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Abstract: Motor imagery (MI) relies on the mental simulation of an action without any overt motor execution
(ME), and can facilitate motor learning and enhance the effect of rehabilitation in patients with neurological con-
ditions. While functional magnetic resonance imaging (fMRI) during MI and ME reveals shared cortical repre-
sentations, the role and functional relevance of the resting-state functional connectivity (RSFC) of brain regions
involved in MI is yet unknown. Here, we performed resting-state fMRI followed by fMRI during ME and MI
with the dominant hand. We used a behavioral chronometry test to measure ME and MI movement duration
and compute an index of performance (IP). Then, we analyzed the voxel-matched correlation between the indi-
vidual MI parameter estimates and seed-based RSFC maps in the MI network to measure the correspondence
between RSFC and MI fMRI activation. We found that inter-individual differences in intrinsic connectivity in
the MI network predicted several clusters of activation. Taken together, present findings provide first evidence
that RSFC within the MI network is predictive of the activation of MI brain regions, including those associated
with behavioral performance, thus suggesting a role for RSFC in obtaining a deeper understanding of neural
substrates of MI and of MI ability. Hum Brain Mapp 37:3847-3857, 2016.  © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Motor imagery (MI) is a mental process during which a
movement is mentally simulated without any overt motor
output [Jeannerod, 1995]. Task-based functional magnetic
resonance imaging (fMRI) has led to substantial advances
in our understanding of the neural substrates of MI, show-
ing that the neural networks involved in MI overlap, to a
considerable extent, with those recruited for the actual
motor execution (ME), and include the dorsal premotor
cortex (PmD), the supplementary motor area (SMA), and
the intraparietal sulcus (IPS) and the supramarginal gyrus
in the inferior parietal lobe (IPL). Furthermore, while some
brain areas such as the prefrontal cortex, the posterior por-
tion of the superior parietal lobe (SPL), the ventral premo-
tor cortex (PmV) and the anterior SMA (pre-SMA) are
more active during MI than ME, other brain regions such
as the contralateral primary motor cortex (M1), the pri-
mary sensory cortex (S1), the SMA proper and the anterior
SPL are more active during ME than MI [Gerardin et al.,
2000; Grezes and Decety, 2001; Guillot et al., 2012b; Hétu
et al., 2013; Lotze and Halsband, 2006; Sharma and Baron,
2013; Stephan et al., 1995; Szameitat et al., 2012a,b].

Behavioral studies have shown that, in healthy adults,
the actual execution and the mental rehearsal of the same
movement share autonomic responses and temporal char-
acteristics in terms of movement duration (i.e., mental iso-
chrony), and that the spatio-temporal -characteristics
associated with ME and MI are affected by aging and dis-
ease status [Decety et al., 1989; Heremans et al., 2012;
Saimpont et al., 2013; Tacchino et al., 2013]. Thus, chro-
nometry tests designed to evaluate the temporal coupling
between overt and simulated movements are regarded as
a reliable method to assess the subjects” MI ability and
performance [Guillot and Collet, 2005, Malouin et al.,
2007].

Abbreviations
BOLD  Blood-oxygen-level dependent
CSF Cerebrospinal fluid
DMN  Default mode network
fMRI Functional magnetic resonance imaging
GLM  General linear model
HRF Hemodynamic response function
IP Index of performance
IPS Intraparietal sulcus
KVIQ  Kinesthetic and Visual Imagery Questionnaire
LOC Lateral occipital cortex
ME Motor execution
MFG Middle frontal gyrus
PEC Prefrontal cortex
PmV Ventral premotor cortex
RSFC  Resting-state functional connectivity
SFG Superior frontal gyrus
SMA Supplementary motor area
SPL Superior parietal lobe
WM White matter

Although task-induced functional imaging studies have
contributed to the investigation of the neural correlates of the
MI performance and practice [Guillot et al., 2008; Sharma
et al., 2009], the extent to which intrinsic functional networks
are related to MI task performance is poorly understood. Due
to ease of implementation, resting-state studies are extremely
attractive to be included in monitoring of progression or
recovery from disease in clinical populations, often presenting
with diversified types and severity of impairment. Therefore,
it is of high interest to detect to which extent resting-state
activity can predict a particular task and its behavioral corre-
lates. Resting-state functional connectivity (RSFC) studies
have shown that there is a considerable correspondence
between functional networks during task-performance and
intrinsic, coherent, low-frequency (<0.1 Hz) fluctuations in
brain activity observed during rest [Cole et al.,, 2014; Smith
et al., 2009]. In addition, Mennes and colleagues (2010) have
reported that inter-individual differences in task-induced
blood-oxygen-level dependent (BOLD) activity are predicted
by the region’s positive connectivity strength with the task-
positive network or its negative connectivity with the default
mode network (DMN). Furthermore, it has been suggested
that neural activity during task performance and intrinsic neu-
ral activity are governed by a common mechanism [Cohen
et al., 2008; Steyn-Ross et al., 2009]. However, the link between
resting-state neural activity and task-related activity during
Ml is yet unknown, as well as its behavioral relevance.

