weighted imaging data processing was performed by
using the TORTOISE software (Irfanoglu et al., 2017). The
pre-processing pipeline included a motion-correction step, a
correction of image distortions using the non-distorted T2w
volume as a reference, realignment to the anterior/posterior
commissure plane, and an up-sampling to a final voxel resolution
of 1.5 x 1.5 x 1.5 mm. Data were visually inspected to detect
residual artifacts and/or wrong preprocessing results. Corrupted
volumes were discarded from the subsequent analyses. The DTI
tensor was computed by fitting the mono-exponential model
using a non-linear estimator on the corrected data (Basser and
Pierpaoli, 1996; Koay et al., 2006), and the fractional anisotropy
and the Mean Diffusivity (MD) maps were derived for each
subject. A DTT study template was built from all subject tensors
with the DTI-ToolKit software package (Zhang et al., 2007),
which uses a spatial registration algorithm based on the diffusion
tensor similarity to achieve a better alignment of WM structures.
The transformation between each subject tensor and the template
was computed and used to back-project the JHU atlas regions of
interest (ROIs) from the template to the subject space. Mean FA
and MD values were computed in selected regions (left and right
corticospinal tracts and inferior, middle, and superior cerebellar
peduncles) for statistical analyses.

Task-Based fMRI Processing

The task fMRI protocol was a standard block-design finger
tapping task, involving both hands, as previously described (Vavla
etal., 2018). The fMRI data for the motor-task were preprocessed
by combining multiple tools (FSL, ANTs, and SPM). In particular,
EPI volumes were realigned to the series mean image with a rigid
body transformation using FSLs MCflirt tool to correct for the
subjects’ movements. A Gaussian filter with a full-width half-
maximum (FWHM) equal to 6 mm was applied to the functional
data to increase the signal-to-noise ratio (SNR). Additionally, a
high-pass temporal filter with cutoff frequency of 128 s was used
to correct for signal drifts. The general linear model approach
was adopted to perform the single-subject analysis: the design
matrix included one regressor for each state (rest, right hand
movement, and left hand movement), six regressors for the rigid
registration parameters of the motion correction process, and
one regressor for each outlier volume. The ARtifact Detection

Tool (ART)' was employed to detect outliers: a volume was
labeled as an outlier if it corresponded to a motion displacement
greater than 3 mm or to a spurious intensity value (spikes). After
the model estimation, we created a map for each effect that we
wanted to test (i.e., contrast maps). In particular, we computed
the contrast maps between each hand movement and the rest
of the conditions for the statistical analysis (named “dominant
hand” and “non-dominant hand”). Several transformations were
computed to move the contrast maps into a template space
and perform a group-level analysis. In particular, we computed
a non-linear registration between the functional mean image
and the undistorted T2w of the subject, a rigid transformation
between the subject T2w and the subject Tlw, and a non-
linear transformation between the subject T1w and the MNI152
template (Nordio et al., 2016). Finally, all transformations were
combined together to get one single transformation going to
the subject functional space to the MNI152 space. All contrast
maps were moved to the MNI152 space using the combined
transformation defined above and were subsequently used as
input for the group-level analyses. Following the same rationale
of the statistical analysis performed on DTI data, a ROI-based
analysis onto contrast maps was also performed. The ROIs were
delineated on the basis of the activation clusters generated by
hand movement comparisons (contrast “dominant hand > non-
dominant hand” and “non-dominant hand > dominant hand”)
using a “one-sample t-test” considering all subjects and all the
time points together. Significance was set to p < 0.05, corrected
for multiple comparisons with the FWE method. We selected
four ROIs related to the “dominant > non-dominant” contrast
and four ROIs related to the “non-dominant > dominant”
contrast (Figure 1A). Significance was set to p < 0.05, corrected
for multiple comparisons with the FWE method. For each RO],
the mean intensity value was computed for the “dominant hand”
and the “non-dominant” contrasts for statistical analyses.

