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An Ultra-High Field Study of Cerebellar Pathology in Early
Relapsing-Remitting Multiple Sclerosis Using MP2RAGE
Mário João Fartaria, MSc,*† Kieran O'Brien, PhD,‡§ Alexandra Şorega, MD,|| Guillaume Bonnier, PhD,*¶
Alexis Roche, PhD,*†# Pavel Falkovskiy, PhD,*†# Gunnar Krueger, PhD,** Tobias Kober, PhD,*†#

Meritxell Bach Cuadra, PhD,†#†† and Cristina Granziera, MD, PhD¶‡‡
Objectives: The aim of this study was to study focal cerebellar pathology in early
stages of multiple sclerosis (MS) using ultra-high-field magnetization-prepared 2
inversion-contrast rapid gradient-echo (7T MP2RAGE).
Materials and Methods: Twenty early-stage relapsing-remitting MS patients
underwent an MP2RAGE acquisition at 7 T magnetic resonance imaging (MRI)
(images acquired at 2 different resolutions: 0.58 � 0.58 � 0.58 mm3, 7T_0.58,
and 0.75 � 0.75 � 0.90 mm3, 7T_0.75) and 3 T MRI (1.0 � 1.0 � 1.2 mm3,
3T_1.0). Total cerebellar lesion load and volume andmean cerebellar lesionvolume
were compared across images using a Wilcoxon signed-rank test. Mean T1 relaxa-
tion times in lesions and normal-appearing tissue as well as contrast-to-noise ratio
(CNR) measurements were also compared using a Wilcoxon signed-rank test. A
multivariate analysis was applied to assess the contribution of MRI metrics to clin-
ical performance in MS patients.
Results: Both 7T_0.58 and 7T_0.75 MP2RAGE showed significantly higher
lesion load compared with 3T_1.0 MP2RAGE (P < 0.001). Plaques that were
judged as leukocortical in 7T_0.75 and 3T_1.0 MP2RAGEs were instead iden-
tified as WM lesions in 7T_0.58 MP2RAGE. Cortical lesion CNR was signifi-
cantly higher in MP2RAGEs at 7 T than at 3 T. Total lesion load as well as total
and mean lesion volume obtained at both 7 T and 3 T MP2RAGE significantly
predicted attention (P < 0.05, adjusted R2 = 0.5), verbal fluency (P < 0.01, ad-
justed R2 = 0.6), and motor performance (P = 0.01, adjusted R2 = 0.7).
Conclusions: This study demonstrates the value of 7 T MP2RAGE to study the
cerebellum in early MS patients. 7T_0.58 MP2RAGE provides a more accurate
anatomical description of white and gray matter pathology compared with
7T_0.75 and 3T_1.0 MP2RAGE, likely due to the improved spatial resolution,
lower partial volume effects, and higher CNR.
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C erebellum damage is common in multiple sclerosis (MS) at all dis-
ease stages.1 However, while cerebellar atrophy and focal white

matter (WM) lesions have been reported in both relapsing-remitting2,3

and progressive MS4–6 patients, there are only a few reports on focal
pathology in the cerebellar cortical layers.2,7,8 The cerebellar cortex is
approximately 3 to 5 times smaller than the cerebral cortex (~240 μm
thickness),9 which makes it difficult to study with conventional mag-
netic resonance imaging (MRI) techniques.1,10 Intracortical MS lesions
in the cerebellum are often very small and therefore suspect to large partial
volume effects in routine clinical imaging protocols. Moreover, demyelin-
ating lesions in cerebellar cortical gray matter (GM) have poorer contrast
than cortical lesions in the brain hemispheres due to the generally lower
myelin content in the cerebellar cortex.1,10 Ultra–high-field MRI (7 T)
has been shown to be a valuable tool to assess the contribution of cortical
pathology in the brain hemispheres to clinical disability.11–13 Still, the ques-
tion remains whether the higher resolutions enabled by 7 T MRI improve
the detection of MS cerebellar pathology compared with clinical field
strengths and how this correlates to the patient's symptoms.