Here, we investigated the relationship between RSFC and
brain activity during ME and MI of a squeezing ball task
with the following aims: (i) to investigate MI brain activity
correlates of mental isochrony, (ii) to determine the relation-
ship between RSFC and MI-related brain activity. Based on
previous Ml studies, we hypothesized that subjects with bet-
ter mental isochrony would show differentiated recruitment
of parietal and premotor regions [Guillot et al., 2008] and
that higher RSFC with key MI regions would predict stron-
ger recruitment of MI network during task performance
[Hétu et al., 2013; Mennes et al., 2010].

METHODS
Subjects

Thirty-one healthy volunteers participated in the study
(16 males; mean age = 31.74 = 7.80, range 21-53 years). All
subjects were right-handed as assessed by Edinburgh
Handedness Inventory [Oldfield, 1971] and none of them
had previous history of neurologic or psychiatric illness.
The study protocol was approved by the local Institutional
Review Board and written informed consent was obtained
from all subjects prior to participation.

Experimental Design and Motor Task

The experiment was performed in a single session
including behavioral and MRI assessment. The tasks were
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first performed outside of the scanner for behavioral scor-
ing. First, all participants were instructed to perform the
ME task, which required repeatedly squeezing a foam ball
(7 cm diameter) at their own pace (in most cases at a rate
of about 1 Hz) during a run of four blocks of 30s of ME
separated by 30s of rest [Mizuguchi et al., 2013]. Next,
they were instructed to “imagine” the same movement
with a first person perspective during the MI run, using
the same paradigm. After each block, the participants
reported the number of movements they performed (overt
during ME and imagined during MI). The tasks were then
repeated during task-fMRI acquisition using the same par-
adigm but without behavioral assessment, that is, the par-
ticipants did not report the number of movements during
scanning. The subjects were informed of the start of each
block via brief visual cues presented on a screen, visible
through a mirror: a green circle marked the start of a task
block and a red circle marked the start of a rest block
(Supporting Information Fig. S1). The participants were
asked to maintain the same pace throughout the experi-
ment. The task-fMRI experiment was preceded by acquisi-
tion of resting-state fMRI (rs-fMRI). The order of MI and
ME tasks was counterbalanced across subjects. Both tasks
were performed first with the right hand and then with
the left hand. For the sake of simplicity and given the
exploratory nature of our study, only the data for the right
hand are discussed.

Behavioral Data

Before MRI recording the following behavioral tests
were administered to all subjects: (a) chronometry test
[Decety et al.,, 1989; Tacchino et al., 2013], b) the Kines-
thetic and Visual Imagery Questionnaire (KVIQ) [Malouin
et al., 2007] and c) the Nine-hole peg test (9 HPT) [Grice
et al,, 2003]. The chronometry test was used to measure
the isochrony between ME and MI. The number (reported
by the subjects) of executed (#ME) and imagined (#MI)
ball squeezes per block was recorded and the ratio
between the average number of movements of the overt
and mental tasks was computed for each hand (#ME/
#MI). Since the ideal ratio is 1 (equal duration of MI and
ME), both values below 1 (faster MI than ME) or above 1
(faster ME than MI) represent deviations from the ideal
score. As such, we computed an index of performance (IP)
as the absolute difference between the calculated ratio and
the ideal score: IP= | 1-#ME/#MI|. We and used the IP as
our behavioral measure of interest, as it is considered a
reliable and objective measure of MI accuracy and an indi-
cator of motor system integrity [Collet et al., 2011; Guillot
et al.,, 2012a; Guillot and Collet, 2005; Di Rienzo et al.,
2014]; and the outcome corresponds specifically to the task
that was performed during fMRI (additional information
in the Supplementary Material). The KVIQ was used to
rate the vividness of imagery abilities. The KVIQ-20 is a
questionnaire developed to measure the vividness of each