rs-fMRI Processing

During the resting-state acquisition (rs-fMRI), the subjects were
instructed to refrain as much as possible from any active cognitive
activity and to keep their eyes closed. The rs-fMRI sequence
was performed at the end of the MR protocol. Following
the same preprocessing steps of the task fMRI data described
above, the functional volumes underwent a motion correction
procedure, and the transformation between the subject functional
space and the MNI152 template space was computed as
described for the task fMRI protocol. Subsequently, the mean
signals in the cerebrospinal fluid, WM, and motion parameter
were regressed out. A band-pass filter (0.008-0.01 Hz) was
applied to remove physiological and non-BOLD-related effects.
Finally, functional sequences were smoothed with a Gaussian
spatial filter (FWHM, 4 mm) to increase the SNR and to
deal with the residual anatomical differences between subjects.
Independent component analysis (ICA) was conducted using FSL
MELODIC software by multi-session temporal concatenation.
Automatic procedure estimation was used to select 24 ICA group
components. The selection of “good” and “bad” components was

'http://web.mit.edu/swg/software. htm
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right hemisphere

Network: DMN
Time interval: T12 - TO

ROI: left primary
motor cortex
Contrast: right hand
movement

Time interval: T6 - T-6

ROI: left superior

cerebellar peduncle

Time intervals:
-T6-TO
-T12-TO

to the MNI template).

B) rs-fMRI

Network: fronto-parietal left Network: sensory - motor
Time interval: T12 - TO

D) DTI

FIGURE 1 | MRI analysis. (A) Location of the significant region of interest (ROIs) detected through the statistical and correlation analyses of MRI-derived measures.
(B) Statistical analysis highlighted an activation increase in three rs-fMRI networks. The figure reports the result of the group-level statistical analysis used to define
the networks’ ROIs (T-map superimposed to the MNI template). (C) The analysis of motor-task fMRI showed an increased activation in the left primary motor cortex
during the movement of the right hand. The figure reports the statistical analysis used to define the ROI (T-map superimposed to the MNI template). (D) A significant
reduction of fractional anisotropy (FA) was found in the left superior cerebellar peduncle. The figure reports the location of the left superior cerebellar peduncle
superimposed to the FA template. (E) A significant negative correlation was found between the modification of SARA scores and the functional activity in the right
motor cortex for both the dominant (right) and the non-dominant (left) hands. The figure reports the statistical analyses used to define the ROIs (T-map superimposed

Statistical analysis
M rs-fMRI
-\ task-fMRI
o\ W DTI

Correlation analysis
task-fMRI Vs SARA

Time interval: T12 - TO

ROI: left inferior
cerebellum

Contrast: left hand
movement

Time interval: T6 - T12

E) correlation: task-fMRI Vs SARA

ROI: right primary motor
Contrasts:

- left hand movement

- right hand movement
Time interval: T6 - TO

performed by visual inspection of the spatial pattern of ICA maps
and the power spectrum of the time courses. This procedure
led us to label seven components as related to resting-state

networks (RSNs). The selected components refer to the default
mode network (DMN), the hippocampus network, the right and
the left fronto-parietal networks, the bilateral fronto-temporal
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network, the visual network, and the motor network. Using the
dual-regression method, we used this set of group-average spatial
maps to generate a corresponding set of subject-specific spatial
maps and time-series for each subject. We then obtained one
spatial ICA map and one-time signal for each subject and each
group-ICA component. Furthermore, a component-specific ROI
was computed to restrict the group analysis to the voxels in
that component. To do that, a one-sample ¢-test was run using
all single subjects’ component maps with SPM12 (significance
was set to pRSN < 0.05, corrected for multiple comparisons
with the FWE method). Finally, for each RSN, the subject value
in each time point was defined as the mean intensity values
in the component-specific ROI and used for the subsequent
statistical analyses.

Optical Coherence Tomography

All eyes were examined with spectral domain OCT (Optovue,
United States) at T0, T6, and T12. The program studied both the
peripapillary area and the macula, following pupillary dilation.
The RNFL thickness and the ganglion cell complex (GCC)
thickness were evaluated in the peripapillary area by a circular
scan centered on the optic disk (3.45 mm diameter, “disk
circle” option).