Ultra–high-field magnetization-prepared 2 inversion-contrast
rapid gradient-echo (MP2RAGE) may have high clinical value by poten-
tially improving the study of focal cerebellar pathology in early stages of
MS. It has been previously shown that for hemispheric cortical lesion de-
tection at 3 T,MP2RAGE is nearly as sensitive as double inversion recov-
ery, which is considered the criterion standard for lesion detection in the
cortical layers14,15; 3 T MP2RAGE is also more sensitive than 3D fluid-
attenuated inversion recovery for WM lesion (WML) detection.14,15 In
addition, MP2RAGE can provide T1 relaxometry measurements that
have been shown to be directly related to properties of the brain tissue
in both physiological16 and pathological conditions (ie, inflammation
and degeneration).17–19 MP2RAGE images radically reduce spatial sig-
nal intensity inhomogeneities stemming from physical effects related to
the excitation and reception of the MR signal,20,21 which is a significant
asset at 7 T. Finally, further practical limitations of MP2RAGE at ultra–
high-field have been removed by adding high permittivity dielectric pads
and inversion pulseswith optimized efficiency in difficult regions like the
temporal lobe or the cerebellum.21 Consequently, we hypothesize that
ultra–high-field MP2RAGE11,22 should benefit and improve the detec-
tion and characterization of focal cerebellar pathology in MS patients.
In addition, we expect that 7 T MP2RAGE will help to ameliorate the
clinicoradiological correlations of cerebellar focal pathology.

In this work, we compared cerebellar manual lesion count, volume,
and T1 relaxometry values as obtained in 7 T and 3 T MP2RAGE images.
Also, we assessed the relationship between cerebellar lesion characteristics
at different resolution andmagnetic field-strength, and patient clinical scores.

MATERIALS AND METHODS

Subjects and MRI Acquisition
Twenty patients (15 women, 5 men), diagnosed with relapsing

remitting MS (RRMS) according to the revised McDonald criteria,23
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were imaged on a 7 T MRI research scanner (Siemens Healthcare,
Germany) and a 3 T MRI scanner (MAGNETOM Trio, ATim System;
Siemens Healthcare, Germany) using 32-channel head coils (Nova
Medical at 7 T and Siemens Healthcare at 3 T). Inclusion criteria were
stable disease on high-dosage interferon beta or fingolimod, less than
6 years' disease duration, and no other concomitant neurological or psy-
chiatric disease. The imaging was performed between January 2012 and
November 2013, and the median time between successive MR exami-
nations at 3 T and 7 Twas 9 months (range, 2–14 months). Due to the
order of acquisitions performed in the course of the study (first time
point 3 T→ 7 T→ second time point 3 T), the second 3 T scan session
acquired 2 years after the first 3 T session (21.4 ± 2.5 months; range,
16–27 months) could be used to assess whether the cerebellar lesion
load was stable over time. The study was approved by the ethics com-
mittee of our institution, and all subjects gave written informed consent
before participation.

Whole-brain 3D MP2RAGE images were acquired at 3 Tusing
a clinical resolution of 1.0� 1.0� 1.2 mm3 (3T_1.0) and at 7 Tusing a
high resolution of 0.75 � 0.75 � 0.9 mm3 (7T_0.75). In addition, 2
separate MP2RAGE images of 0.58 � 0.58 � 0.58 mm3 (7T_0.58)
were acquired at 7 T targeting the cerebellum. The 2 acquisitions were
performed separately to mitigate motion corruption. The two 7T_0.58
MP2RAGE images were first spatially normalized using rigid registra-
tion, performed by the ELASTIX C++ library24 and then averaged to
improve the signal-to-noise ratio (SNR). The acquisition parameters
for each protocol are detailed in Table 1. At 7 T, 3 dielectric
MR-invisible pads were placed under the subject's neck just below
the ears. These pads were used to improve the inversion pulse effi-
ciency over the cerebellum.21 The acquisition protocols were designed
to study cerebellar pathology in MS and had the goal to reach the
highest resolution possible without penalizing the SNR and contrast-
to-noise ratio (CNR), while maintaining clinically acceptable scan
times. Both 7 T protocols were optimized in this respect as reported
TABLE 1. MRI Protocol