dimension of motor imagery (visual and kinesthetic) on a
five-point ordinal scale (5 = vivid imagery, 1 =no imagery)
[Malouin et al., 2007]. The 9 HPT is a measure of motor
dexterity. In this test, participants have to place nine pegs
one at a time into nine holes of a wooden board a then
remove them again. Participants performed the 9 HPT test
twice with each hand and the time needed to complete the
test was measured and averaged [Grice et al., 2003].
MATLAB (version R2011a, The MathWorks, Inc., Natick,
MA, United States) was used to analyze the behavioral
data. Spearman’s correlation coefficient was used to mea-
sure the association between the IP and the KVIQ and cor-
relations between age and the behavioral scores and
results were considered statistically significant if P < 0.05.

MRI Acquisition

All subjects underwent MRI at 1.5T (SignaHDxt scanner,
GE MEDICAL Systems), using an 8-channel transmit/
receive head coil. The MRI protocol included the following
sequences: a) axial PD-T2-weighted (TR/TE1/TE2 = 2340/
102/38.25 ms; FA =90°; voxel size =0.94 X 094 X 4 mm3);
b) sagittal 3DT1-weighted FSPGR (TR/TE/TI=11.56/
5.048/500 ms; FA =8°, voxel size =1 X 1 X 1 mm®); ¢)
gradient-echo Echo Planar Imaging (EPI) sensitive to
BOLD signal with 150 volumes for resting-state fMRI (TR/
TE =3000/60 ms; FA =90°, slice spacing: =1 mm, voxel
size=3.3 X 3.3 X 3.3 mm? d) gradient-echo EPI with 83
volumes for each of the 4 task-fMRI runs (TR/TE = 3000/
60 ms; FA =90° slice spacing =1 mm, voxel size =3.75 X
3.75 X 4 mm®). During rs-fMRI, participants were explic-
itly instructed to keep their eyes closed, to relax and to
move as little as possible.

fMRI Pre-Processing

Initial pre-processing steps of slice-timing correction for
regular ascending acquisition (with Fourier-space time
series phase-shifting) and despiking (detection and reduc-
tion of extreme time series outliers by fitting a smooth
curve insensitive to extreme outliers to the data) were per-
formed in AFNI (http://afni.nimh.nih.gov). All other pre-
processing steps were performed using FSL (FMRIB'’s Soft-
ware Library, www.fmrib.ox.ac.uk/fsl) [Jenkinson et al.,
2012; Smith et al., 2004] as implemented in FEAT [Wool-
rich et al., 2001, 2009], including: removal of the first 3 vol-
umes, motion correction using MCFLIRT [Jenkinson et al.,
2002], non-brain removal using BET [Smith, 2002], spatial
smoothing (Gaussian kernel, FWHM = 6 mm), grand-mean
intensity normalization of all volumes by a single multipli-
cative factor, and high-pass temporal filtering (Gaussian-
weighted least-squares straight line fitting, sigma = 30s for
task-fMRI and sigma = 50s for rest-fMRI). Nuisance signal
from white matter (WM) and cerebrospinal fluid (CSF)
was calculated by segmenting T1-weighted images with
FAST, then registering the resulting WM and CSF masks
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to functional space and averaging the raw time series
within each mask. Additional information regarding the
choices of preprocessing steps can be found in the Supple-
mentary Material.

Task-fMRI Analysis

To detect task-related activity, one explanatory variable
(EV) was defined to model the On-Off periods of the task
for each run (ME or MI) and convolved with the hemody-
namic response function (HRF). The six motion parameters
calculated during motion correction were added as con-
found EVs. Mean CSF and WM signals were added to the
general linear model (GLM) as covariates of no interest.
Two contrasts were defined to obtain individual maps of
activation and deactivation related to each of the two
tasks: ME and MI with the right hand. Individual func-
tional images were registered to corresponding T1-
weighted images using Boundary-Based Registration
[Greve and Fischl, 2009]. Then, linear affine (12 DOF)
registration of each subject’s high-resolution T1-weighted
image to standard-space (MNI152 brain template, 2 mm?
resolution) was performed with FLIRT [Jenkinson et al.,
2002].

Individual activation maps were used for several group-
level analyses performed using mixed-effects model as
implemented in FSL FLAME. One-sample t-tests were
used to model the group mean for each task, with age as a
covariate. Two-sample paired t-tests were used to obtain
group comparisons of ME and MI. Results were converted
to Z-values and then thresholded at Z = 2.3 for cluster for-
mation and significance threshold corrected for multiple
voxel comparisons (P < 0.05) and further corrected for six
MI and ME comparisons using Bonferroni correction.