Statistical Analysis

All variables and biomarkers were analyzed using multivariate
linear mixed models which modeled time points as a repeated
within-subject factor and a Toeplitz unstructured estimate of
the covariance matrix. The mixed models have the advantage of
being able to account for heterogeneous distances between time
points, missing data as well as unequal variances and covariances.
In order to account for possible confounds due to inter-patient
variability, all models included sex, age at onset, disease duration,
years of education, and number of GAA1 repeats within the
smaller FXN allele as covariates of no interest. When a statistically
significant (p < 0.05) overall effect of time was found, pairwise
comparisons between time points were performed and corrected
for multiple comparisons across pairs of time points using the
Dunn-Sidak correction. The analysis was also repeated without
the latter correction in order to identify possible trends. Marginal
means for each variable and timepoint were also estimated from
the models and evaluated at mean values at the covariates of no
interest. Moreover, we evaluated the correlations (Pearson test)
between the modifications in SARA scores between consecutive
time points and the respective changes in the MRI-derived
structural and functional measures.

RESULTS

Clinical Results

Detailed clinical and demographic data have been published
elsewhere (Vavla et al., 2020). Twelve patients with a mean age
of 17.33 & 4.54 years were recruited and 11 completed the study.
During the IFNYy treatment, non-significant and slightly negative
changes in the SARA score were measured with a moderate
uptrend in the follow-up period, suggestive of efficacy. The

TABLE 1 | Diffusion tensor imaging data quantitating the mean fractional
anisotropy (FA) in the left superior cerebellar peduncle (LSCP) at different time
points in 11 patients.

LSCP T-6 TO T6 T12
Mean 0.431+0.014 0.440+0.010 0.429 +0.011  0.423 + 0.099
FA (u2/s)

A general decrease was observed over time and a significant difference was
measured between TO and T12 (p = 0.019, corrected). Other comparisons were
not significant. Mean FA measured in other brain regions did not show significant
changes over the different time points.

cardiac parameters registered a reduction of the end-diastolic
interventricular septal wall thickness and the Sokolow-Lyon
index during the treatment period, with a rebound effect in the
follow-up period. The frataxin quantitation in peripheral blood
mononuclear cells did not provide significant changes.

Magnetic Resonance Imaging Results

WM DTI analysis revealed a significant reduction of FA
values in the left superior cerebellar peduncle at T12 (p-
value = 0.019 corrected) vs. TO in 11 patients. No significant
changes could be documented along the intermediate time
points nor corresponding to the exposure to IFNy treatment
(a trend of FA reduction with an uncorrected p-value = 0.015
was observed between TO and T6) (Figure 1D, Table 1 and
Supplementary Table S1). MD did not show any significant
differences among timepoints.

The analysis of motor-task fMRI (# = 10) showed an increased
activation of the left primary motor cortex between T-6 and T6
during the movement of the dominant hand (p-value = 0.047
corrected). A similar trend was noted in the same area between
TO and T6 (p-value = 0.045 uncorrected) during movement
of the non-dominant hand, as well as in the left inferior
cerebellum between T6 and T12 (p-value = 0.03 uncorrected)
for the non-dominant hand movement (Figures 1C, 2A, and
Supplementary Table S1).

Three RSN networks such as sensorimotor network,
DMN, and left fronto-parietal network showed a significantly
modified activity between TO and TI2 with corrected
p-values = 0.027, 0.031, and 0.045, respectively (n = 10). All
the other comparisons were not significant (Figures 1B, 2B-D,
and Supplementary Table S1).

Importantly, a significant negative correlation was found
between the modification of SARA scores and the functional
activity in the right motor cortex for both the dominant and the
non-dominant hands between T0 and T6 (Figures 1E, 3A,B).

Optical Coherence Tomography

The RNFL and GCC thickness were measured by OCT before
the start of the IFNy treatment (T0), at the end of treatment
(T6), and after the follow-up period (T12) in 11 patients.
No significant changes were found when considering the
average RNFL thickness or the RNFL thickness of the different
quadrants considered separately (inferior, temporal, nasal, and
superior quadrant) or the average GCC thickness for both eyes
(Supplementary Table S2).
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DISCUSSION

Here we describe the functional and the structural modifications
occurring in the brain during and after an experimental treatment
with IFNy in a cohort of FRDA patients, with complementary
results in support to the significant changes observed with
disease-specific clinical measures (SARA and cardiac outcomes)
(Vavla et al., 2020).