7T_0.58
MP2RAGE

Resolution, mm3 0.58 � 0.58 � 0.58
Matrix size 240 � 384
Slice/partitions 128
Orientation/readout Slab selective axial/A → P
Acquisition time 2 � 10 min 27 s
Acceleration factor 2
TR, ms 6000
TE, ms 3.49
TI, ms 800/2700
Flip angles,* degrees 4/5
Bandwidth, Hz/pixel 241
Target Cerebellum

All the acquisitions are 3D.

*Flip angles for first/second GRE readout.

MRI indicates magnetic resonance imaging; MP2RAGE, magnetization-prepared 2 i
sion time.
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in O'Brien et al.21 The 3 T protocol follows the recommendations given
in the original MP2RAGE20 publication with the aim of optimizing
GM/WM contrast.

Manual Segmentation
Cerebellar lesions were identified and delineated by consensus

between 1 radiologist (A.S.) and 1 neurologist (C.G.), with 3 and
11 years of experience, respectively. The observers were blinded to
the clinical status of the patients and aware of the potential artifacts
and pitfalls of MS reading in MRI.14,25,26 Subsequently, each lesion
was labeled as either pure focal WML or a focal GM lesion. The latter
was further categorized into 1 of the 2 cerebellar GM lesion classes1,7:
(1) leukocortical, extensions of WML in the folia, affecting adjacent
cortical tissue; (2) intracortical, lesions within the cerebellar cortex that
do not reach the subcortical WM.

Total cerebellar lesion load (TcLL), total cerebellar lesion vol-
ume (TcLV), and the mean cerebellar lesion volume (McLV, volume
of all lesions divided by the number of lesions) for all lesions and per
each type of lesion were calculated. Mean T1 relaxation times were
computed for lesions and for normal-appearing tissue in GM and
WM, respectively. Mean T1 values for lesions were obtained by apply-
ing the lesionmask to the T1maps obtained from theMP2RAGE scans.
T1 values for the normal-appearing brain tissues were obtained by man-
ually placing cubic-shaped regions of interest (ROI) with a volume of
approximately 33 μL in every patient: 5 ROIs in the WM, 5 ROIs in
the GM. Gray matter ROIs were selected to have similar standard devi-
ations in T1 values from ROIs in the WM. To study the mixed WM/
GM, 50% of the voxels from WMROIs and 50% from GM ROIs were
used to estimate mean T1 values.

The CNR in the 20 patients was estimated according to Equa-
tion 1, where mlesion and mNA are medians of signals from lesions and
ROIs of normal-appearing WM or GM tissue, respectively, and σ2

lesion

and σ2
NA represent the variances of signal intensities within lesions
7T_0.75
MP2RAGE

3T_1.0
MP2RAGE

0.75 � 0.75 � 0.9 1.0 � 1.0 � 1.2
300 � 320 240 � 256

160 176
Nonselective sagittal/S → P

9 min 33 s 8 min 22 s
3 3

6000 5000
2.92 2.89

750/2350 700/2500
4/5 4/5
240 240

Whole brain Whole brain

nversion-contrast rapid gradient-echo; TR, repetition time; TE, echo time; TI, inver-
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TABLE 2. Clinical Scores in Our Cohort of Patients

Clinical Test Average ± STD

BRB-N SRT-LTS 63.6 ± 7.1
SRT-CLTR 60.4 ± 8.3
SRT-D 11.5 ± 1.0

SPART 10/36 24.3 ± 3.9
SDMT 58.7 ± 7.8
PASAT 49.3 ± 8.0
WLG 30.2 ± 4.7

Motor performance Leg function −0.28 ± 1.12
Arm function −0.39 ± 0.85

HAD Anxiety 7.5 ± 4.6
Depression 3.4 ± 2.7

EDSS 1.6 ± 0.2

BRB-N indicates Brief Repeatable Battery of Neuropsychological Tests; SRT-
LTS, Selective reminding test–long-term storage; SRT-CLTR, selective reminding
test–consistent long-term retrieval; SRT-D, selective reminding test–delayed
recall; SPART 10/36, spatial recall test; SDMT, symbol digit modalities test;
PASAT, paced auditory serial addition test at 3s; WLG, word list generation
HAD, hospital anxiety and depression; EDSS, expanded disability status scale.
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and normal-appearing tissue from MP2RAGE images, respectively.27