Additionally, correlations between MI activation and the
IP, and between the 9 HPT scores and ME were modeled
separately, with age as a covariate. Z-maps were thresh-
olded at Z=2.3 for cluster formation and significance
threshold corrected for multiple voxel comparisons (P <
0.05) and further corrected for four MI and four ME corre-
lation tests using Bonferroni correction.

Rs-fMRI Analysis

Seeds were created as spheres of 6 mm radius centered
in regions of interest (ROIs) reported in the literature to be
relevant for motor imagery (Supporting Information Fig.
S2) [Gerardin et al., 2000; Guillot et al., 2008; Jeannerod,
1995; Lotze, 2013] with coordinates functionally defined
according to group mean MI activation: the SMA (-6, —4,
66), pre-SMA (4, 24, 48), left (—58,—38,30) and right IPL
(58,—38,30), left (—44,—6,54) and right PmD (44,—6,54), left
PmV (—54,6,20), and left SPL (—38,—50,54); and group ME
activation: left M1 (—36,—28,54). Each ROI was created in
the standard space 2 mm MNI template and then regis-
tered to the individual native functional space and used to

average a mean timeseries from the pre-processed data.
Then, to obtain individual RSFC maps for each ROI, the
preprocessed rs-fMRI data were entered into a first-level
GLM analysis as implemented in FEAT, with the mean
ROI timeseries used as an EV and the 6 motion parame-
ters, WM and CSF mean signals as covariates of no inter-
est. Next, to create a resting-state MI network, the RSFC
maps of all ROIs (except the M1) were averaged for each
subject.

Correspondence Between RSFC and MI-Related
BOLD Activity

To investigate the relationship between inter-individual
differences in RSFC within the MI network and inter-
individual differences in MI BOLD activity, a voxel-
matched linear regression analysis was performed using
FSL FLAME, between the individual task parameter esti-
mates of MI task-fMRI and the individual RSFC maps of
the MI network, entered as a voxelwise covariate. The task
parameter estimates were entered as dependent variables
and RSFC maps as voxelwise EVs, after being transformed
to standard space and concatenated to a 4D file, adapting
the approach described by Mennes et al., (2010). To evalu-
ate generalizability of the approach, the same analysis was
performed to correlate ME-related BOLD activity with the
RSFC within the ME network as described in the Supple-
mentary Material. The results were converted to Z-values
as described above and then cluster corrected for multiple
comparisons with Gaussian random field theory (Z >2.0; P
< 0.05) and further corrected for four MI and four ME cor-
relations with RSFC using Bonferroni correction.

RESULTS
Behavioral Results

All participants completed the ME and MI task. KVIQ
scores were in the range expected for healthy subjects
(mean = 137.97 = 20.17), with slightly better values for the
visual KVIQ (mean=72.77+9.53) than the kinesthetic
KVIQ (mean =65.19 +£14.42) [Malouin et al., 2007]. MI
movements (mean #MI =21.25=*12.51) were significantly
slower (paired t-test: t(30)=5.8563, P = 2.0851e-06) that ME
(mean #ME =25.96 £9.86) movements (mean #ME/#MI
=1.23 = 0.25) with only two subjects showing results lower
than 1 and a resulting IP score between 0.036 and 1.038.
(mean = 0.250 *= 0.231). Values for the 9 HPT were within
expected range for this sample (mean=18.67 =227 s)
[Grice et al., 2003]. No statistically significant correlations
were found between age and the IP scores, (p =—0.25,
P=0.17) or between age and the 9 HPT (p=0.20,
P =0.29). There was no statistically significant association
between KVIQ scores and age [KVIQ-V (p=-0.33,
P =0.07); KVIQ-K (p=-0.24, P=0.20) and total KVIQ
(p=-0.30, P=0.11)] and between the IP and KVIQ scores
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Figure I.

Comparison of brain activation during Ml and ME. ME-
predominant activity was found in the contralateral M1, putamen
and thalamus, SMA, premotor cortex and the visual cortex
(ME>MI, shown in red-yellow); MIl-predominant activity was

[KVIQ-V (p=0.22, P=023); KVIQ-K (p=0.05, P =0.80)
and total KVIQ (p =0.10, P = 0.59)].