The structural WM results, measured by DTI, revealed
a significant reduction of FA in the left superior cerebellar
peduncle within a year, without distinction between the treatment
and the out-of-treatment periods. Reduced FA values in the
superior cerebellar peduncles have frequently been observed
in FRDA and represent a structural hallmark of this disorder
(Akhlaghi et al., 2011; Della Nave et al, 2011; Clemm von
Hohenberg et al., 2013; Vavla et al., 2018). The progressive
reduction of FA values that we observed is consistent with
previous longitudinal studies. Without a placebo control group,
we cannot make definitive considerations on this result, however,
we can hypothesize that degenerative processes at the WM level
continue to progress despite IFNy treatment. The motor-task
fMRI showed an increased activation of the left primary motor

cortex during dominant hand movement across pre- and within-
treatment periods. Trends of increasing activity (not reaching
the significance level) were also detected in the left cerebellar
cortex within the treatment period. The rs-fMRI showed a
modified activation of three networks (DMN, sensorimotor, and
left fronto-parietal) within 1 year from the beginning of IFNy
administration. These fMRI findings appear clearly associated
to an increased activation of supratentorial and infratentorial
areas involved in the motor task. The rs-fMRI analysis pointed
toward a reorganization of different sensorimotor and executive
networks during and after the treatment. It is interesting to
note that such modifications seem to particularly involve only
the dominant hand.

Differently from DTI modifications that imply structural
and architectural changes at the cellular and the axonal levels,
the fMRI differences may be the result of a reorganization
of neuronal circuitry, which may be mediated by several
factors like neurotransmitters, synaptic changes, or recruitment
of new pathways. This may partially explain the changes in
association with treatment in functional but not structural
measurements. Moreover, a negative correlation between the
enhanced motor cortex activation and the progression of
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the SARA score was detected within the treatment period,
suggesting that the fMRI modifications that we observed during
both hand movements corresponded to a more generalized
clinical improvement. A correlation analysis suggests that the
reorganization of neural circuits is underway during the period
of drug administration, in parallel with an improvement of
SARA scores. However, absolute differences in the measured
activity of neural networks were only evident within a 1-year
period, including the follow-up. The physiological implications
of these findings require caution as the precise evolution of
the brain activation pattern during disease progression has
not yet been firmly established. The data that we collected
point toward a possible effect of the IFNy on the dynamics of
neural activity, especially in motor areas and within a time-
span that is longer than the actual treatment period. fMRI
has been widely used to explore brain connectivity in many
psychiatric and neurological disorders such as Alzheimer disease,
Parkinson’s disease, and epilepsy. Few clinical studies have
used fMRI to build a model useful to investigate treatment-
related responses.

Therefore, it is important to understand the intrinsic network
dynamics and investigate whether the disruption can be restored
or modified after treatment (Smucny et al, 2014). Indeed
Tregellas et al. (2011) have used DMN activity as a biomarker
of treatment in schizophrenia, hypothesizing it as a predictor to
treatment response. These studies add interesting hints to the
future clinical trial design in FRDA.

We confirmed a general reduction in RNFL thickness in
FRDA patients; nevertheless, no significant progression or change
was observed during treatment or in a 1-year time-lapse. This
could indicate that RNFL thickness would not appear to be
an efficient marker for response to treatment in such a short
period. So far, only one study has longitudinally investigated

this measure in FRDA, with a surprising progression of RNFL
thinning over a 6-month period (Rojas et al., 2020). These
different results could be due to the fact that the cohort of Rojas
et al. (2020) included older patients when compared to ours.
Perhaps the RNFL impairment and the ocular involvement are
age-related events that progress over time. Our group has recently
tested the longitudinal changes in RNFL thickness in another
neurodegenerative condition, hereditary spastic paraplegia, and
found no changes over a 10-month period (Vavla et al., 2019).
On the other hand, a 2-year longitudinal clinical trial in multiple
sclerosis registered OCT changes and correlation to brain atrophy
(Winges et al., 2019).