The variance was estimated using the median absolute deviation to mit-
igate partial volume effects.

CNR ¼ mlesion−mNAð Þ
σ2

lesion þ σ2
NAð Þ

2

Clinical Assessment
Each subject underwent a neurological examination including

the following cognitive and behavioral tests: (1) Brief Repeatable Bat-
tery of Neuropsychological Tests28 (BRB-N), which examine verbal
and spatial memory, sustained attention, information processing speed,
and verbal fluency on semantic cues; (2) the Hospital Anxiety and
Depression scale29 (HAD); (3) the Fatigue Scale for Motor and Cogni-
tive functions30 (FSMC), which quantifies depressive mood symptoms
and fatigue. The Expanded Disability Status Scale (EDSS)31 and the
Multiple Sclerosis Functional Composite (MSFC) scores were assessed
by a certified neurologist (C.G.) to quantify motor performance.

Statistical Analyses
All statistical analyses were performed using the R software ver-

sion 3.2.2. Lesion count and volume in the 3 different images were
compared using a paired Wilcoxon signed-rank tests. The same statisti-
cal test was used to compare mean T1 relaxation times between lesions
and normal-appearing tissue. Contrast-to-noise ratio between lesional
and normal-appearing tissue in the 3 different images were compared
using a paired Wilcoxon signed-rank test. For each clinical score, a cor-
relation analysis was performed using a general linear model with
TcLL, TcLV, and McLV (for all types of lesions) as regressors and the
clinical score as the predicted outcome. Age, sex, education years, anx-
iety, and depression scores (HAD) were considered as covariates
because they may affect patients' cognitive performance.32,33 Back-
ward stepwise analyses were performed to select the best prediction
model for each clinical score. Bonferroni correction was applied for
multiple comparisons. The significant variables were identified with a
P value of < 0.05.

RESULTS

Clinical Scores
The mean patient age at the time of the first examination was

34.9 years (range, 21–46 years); 15women,with amean age of 36.5 years
(range, 24–46 years), and 5 men, with a mean age of 30.0 years (range,
21–40 years). The mean disease duration (duration since the first
symptoms and date of MRI examination) was less than 6 years
(36.5 ± 21.8 months; range, 2–70 months). The median EDSS31

was 1.5 (range, 1.0–2.0). Motor and cognitive scores are presented
in Table 2. All patients were under immunomodulatory treatment
(fingolimod or high-dosage interferon beta) before enrollment, and
treatment did not change between scans.

Lesion Characteristics Comparison Among 7T_0.58,
7T_0.75, and 3T_1.0 MP2RAGEs

Except for 2 patients, no cerebellar lesion progression was ob-
served between the first and second 3 T session. Notably, the 7 T scan
was performed between the two 3 T time points. The 2 patients showed
2 new lesions each at the second 3 T time point; it was retrospec-
tively confirmed by the experts that these lesions were not present
in the 7 T images. We conclude that additional lesions picked up at
7 T are due to improved lesion conspicuity.