ME and Ml Task-fMRI

Both ME and MI activated similar motor networks (Sup-
porting Information Fig. S3), which included contralateral
primary motor areas, lateral and medial premotor areas. In
both tasks, significantly reduced task activation compared
to baseline blocks was found in the medial PFC (anterior
cingulate and paracingulate gyri). Also, in case of MI,
bilateral V1 and V2 and, in case of ME, the contralateral
M1 showed significantly reduced activation.

The contrast ME > MI showed that, in comparison with
MI, there is significantly higher activation during ME in
the contralateral M1 and primary sensory cortex (S1),
medial premotor (precentral gyrus and SMA), left superior
parietal areas, left secondary somatosensory areas (parietal
and central opercular cortex) and bilateral visual cortex; in
the contralateral thalamus, putamen and pallidum; and
bilateral lobules I — V of the cerebellum and contralateral
lobules VI — IX. The opposite contrast, MI>ME, showed
that activation is higher during imagery in the following
regions: left superior frontal gyrus (SFG) and middle fron-
tal gyrus (MFG) and dorsomedial premotor areas (paracin-
gulate gyrus or pre-SMA), and left lateral occipital cortex
(LOC) and IPL (angular and supramarginal gyrus) (Fig. 1,
Table I).

Correlation of Task-fMRI With Behavioral Scores
Index of performance (IP)

The IP correlated positively with brain activity in the
left SPL (7A-7PC, left anterior IPS, left precuneus, and in
the right dorsolateral and ventrolateral prefrontal cortex
(PFC) (MFG and inferior frontal gyrus) (Fig. 2A, red-yel-
low). Negative correlations between the IP and MI activity
were found in the left secondary somatosensory cortex
(central opercular and insular cortex) and primary audi-
tory cortex (Heschl’s gyrus) (Fig. 2A, blue). There were no

found in the pre-SMA, bilateral lateral frontal regions, anterior
insula and parietal regions (Ml > ME, shown in blue). Results are
cluster corrected for multiple comparisons (Z>2.3; P < 0.0083)
and are shown overlaid on the MNI template.

significant correlations between the IP scores and brain
activity during ME.

Nine-hole peg test (9 HPT)

Brain activity during ME correlated positively with 9
HPT scores in the right middle and superior frontal gyri,
right dorsal premotor regions, anterior and posterior cin-
gulate gyrus and precuneus, bilateral central opercular
and insular cortex, right putamen and thalamus bilaterally,
meaning that higher activation of these areas during motor
task was associated with less optimal performance in the 9
HPT score (Fig. 2B).

RSFC-Task Correlations With Seed-Based
Approach

Higher RSFC within the MI network correlated with
higher activation in several regions on the left hemisphere,
such as the SMA, SM1, central opercular cortex, and supe-
rior temporal gyrus, as well as in the medial M1, and right
PmD (Fig. 3). In addition, inter-individual differences in
RSFC predicted task-evoked activation in the left SPL,
angular gyrus (IPL) and IPS.

In order to test the specificity of our method for the MI
network, we repeated the analysis using as control seed
for RSFC the left M1, which is robustly activated in ME
but rarely in MI. As expected, we did not find any signifi-
cant correlation between left M1 RSFC and brain activity
during MI. Conversely, higher RSFC with the left M1 was
associated with higher activity of the left SM1, bilateral
SMA and lateral premotor regions during ME.

Correlation between ME-related activation and RSFC
within the ME network was significant in regions overlap-
ping ME activation in the left SM1, bilateral PmD, left
SMA, medial M1, and left parietal and central opercular
cortex (Supporting Information Fig. S4).

DISCUSSION

To our knowledge, this is the first study that sought to
characterize the association between inter-individual
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TABLE I. Peak of activations of the comparisons between Ml and ME. Activated regions were labeled using the
SPM Anatomy toolbox (Eickhoff et al., 2007, 2005)

MNI coordinates

Location Cytoarchitectonic location X v z Z-score
MI>ME

L Angular Gyrus —44 =50 30 3.35
L Middle Frontal Gyrus =32 64 10 3.78
L Precentral Gyrus —42 2 56 3.95
L SMA —-10 4 64 3.51
L Superior Frontal Gyrus —16 8 68 4.05
L Superior Parietal Lobule 7A —32 =70 52 4.12
L SupraMarginal Gyrus IPL (PFm) —62 —54 26 4.48
ME > MI