The main limitations of this work are the open-label
design, the small sample size, and the relatively short time of
observation. These limitations might have restrained our ability
to document subtle changes. Although the different time-lapses
were relatively short, we believe that this study offers information
regarding the imaging modalities that are more likely to reflect
changes in cerebral organization as a result of treatment in a
neurodegenerative condition such as FRDA. We are far from
claiming for fMRI indexes to be undoubtedly useful biomarkers/
endpoints for FRDA treatments. We believe that the changes
registered and the activation trends should be interpreted with
some caution but still deserve attention as they documented
significant modifications occurring in the brain and should be
further validated in future studies.

In conclusion, this study explores the usefulness and the
sensitivity of several imaging parameters to monitor disease
progression during a treatment associated with significant clinical
changes. These preliminary data encourage the use of MRI, in
particular fMRI, as a non-invasive method to monitor treatment
response in FRDA and to achieve a better understanding of the
physiology behind the observed treatment-induced effects.

Frontiers in Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 872


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Vavla et al.

Neuroimaging in Friedreich’s Ataxia Trial

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
AM, andrea.martinuzzi@lanostrafamiglia.it.

ETHICS STATEMENT

The study was approved by the IRB (No. 04215-CE) of Eugenio
Medea IRCCS Research Center. Written informed consent to
participate in this study was provided by the adult participant
directly of by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

AM, MV, FA, and RT: study concept and design. AM, FA, MV, and
MD’A: conduct the research and study supervision. MD’A, SG,
AnR, ED, and RS: patients’ assessment and clinical data gathering.
FA, NT, DP, MV, AIR, IC, and RT: analysis and interpretation of
data. FA, DP, ST, and NT: analysis of MRI data. FA: supervision
of MRI analysis. MV, AM, and MD’A: enrolment of patients. MV,
FA, NT, DP, MD’A, SG, AnR, ED, ST, RS, AlR, IC, RT, and AM
took responsibility for manuscript writing and review.

FUNDING

The financial support of “Ogni Giorno per Emma ONLUS”
Association and of the Italian Ministry of Health (Grant No.
RC2020) was gratefully acknowledged.

REFERENCES

Akhlaghi, H., Corben, L., Georgiou-Karistianis, N., Bradshaw, J., Storey, E.,
Delatycki, M. B., et al. (2011). Superior cerebellar peduncle atrophy in
Friedreich’s ataxia correlates with disease symptoms. Cerebellum 10, 81-87.
doi: 10.1007/s12311-010-0232-3

Basser, P. J., and Pierpaoli, C. (1996). Microstructural and physiological features of
tissues elucidated by quantitative-diffusion-tensor MRI. J. Magn. Reson. B 111,
209-219. doi: 10.1006/jmrb.1996.0086

Campuzano, V., Montermini, L., Moltd, M. D., Pianese, L., Cossée, M., Cavalcanti,
F., et al. (1996). Friedreichs ataxia: autosomal recessive disease caused by an
intronic GAA triplet repeat expansion. Science 271, 1423-1427.

Clay, A., Hearle, P., Schadt, K., and Lynch, D. R. (2019). New developments
in pharmacotherapy for Friedreich ataxia. Expert Opin. Pharmacother. 20,
1855-1867. doi: 10.1080/14656566.2019.1639671

Clemm von Hohenberg, C., Schocke, M. F., Wigand, M. C., Nachbauer, W.,
Guttmann, C. R., Kubicki, M., et al. (2013). Radial diffusivity in the cerebellar
peduncles correlates with clinical severity in Friedreich ataxia. Neurol. Sci. 34,
1459-1462. doi: 10.1007/s10072-013-1402-0

Dag, E., Ornek, N., Ornek, K., and Erbahgeci-Timur, I. E. (2014). Optical coherence
tomography and visual field findings in patients with Friedreich ataxia.
J. Neuroophthalmol. 34, 118-121. doi: 10.1097/WNO.0000000000000068