Figure 1A shows the number of lesions and their volume as ob-
tained by manual segmentation using 7T_0.58, 7T_0.75, and 3T_1.0

(1)
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MP2RAGE. Cerebellar lesion count was higher when performed on
7T_0.58 MP2RAGE compared with 7T_0.75 at 7 T and the 3T_1.0
MP2RAGE (P < 0.01), and on 7T_0.75 MPRAGE compared with
3T_1.0MP2RAGE (P = 0.0015). No differences were observed for cer-
ebellar lesion volume among the different images (P > 0.1403; 7T_0.58
MP2RAGE TcLV average: 268.3 μL; 7T_0.75 MP2RAGE: 304 μL;
and 3T_1.0 MP2RAGE: 292 μL), which is further supported by the
high correlation coefficients (ρ≈ 1) between the manual segmentations
obtained from the different protocols shown in Figure 1C. Figure 1B
shows the size distribution of missed and detected lesions in 7T_0.75
and 3T_1.0 with respect to the high-resolution 7T_0.58 protocol. It
can be seen that most of the missed lesions are small; notably, 70% of
the missed lesions are smaller than 5 μL.

Examples of different cerebellar lesion types are presented in
Figure 2. Count and volumes per lesion type are presented in Table 3.
We can observe that all patients showed cerebellar WML and that the
majority of cerebellar cortical lesions consisted of leukocortical lesions.
Intracortical lesions were smaller and only observed in 2 patients using
7T_0.58 MP2RAGE and in one of those patients on 7T_0.75
MP2RAGE and 3T_1.0 MP2RAGE. Notably, 8 (13%) of 61 lesions
classified as pure WMLs using 7T_0.58 MP2RAGEs were wrongly
classified as leukocortical in the images with lower spatial resolution
(see Fig. 3).

In 7T_0.58 images, 10% of total lesions were located within the
cerebellar folia (see an exemplary set of missed lesions in Fig. 4). Only
36% of these lesions were detected using both 7T_0.75 images and
3T_1.0 MP2RAGE images.

Mean T1 relaxation times for lesion and normal-appearing tis-
sue for the cerebellum at 7T_0.58, 7T_0.75, and 3T_1.0 MP2RAGE
are shown in Figure 5. Except for intracortical lesions, T1 values in le-
sion tissue were longer than those in normal-appearing tissue (WM,
P < 0.0001, and mixedWM/GM, P < 0.005). T1 values of intracortical
lesions were not significantly different from normal-appearing GM,
probably due to the small number of lesions observed in the whole co-
hort. There were no significant differences of CNR between lesion and
normal-appearing WM between the 3 types of images (P > 0.07).
However, the CNR between normal-appearing GM and lesions is sig-
nificantly higher in the images acquired at higher field strength
(P < 0.01, Fig. 6).
www.investigativeradiology.com 267

ealth, Inc. All rights reserved.

www.investigativeradiology.com


FIGURE 1. A, Log-log plot of manual segmentation results in terms of total lesion volume (TcLV, μL) and total lesion load (TcLL, number of lesions)
obtained from 7T_0.58 (resolution, 0.58 � 0.58 � 0.58 mm3, circle), 7T_0.75 (resolution, 0.75 � 0.75 � 0.9 mm3, triangle), and 3T_1.0 (resolution,
1.0 � 1.0 � 1.2 mm3, square) images. Gray and black symbols represent the values per patient and average values, respectively. Percentage difference
(pd) is shown for TcLL average between groups. B, Size distribution of missed (dark gray) lesions by 7T_0.75, and 3T_1.0, and detected (light gray)
lesions by all protocols. C, Total cerebellar lesion volume (TcLV) correlation between 7T_0.58, 7T_0.75, and 3T_1.0 protocols and the respective Pearson
correlation coefficient (ρ). The dash line represents the identity line, and the solid black line represents the best linear fit to the points.
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Multiple Regression Analysis
General linear model using backward stepwise regression re-

vealed significant (P < 0.01) association between cerebellar lesion char-
acteristics and motor scores (see Table 4).

Leg function was correlated to (1) cerebellar McLV at 7T_0.58
MP2RAGE, HAD scores, and education (adjusted R2, 0.7; corrected
P = 0.004) and (2) cerebellar TcLL and TcLV at 7T_0.75 MP2RAGE
combined with HAD scores and education (adjusted R2, 0.7; corrected
P = 0.013). None of the 3T_1.0 MP2RAGE scores appeared to be an
independent predictor of leg function score.