L Calcarine Gyrus hOC1 [V1] -8 -92 8 5.81
L Caudate Nucleus =20 —24 20 3.37
L Paracentral Lobule 4a -8 —24 50 5.89
L Postcentral Gyrus 4a —42 —26 60 8.20
L Postcentral Gyrus 4p —36 —28 54 8.37
L Postcentral Gyrus 2 —48 —30 54 7.98
L Precentral Gyrus —28 -20 64 5.89
L Putamen —28 -12 2 4.35
L Rolandic Operculum —46 —22 22 5.55
L SMA —4 -12 52 5.61
L Thalamus Motor —-16 =22 2 5.74
L Thalamus Prefrontal -16 —22 8 54
R Cerebellum (lobule V) 4 —52 -2 6.89
R Cerebellum (lobule VI) 16 —54 -16 8.29
R Cerebellum (lobule VIII) 18 —62 —46 6.83

differences in task-evoked brain activity during MI and
inter-individual differences in baseline intrinsic functional
connectivity during rest. Our findings are in agreement
with previous work that investigated the temporal charac-
teristics of MI and extend these results by showing the
relationship between an index of execution and imagery
isochrony, the underlying brain correlates during MI and
the corresponding intrinsic functional connectivity in the
MI network.

In support of our hypothesis, we found a significant cor-
relation between MI ability measured as mental chronome-
try (IP score) and the activation of the left parietal lobe
and right prefrontal regions. Previous studies and ours
support the crucial role of the left parietal lobe for the gen-
eration of mental images and planning required for MI
[Guillot et al., 2008; Sirigu et al., 1996] and the importance
of the fronto-parietal network for internal movement rep-
resentation and cognitive control [Gerardin et al., 2000;
Hétu et al., 2013]. This is not surprising considering the
established importance of the parietal cortex for visuomo-
tor integration, spatial information, attention and goal
selection during complex tasks [Culham and Valyear,
2006; Jackson and Husain, 2006; Rushworth et al., 2003],
and in light of its anatomical connection with the premotor
and motor cortex [Fogassi and Luppino, 2005]. Sirigu
et al., (1996) showed that in patients with lesions restricted
to the parietal lobe, the ability to predict the duration of a

movement through imagery was impaired in comparison
to healthy controls and to patients with lesions in primary
motor areas. Skoura et al., (2009) demonstrated that in
children, the improvement of isochrony with age might be
related to maturation of the parietal and prefrontal cortices
[Skoura et al., 2009]. Our results show that higher IP
scores (deviation from the ideal ratio of 1 that reflects
equal duration of MI and ME) correspond to an increase
in parietal activation. Higher IP scores might reflect
greater effort in performing the imagery task with a conse-
quent need for a greater neural recruitment, considering
that this correlation was found during MI performance in
the scanner and not during ME. Although the behavioral
scores were not obtained simultaneously with fMRI acqui-
sition, these results are somehow unexpected, considering
that in a previous study, Guillot et al., (2008) reported
higher activation of bilateral parietal regions in good
imagers when compared to poor imagers. However, they
used a composite score including not only chronometry
measures, but also questionnaires of MI ease and vivid-
ness, and autonomic responses (skin conductance), pre-
venting a more direct comparison with our results. In
addition, our subjects did not differ in terms of perform-
ance on the KVIQ scale and, therefore, we could not iden-
tify a subgroup of poor imagers. Although mental
chronometry is regarded as a reliable test to probe individ-
uals’ imagery ability in a more sensitive and quantifiable
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A MI correlation with the IP

Figure 2.

Correlation between brain activity and behavioral measures. (A)
During Ml the IP correlates positively (red-yellow) with brain
activity in regions of the right PFC, left SPL and IPS, and left pre-
cuneous, and correlates negatively (blue) with the left central
opercular and insular cortex, and Heschl’s gyrus. (B) During ME,
the 9 HPT correlates with ME brain activity in PFC, premotor
regions, anterior and posterior cingulate gyrus, precuneus, bilateral
central opercular, insular cortex and thalamus, and right putamen.
Results are cluster corrected for multiple comparisons (Z>2.3;
P <0.0125), and are shown overlaid on the MNI template.