Della Nave, R., Ginestroni, A., Diciotti, S., Salvatore, E., Soricelli, A., and Mascalchi,
M. (2011). Axial diffusivity is increased in the degenerating superior cerebellar
peduncles of Friedreich’s ataxia. Neuroradiology 53, 367-372. doi: 10.1007/
500234-010-0807-1

Egger, K., Schocke, M. F., Guttmann, C. R., Wassermann, D., Wigand, M. C,,
Nachbauer, W., et al. (2014). White matter changes in patients with friedreich

ACKNOWLEDGMENTS

We thank all the patients for participating in the clinical
trial and their families for the support provided. We
thank Drs. Simone Giotto and Marco Pozzi for assisting
with the regulatory requirement application during the
study design and preparation. We thank the nursing team
and the imaging team of technicians of the E. Medea
Institute for assistance during the trial. We finally thank
Dr. Jen Farmer (Friedreich Ataxia Research Alliance)
for critically reading the manuscript and for providing
constructive comments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2020.00872/full#supplementary- material

TABLE S1 | Multivariate linear mixed model of MRI data (diffusion tensor imaging,
task fMRI, rs-fMRI) run out with and without covariates of interest (sex, age at
onset, disease duration, years of education, and GAA1 size). The results are
presented as uncorrected and corrected. DMN, default model network; R, right; L,
left; FA, fractional anisotropy; F, frontal; P, parietal; SCP, superior cerebellar
peduncle; SM, sensosorimotor.

TABLE S2 | Average retinal nerve fiber layer (RNFL) and ganglion cell complex
thickness were measured by optical coherence tomography in the right eye (RE)
and the left eye (LE). RNFL thickness is also reported for the temporal (Tem),
superior (Sup), nasal (Nas), and inferior (Inf) quadrants of each eye in 11 patients.
Changes among the reported mean + SEM at different time points were

not significant.

ataxia after treatment with erythropoietin. J. Neuroimaging 24, 504-508. doi:
10.1111/jon.12050

Fortuna, F., Barboni, P., Liguori, R., Valentino, M. L., Savini, G., Gellera, C,, et al.
(2009). Visual system involvement in patients with Friedreich’s ataxia. Brain
132(Pt 1), 116-123. doi: 10.1093/brain/awn269

Irfanoglu, M. O., Nayak, A, Jenkins, J., and Pierpaoli, C. (2017).
“TORTOISEv3:improvements and new features of the NIH diffusion MRI
processing pipeline,” in Proceedings of the ISMRM 25th Annual Meeting,
Honolulu, HI.

Koay, C. G., Chang, L. C,, Carew, J. D., Pierpaoli, C., and Basser, P. J. (2006).
A unifying theoretical and algorithmic framework for least squares methods
of estimation in diffusion tensor imaging. J. Magn. Reson. 182, 115-125. doi:
10.1016/j.jmr.2006.06.020

Koeppen, A. H., and Mazurkiewicz, J. E.
neuropathology revised. J. Neuropathol.
doi: 10.1097/NEN.0b013e31827e5762

Lynch, D. R., Hauser, L., McCormick, A., Wells, M., Dong, Y. N., McCormack,
S., et al. (2019). Randomized, double-blind, placebo-controlled study of
interferon-y 1b in Friedreich Ataxia. Ann. Clin. Transl. Neurol. 6, 546-553.
doi: 10.1002/acn3.731

Marcotulli, C., Fortuni, S., Arcuri, G., Tomassini, B., Leonardi, L., Pierelli, F., et al.
(2016). GIFT-1, a phase IIa clinical trial to test the safety and efficacy of IFNy
administration in FRDA patients. Neurol. Sci. 37, 361-364. doi: 10.1007/s10072-
015-2427-3

Mascalchi, M., Toschi, N., Giannelli, M., Ginestroni, A., Della Nave, R., Tessa,
C., et al. (2016). Regional cerebral disease progression in friedreich’s ataxia:
a longitudinal diffusion tensor imaging Study. J. Neuroimaging 26, 197-200.
doi: 10.1111/jon.12270

(2013). Friedreich ataxia:
Exp. Neurol. 72, 78-90.