Arm function was correlated to (1) cerebellar TcLL, TcLV, and
McLV at 7T_0.58 MP2RAGE combined with age, education, and
HAD scores (adjusted R2, 0.7; corrected P = 0.0006) and (2) cerebellar
TcLL, TcLV, and McLVat 3T_1.0 MP2RAGE combined with age, ed-
ucation, and HAD scores (adjusted R2, 0.8; corrected P = 0.0006).

Both 7 T and 3 T cerebellar lesion characteristics correlated
with cognitive scores (see Table 4). Cerebellar McLV at 7T_0.58
MP2RAGE together with sex, age, and HAD score correlated with
the Selective reminding test-delayed score (adjusted R2, 0.5; corrected
P = 0.03). Cerebellar McLVat 3T_1.0 MP2RAGE, combined with age
268 www.investigativeradiology.com
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and HAD score, was associated to the word list generation score
(adjusted R2, 0.6; corrected P = 0.009).

DISCUSSION
In this work, we assessed the performance of 7 T MP2RAGE to

detect and segment intracortical, leukocortical, and subcortical focal
cerebellar pathology in early-stage RRMS patients.

The study of focal pathology in the cerebellum is challenging
due to its convoluted structure, characterized by intermingled WM
and GM digitations in the folia and vermis.34 MP2RAGE is a recently
developed MRI sequence,20 which provides a high WM-GM contrast
at submillimeter spatial resolution at 7 T. In addition, adaptedMP2RAGE
protocols21,35 have been shown to provide high SNR and low B1 bias in
the cerebellum, even at very high spatial resolution. In this work, we
compared 7T_0.58 MP2RAGE at 7 T using a 0.6-mm isotropic spatial
resolution, with 7T_0.75 MP2RAGE at 7 T using slightly larger, but
still submillimeter voxel size (0.75 mm in-plane and 0.9 mm slice
thickness) and with 3T_1.0 MPRAGE acquired with 1 mm (almost)
isotropic voxel size as in Kober et al14 and Fartaria et al.15 The protocols
were optimized for optimal SNR and CNR at the given fields
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. MP2RAGE patches of 7T_0.58 (resolution, 0.58� 0.58� 0.58 mm3), 7T_0.75 (resolution, 0.75� 0.75� 0.9 mm3), and 3T_1.0 (resolution,
1.0� 1.0� 1.2mm3), showing the 3 types of cerebellar lesions from different patients: white-matter lesions (WML), leukocortical lesion (LeukoC), and
intracortical lesion (IntraC).
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strengths and resolutions. For comparison, estimating the achievable
SNR on a clinical 3 T scanner in the same acquisition time as the longest
7 T protocol (ie, 7T_0.58), an isotropic resolution of about 0.85 mm,
could probably be reached.

Ultra-high-field MP2RAGE provided high sensitivity to lesion
detection and detailed anatomical localization in the cerebellum. In fact,
MP2RAGE at 7 TMRI allowed the detection of significantly higher le-
sion load than MP2RAGE at 3 T, likely due to the improved spatial res-
olution, lower-partial volume effects, and improved CNR for cortical
lesions. In addition, lesion count in images with superior resolution at
TABLE 3. Number and Volume of Types of Lesions in Our Cohort of Pati

7T_0.58

Median Min Max Total Median Mi

Lesion count (no.)
WML 6 1 61 208 6 1
LeukoC 0 0 22 29 0 0
IntraC 0 0 1 2 0 0
Lesion volume, μL
WML 81.7 14.3 1818.4 4527.0 136.9 12.
LeukoC 0.0 0.0 434.7 812.3 0.0 0.
IntraC 0.0 0.0 17.3 27.4 0.0 0.

7T_0.58 (resolution, 0.58 � 0.58� 0.58 mm3), 7T_0.75 (resolution, 0.75 � 0.75

Median indicates median values; Max, maximum value; Min, minimum value; Tot
sions; IntraC, intracortical lesions.