manner, it lacks information about MI vividness and diffi-
culty. Moreover, it is task-dependent, and perhaps more
suited for monitoring the temporal characteristics of motor
actions during the performance of complex movements
rather than during blocks of single simple movements.
Our results show that MI movements were on average
significantly slower than ME. The most common cause for
overestimation of movement duration in healthy adults is
task complexity, which cannot account for increased MI
duration in our case. Instead, simple movements are
expected to have very similar duration in MI and ME, and
only long movements (over 30s duration) are expected to
be underestimated during MI ([Guillot et al., 2012a; Guillot
and Collet, 2005]. However, overestimation of the duration
of simple movements by healthy adults has been reported

before by Lebon and colleagues (2012) with a previously
practiced thumb to finger opposition sequence task in both
good and poor imagers; Stinear and colleagues (2007) in a
task requiring a sequence of arm movements resembling a
cross, and a thumb to finger opposition task both with the
left and right hands; and Sabaté and colleagues (2004) in
finger tapping sequences of increasing difficulty, in both
hands, in both younger adults (mean age + S.E: 30.7 2.9
years) and older adults (mean age = S.E: 52.9 + 4.3 years).
What is common between the mentioned examples is that
these simple movements were repeated several times cre-
ating a block of relatively long duration (20s in Lebon
et al., (2012), 30s in our case and in Stinear et al. (2007),
and 10 repetitions of the sequence in Sabaté et al., (2004)).
Thus, it seems that this particular design might also lead
to overestimation of movement duration during MI
Another possible explanation for longer MI duration in
our results is the need for the participants to count how
many movements they are performing during MI, which
might increase the mental effort, by forcing two different
mental tasks to take place simultaneously: MI itself and
internal counting.

As expected, we did not find a significant correlation
between mental chronometry and the KVIQ scores [Lebon
et al,, 2012] and we found a trend for worsening visual KVIQ
scores with increasing age compared to kinesthetic KVIQ,
previously noted in the literature [Saimpont et al., 2013].

Higher activation during ME in several motor regions
was associated with worse performance in the 9 HPT,
which could possibly be interpreted as increased motor or
attentional effort. Although the 9 HTP requires a level of
dexterity not matched by the press-ball task performed in
the scanner, it can more generally be regarded as a mea-
sure of upper extremity motor function [Grice et al., 2003;
Wang et al., 2011], sensitive to minor impairment in sev-
eral neurologic conditions. Therefore, it will be interesting
to know how comparable the results are in clinical popula-
tions where the 9 HPT is a standard evaluation tool [Beebe
and Lang, 2009; Cohen et al., 2000; Earhart et al., 2011].

The most novel aspect of our study is the finding that
RSFC within the MI network predicted MI task-activation
in the parietal cortex and premotor areas. Previous studies
comparing resting-state and task networks have high-
lighted that, in spite of a correspondence, RSFC cannot
fully characterize and account for task-evoked activation
[Cole et al., 2014; Mennes et al., 2010, 2013; Smith et al.,
2009], and particularly that networks recruited during
tasks involving higher order cognitive functions are more
closely related to RSFC than those involving subcortical
networks, the limbic or primary cortices [Mennes et al.,
2013]. Therefore, the higher level of cognitive effort
required during imagery compared to simple motor tasks
might explain our results of greater correspondence with
parietal areas involved in cognitive processes and premo-
tor regions relevant for planning, rather primary motor
functions. The clusters of significant correlation were
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Figure 3.

Regions where inter-individual differences in RSFC within the Ml
network predict activation during Ml. Higher RSFC within the
MI network (blue) correlated with higher activation in several
regions, such as the left SMA, SMI, SPL, angular gyrus, IPS, cen-
tral opercular cortex and superior temporal gyrus, as well as in

either overlapping or adjacent to regions of MI task-
evoked activation suggesting that inter-individual differen-
ces in intrinsic connectivity of the MI network partly
account for the individual variability in recruiting addi-
tional brain regions to perform the same MI task.
Although MI training has been shown to impact RSFC [Ge
et al.,, 2014; Zhang et al., 2014], the relationship between
baseline RSFC and MI activation had not been studied
before. Interestingly, the recruitment of regions that were
correlated with the IP score in the left parietal lobe was
predicted by RSFC within the MI network. Although the
difference in visual input (eyes-open during task-fMRI and
eyes closed during rs-fMRI) could have confounded the
RSFC-task correspondence, primary visual areas were not
part of the regions used to create the MI network. In addi-
tion, we did not find any correlations between MI-
activation and rs-fMRI in the visual cortex, suggesting that
the confounding effect, if any, was negligible.