Frontiers in Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 872


https://www.frontiersin.org/articles/10.3389/fnins.2020.00872/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2020.00872/full#supplementary-material
https://doi.org/10.1007/s12311-010-0232-3
https://doi.org/10.1006/jmrb.1996.0086
https://doi.org/10.1080/14656566.2019.1639671
https://doi.org/10.1007/s10072-013-1402-0
https://doi.org/10.1097/WNO.0000000000000068
https://doi.org/10.1007/s00234-010-0807-1
https://doi.org/10.1007/s00234-010-0807-1
https://doi.org/10.1111/jon.12050
https://doi.org/10.1111/jon.12050
https://doi.org/10.1093/brain/awn269
https://doi.org/10.1016/j.jmr.2006.06.020
https://doi.org/10.1016/j.jmr.2006.06.020
https://doi.org/10.1097/NEN.0b013e31827e5762
https://doi.org/10.1002/acn3.731
https://doi.org/10.1007/s10072-015-2427-3
https://doi.org/10.1007/s10072-015-2427-3
https://doi.org/10.1111/jon.12270
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Vavla et al.

Neuroimaging in Friedreich’s Ataxia Trial

Nordio, A., Peruzzo, D., Arrigoni, F., Triulzi, F., and Bertoldo, A. (2016). “Use of
T2-weighted 3D acquisition for correction of EPI-induced distortion in fMRI,
in Proceedings of the ISMRM 24th Annual Meeting, Singapore.

Noval, S., Contreras, L., Sanz-Gallego, I., Manrique, R. K., and Arpa, J. (2012).
Ophthalmic features of Friedreich ataxia. Eye 26, 315-320. doi: 10.1038/eye.
2011.291

Patel, M., Isaacs, C. J., Seyer, L., Brigatti, K., Gelbard, S., Strawser, C., et al. (2016).
Progression of Friedreich ataxia: quantitative characterization over 5 years.
Ann. Clin. Transl. Neurol. 3, 684-694. doi: 10.1002/acn3.332

Reetz, K., Dogan, L, Hilgers, R. D., Giunti, P., Mariotti, C., Durr, A,, et al. (2016).
EFACTS Study Group. Progression characteristics of the European Friedreich’s
Ataxia consortium for translational studies (EFACTS): a 2 year cohort study.
Lancet Neurol. 15, 1346-1354. doi: 10.1016/S1474-4422(16)30287-3

Rezende, T. ], Silva, C. B., Yassuda, C. L., Campos, B. M., D’Abreu, A., Cendes, F.,
etal. (2016). Longitudinal magnetic resonance imaging study shows progressive
pyramidal and callosal damage in Friedreich’s ataxia. Mov. Disord. 31, 70-78.
doi: 10.1002/mds.26436

Rojas, P., Ramirez, A. I, Hoz, R, Cadena, M., Ferreras, A., Monsalve, B., et al.
(2020). Ocular involvement in Friedreich ataxia patients and its relationship
with neurological disability, a follow-up study. Diagnostics 10:E75. doi: 10.3390/
diagnostics10020075

Santner, W., Schocke, M., Boesch, S., Nachbauer, W., and Egger, K. (2014). A
longitudinal VBM study monitoring treatment with erythropoietin in patients
with Friedreich ataxia. Acta Radiol. Short Rep. 3:2047981614531573. doi: 10.
1177/2047981614531573

Seyer, L., Greeley, N., Foerster, D., Strawser, C., Gelbard, S., Dong, Y., et al.
(2015). Open-label pilot study of interferon gamma-1b in Friedreich ataxia.
Acta Neurol. Scand. 132, 7-15. doi: 10.1111/ane.12337

Smucny, J., Wylie, K. P., and Tregellas, J. R. (2014). Functional magnetic resonance
imaging of intrinsic brain networks for translational drug discovery. Trends
Pharmacol. Sci. 35, 397-403. doi: 10.1016/j.tips.2014.05.001

Thomas-Black, G. J., Parkinson, M. H., Bremner, F., and Giunti, P. (2019).
Peripapillary retinal nerve fibre layer thickness in Friedreich’s ataxia: a
biomarker for trials? Brain 142:e23. doi: 10.1093/brain/awz117