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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7 T (7T_0.58) was significantly higher than the one obtained with
slightly lower spatial resolution (7T_0.75) at the same magnetic field.
Importantly, 7T_0.58 MP2RAGE permitted to anatomically localize
13% WMLs that were wrongly classified as leukocortical in the other
2 MP2RAGE acquisitions.

Our findings are in line with a previous histopathological study
showing extensive focal cerebellar WM demyelination,6,36,37 and they
extend previous findings by providing new proof of important focal de-
myelination affecting the cerebellar cortex in vivo in early-stageMS pa-
tients withminimal impairment on stable therapy. A few previousworks
ents

7T_0.75 3T_1.0

n Max Total Median Min Max Total

22 154 2 0 26 85
10 14 0 0 9 16
1 1 0 0 1 1

7 2023.0 5011.4 75.0 0.0 1963.2 4467.6
0 730.0 1069.2 0.0 0.0 607.2 1368.0
0 11.6 11.6 0.0 0.0 4.8 4.8

� 0.9 mm3), 3T_1.0 (resolution, 1.0 � 1.0 � 1.2 mm3).

al, total number of lesions; WML, white-matter lesions; LeukoC, leukocortical le-
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FIGURE 3. Example of misclassification of cerebellar WM lesions. A and D, Lesions classified as pure WM lesion using 7T_0.58 (resolution, 0.58 � 0.58 �
0.58mm3). B and E, Lesionsmisclassified as leukocortical using 7T_0.75 (resolution, 0.75� 0.75� 0.9mm3). C and F, Lesionsmisclassified as leukocortical
using an image acquired at 3 T, 3T_1.0 (resolution, 1.0 � 1.0 � 1.2 mm3). Figure 3 can be viewed online in color at www.investigativeradiology.com.

Fartaria et al Investigative Radiology • Volume 52, Number 5, May 2017
used 2D double inversion recovery at 1.5 T and 3 T MRI as well as 2D
fluid-attenuated inversion recovery at 3 T38 to report focal cortical
FIGURE 4. Example of lesions locatedwithin cerebellar folia: A, D, andG, Lesio
H, Lesionsmissed using 7T_0.75 (resolution, 0.75� 0.75� 0.9mm3). C, F, and
� 1.2 mm3). Figure 4 can be viewed online in color at www.investigativeradio
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lesions in the cerebellum at all MS stages including in clinical isolated
syndrome,2 RRMS,2 and secondary progressive MS.2 Yet, despite the
ns detected using 7T_0.58 (resolution, 0.58� 0.58� 0.58mm3). B, E, and
I, lesionsmissed on image acquired at 3 T, 3T_1.0 (resolution, 1.0� 1.0
logy.com.

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 5. T1 relaxometry results using images acquired at 7T_0.58 (resolution, 0.58� 0.58� 0.58mm3), 7T_0.75 (resolution, 0.75� 0.75� 0.9mm3),
and 3T_1.0 (resolution, 1.0� 1.0� 1.2 mm3). T1 values obtained in the cerebellum for normal-appearing WM, mixed WM/GM, and GM tissues (full
bars) and WM (WML), leukocortical (LeukoC), and intracortical (IntraC) lesions (stripped bars). P values given are before Bonferroni correction.
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valuable information acquired, all these studies suffered from low
spatial resolution (slice thickness between 3 and 4 mm)2,7 or poor
GM-WM contrast.38 Our work demonstrates the clear benefits of
7T_0.58 MP2RAGE to study in depth the presence and localization
of cerebellar pathology compared with lower resolution protocols and
lower field strength.

Interestingly, lesion count and volume as measured in 7T_0.58,
7T_0.75, and 3T_1.0 MP2RAGEs showed similar correlations with cog-
nitive and motor performance in our cohort of MS patients. This was
probably due to the fact that the best predictor of clinical scores was
FIGURE 6. Box plots of CNR between lesions and normal-appearing WM (WM
patients and from the 3 different types of images: 7T_0.58 (resolution, 0.58 �
3T_1.0 (resolution, 1.0 � 1.0 � 1.2 mm3). P values reported are after Bonferr

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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lesion volume, which appeared to be equally estimated across
MP2RAGEs. The remarkable absence of a significant difference in lesion
volume between field strengths and different spatial resolutions is most
probably due to missed lesions in the imageswith lower spatial resolution
(ie, small lesions), as well as to the overestimation of lesion volumes at
3T_1.0 and 7T_0.75 MP2RAGE due to partial volume effects.