There has been considerable debate regarding the
involvement of the M1 in motor imagery, and previous
studies suggested that the M1 is not consistently recruited
across individuals, possibly due to variations in ME or MI
skill, or even MI modality [Dechent et al., 2004; Guillot et al.,
2008; Hétu et al., 2013]. Using our approach, we tested the
differential involvement of the M1 in MI and ME, and did
not find a significant correlation between Ml-evoked brain
activity and RSFC with the M1. However, task-evoked acti-
vation of motor regions during ME was predicted by inter-
individual differences in RSFC with the M1. These results

the medial MI, overlapping (yellow) or adjacent with mean Ml
activation (red). Results are cluster corrected for multiple com-
parisons (Z>2.0; P<0.0125), and are shown overlaid on the
MNI template.

confirm both the specificity of our findings with the MI net-
work RSFC and the limited involvement of the M1 during
MI in healthy subjects. Results of ME task activation with
ME network RSFC (Supporting Information) support gener-
alizability of the approach used here.

One limitation of our study is the lack of monitoring of
overt movement during MI (for instance, using electromy-
ography), particularly during fMRI acquisition. Also, we
did not acquire physiologic measures of MI performance
(skin conductance) or subjective ratings specific to our
task, which would have provided a more comprehensive
assessment of participants MI abilities. In addition,
although chronometry provides an objective quantitative
measure of MI ability and the IP was in our case the mea-
sure best related to the task performed during fMRI, it
does not probe aspects such as vividness and ease of per-
formance. Thus, future studies should be conducted with
composite measures for a comprehensive assessment of
MI in all its complexity, ideally during scanning. Lastly,
not only may the movement counting have delayed MI as
mentioned above, but it is also not entirely possible to dis-
entangle the MI activation correlated with the IP and with
the counting effort. Indeed, the parietal cortex is known to
be involved in mathematical operations [Fehr et al., 2007;
Piazza and Izard, 2009] and an improved design in future
studies should assess chronometry without counting.

MI practice has been used to improve motor perform-
ance among athletes and musicians [Di Rienzo et al., 2014]
and to enhance recovery of motor functions in patients
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affected by several neurological diseases such as stroke
[Butler and Page, 2006; Sharma et al., 2009; Szameitat et al.,
2012a], Parkinson’s disease [Helmich et al., 2012], complete
spinal cord injury [Cramer et al., 2007] and limb amputation
[Raffin et al., 2012]), often combined with neurofeedback
approaches [Blefari et al., 2015; Boe et al., 2014]. Interest-
ingly, the representation of movements remains possible
after central nervous system (CNS) injury. For instance, it
has been shown that patients with stroke, even with severe
disease, can perform a rehearsal of imagined motor actions
with the same accuracy and vividness of healthy subjects
[Johnson et al., 2002]. This suggests that mental movement
representation is not dependent on motor activity following
CNS injury and that MI is a pre-morbid trait unrelated to
cerebral damage [Guillot et al., 2008]. In addition, several
studies have shown that the degree of motor recovery is
partly determined by the individuals” ability to generate
mental images [Guillot et al., 2004; Mizuguchi et al., 2015;
Simmons et al., 2008]. There is, however, considerable inter-
subject variability in MI ability which has been associated
with different patterns of MI fMRI brain activation [Charlot,
1992; Guillot et al., 2008]. Since individual differences in MI
ability can influence fMRI brain activation during MI and
recovery following a CNS injury, it is crucial to identify and
stratify individuals who can benefit from MI practice [Ble-
fari et al., 2015; Sharma et al., 2006; Simmons et al., 2008].
The most common tools currently used to test patient’s MI
abilities are self-rating questionnaires that assess the subjec-
tive imagery vividness [Malouin et al., 2007], and are thus
limited by the intrinsic variability associated with subjective
ratings. There is, therefore, the need of additional objective
measures of MI ability and of a deeper understanding of
neural substrates of the diverse aspects of MI ability. Our
results show that inter-individual differences in RSFC of the
MI can partly account for differences in activation of several
MI regions, some of them with known relevance in MI abil-
ity. Considering the exploratory nature of this study and the
number of multiple comparisons, our findings need to be
validated in larger samples, as well as with more complex
motor imagery tasks and with comprehensive behavioral
assessment. Exploring the relationship between alterations
in RSFC of clinical groups and changes in MI ability and
brain activity might be a relevant future avenue of research.
It would be interesting to determine whether RSFC-based
studies could contribute to identify patients, who could best
benefit from neurorehabilitation treatments, or whether
RSFC with selected brain areas with meaningful behavioral
impact might be explored as a possible treatment target to
improve MI ability by means of neurofeedback or brain
stimulation approaches in combination with MI practice.
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