Tomassini, B., Arcuri, G., Fortuni, S., Sandi, C., Ezzatizadeh, V., Casali, C., et al.
(2012). Interferon gamma upregulates frataxin and corrects the functional
deficits in a Friedreich ataxia model. Hum. Mol. Genet. 21, 2855-2861. doi:
10.1093/hmg/dds110

Tregellas, J. R., Tanabe, J., Rojas, D. C., Shatti, S., Olincy, A., Johnson, L., et al.
(2011). Effects of an alpha 7-nicotinic agonist on default network activity
in schizophrenia. Biol. Psychiatry 69, 7-11. doi: 10.1016/j.biopsych.2010.
07.004

Vavla, M., Arrigoni, F.,, Nordio, A., De Luca, A., Pizzighello, S., Petacchi, E., et al.
(2018). Functional and structural brain damage in Friedreich’s Ataxia. Front.
Neurol. 9:747. doi: 10.3389/fneur.2018.00747

Vavla, M., D’Angelo, M. G., Arrigoni, F., Toschi, N., Peruzzo, D., Gandossini,
S., et al. (2020). Safety and efficacy of interferon y in friedreich’s ataxia. Mov.
Disord. 35, 370-371. doi: 10.1002/mds.27979

Vavla, M., Paparella, G., Papayannis, A., Pascuzzo, R., Girardi, G., Pellegrini, F.,
et al. (2019). Optical coherence tomography in a cohort of genetically defined
hereditary spastic paraplegia: a brief research report. Front. Neurol. 10:1193.
doi: 10.3389/fneur.2019.01193

Winges, K. M., Murchison, C. F., Bourdette, D. N., and Spain, R. I. (2019).
Longitudinal optical coherence tomography study of optic atrophy in secondary
progressive multiple sclerosis: results from a clinical trial cohort. Mult. Scler. 25,
55-62. doi: 10.1177/1352458517739136

Zhang, H., Yushkevich, P. A, Rueckert, D., and Gee, J. C. (2007). Unbiased white
matter atlas construction using diffusion tensor images. Med. Image Comput.
Comput. Assist. Interv. 10(Pt 2), 211-218. doi: 10.1007/978-3-540-75759-
7_26

Conflict of Interest: AR and RT were employed by company Fratagene
Therapeutics.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Vavla, Arrigoni, Toschi, Peruzzo, D’Angelo, Gandossini, Russo,
Diella, Tirelli, Salati, Rufini, Condo, Testi and Martinuzzi. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 872


https://doi.org/10.1038/eye.2011.291
https://doi.org/10.1038/eye.2011.291
https://doi.org/10.1002/acn3.332
https://doi.org/10.1016/S1474-4422(16)30287-3
https://doi.org/10.1002/mds.26436
https://doi.org/10.3390/diagnostics10020075
https://doi.org/10.3390/diagnostics10020075
https://doi.org/10.1177/2047981614531573
https://doi.org/10.1177/2047981614531573
https://doi.org/10.1111/ane.12337
https://doi.org/10.1016/j.tips.2014.05.001
https://doi.org/10.1093/brain/awz117
https://doi.org/10.1093/hmg/dds110
https://doi.org/10.1093/hmg/dds110
https://doi.org/10.1016/j.biopsych.2010.07.004
https://doi.org/10.1016/j.biopsych.2010.07.004
https://doi.org/10.3389/fneur.2018.00747
https://doi.org/10.1002/mds.27979
https://doi.org/10.3389/fneur.2019.01193
https://doi.org/10.1177/1352458517739136
https://doi.org/10.1007/978-3-540-75759-7_26
https://doi.org/10.1007/978-3-540-75759-7_26
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Sensitivity of Neuroimaging Indicators in Monitoring the Effects of Interferon Gamma Treatment in Friedreich's Ataxia
	Introduction
	Materials and Methods
	General Information
	Neuroimaging Protocol
	Diffusion-Weighted Imaging Processing
	Task-Based fMRI Processing
	rs-fMRI Processing
	Optical Coherence Tomography
	Statistical Analysis

	Results
	Clinical Results
	Magnetic Resonance Imaging Results
	Optical Coherence Tomography

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