In addition to increased sensitivity, MP2RAGE provided micro-
structural characterization of focal cortical and subcortical pathology
through T1 relaxometry maps. Pathological alterations in brain tissue,
such as changes in myelination, gliosis, axonal injury, and loss as well
lesion), and lesions and normal-appearing GM (GM lesion) from all
0.58� 0.58 mm3), 7T_0.75 (resolution, 0.75� 0.75 � 0.9 mm3), and
oni correction. The crosses in the plot represent outliers in our cohort.
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TABLE 4. Multiple Regression Analyses Between MRI Scores

7T_0.58 7T_0.75 3T_1.0

Corrected P Adjusted R2 Corrected P Adjusted R2 Corrected P Adjusted R2

SRT-LTS 0.42 0.32 1.69 0.15 0.75 0.12
SRT-CLTR 0.56 0.14 1.22 0.17 0.40 0.17
SRT-D 0.03* 0.53 0.08 0.46 0.05 0.32
SPART 10/36 1.31 0.22 0.66 0.27 0.84 0.16
SDMT 0.54 0.33 0.14 0.42 0.06 0.49
PASAT NS NS 0.98 0.10
WLG 0.29 0.31 0.92 0.37 0.009** 0.56
Leg Function 0.004** 0.69 0.013* 0.67 0.002** 0.68
Arm Function 0.0006*** 0.69 0.10 0.53 0.0006*** 0.80
EDSS 0.36 0.34 0.98 0.23 0.43 0.32

Multiple regression analyses betweenMRI scores (performed at 7T_0.58, resolution, 0.58� 0.58� 0.58 mm3; 7T_0.75, resolution, 0.75� 0.75� 0.9 mm3; 3T_1.0
resolution, 1.0 � 1.0 � 1.2 mm3), covariates, and clinical scores (BRB-N, Brief Repeatable Battery of Neuropsychological Tests; MP, Motor Performance; and EDSS,
Expanded Disability Status Scale). C. P values given are after Bonferroni correction. Difference in significance: ***high significance (P < 0.001), **middle significance
(P < .01), *low significance (P < .05). NS, not significant, tests that did not reach significance before Bonferroni correction.

BRB-N: SRT-LTS indicates Selective reminding test–long-term storage; SRT-CLTR, selective reminding test–consistent long-term retrieval; SRT-D, Selective
reminding test–delayed recall; SPART 10/36, spatial recall test; SDMT, Symbol digit modalities test; PASAT, Paced auditory serial addition test at 3s; WLG, word list
generation. MP: Leg function; Arm function.
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as edema and iron deposition influence T1 relaxation properties at dif-
ferent levels.39 The sensitivity of T1 measurements at 7 T to contrast le-
sions compared with normal-appearing tissue was not influenced by
spatial resolution and field strength, as similar differences were ob-
served among 7T_0.58 to 7T_0.75 and 3T_1.0 T1 relaxometry maps.

A limitation of this study is the fact that we included a homoge-
neous cohort of early-stage RRMS patients under therapy, which
prevented us to investigate focal cerebellar pathology at more advanced
disease stages. Because of this, we also report a very limited number of
purely intracortical lesions in our cohort. Considering the most recent
guidelines,40 future efforts should extend the current investigation to
the entire MS spectrum.

In conclusion, ultra-high-field MP2RAGE provides an accurate
description of cortical and subcortical cerebellar pathology, even in
early-stage MS patients, due to the higher spatial resolution and CNR
with less partial volume effects. Furthermore, in future, MP2RAGE
T1 relaxometry may help to characterize in vivo the nature of cerebellar
tissue pathology.
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