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Abstract

Introduction: Motor imagery (MI) has potential as an intervention to improve performancein
neurological disease affecting the motor system and to modulate brain computer interfaces
(BCI). We hypothesized that the shared networks of MI and executed movement (EM) would
be affected by age. Understanding these changes is important in application of Ml in

neurological disorders.

Methods: Using tensor-independent component analysis (TICA), we mapped the neural
networks involved during Ml and EM in 31 healthy volunteers (ages 20-72), who were
recruited and screened for their ability to perform imagery. We used an fMRI block-design

with M| & rest and EM & rest.

Results: TICA defined 37 independent components (ICs). Eight remained after excluding ICs
representing artifacts. These 1Cs accounted for 35% of variance. While all 1Cs had greater
activation in EM than MI. Two ICs increased with greater age for EM only. These ICs

contained a bilateral network of brain areas, including primary motor cortex and cerebellum.

Conclusion: This study demonstrates the prominence of shared cerebral networks between
M1 and EM. There are age-dependent changes to EM activation, while M1 activation
appeared age independent. This strengthens the rationale for using M1 to access the motor

networks independent of age.
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Introduction

Neurological diseases affecting the motor system are increasing in incidence with an ageing
population (Pakpoor & Goldacre, 2017). Two important drivers of thisincrease are
neurodegenerative disease, including motor neuron disease, and brain injury such as stroke.
Many neurodegenerative diseases result in functional limitations in mobility and movement.
Motor imagery has potential as an intervention to improve motor performance and can be
used to drive BCI (Sharma, Pomeroy, & Baron, 2006). In this study, we examined the

networks shared between motor imagery (MI) and executed movement (EM) with age.

Motor imagery can be defined as a dynamic state during which the representation of a
specific motor action is internally reactivated within working memory without any overt
motor output, and that is governed by the principles of central motor control (Sharmaet a.,
2006). Motor imagery provides an alternative means to access the motor system, that in
principle, is not influenced by age related changes outside of the CNS. Motor imagery
represents a potential method to access the motor system to encourage to improve

performance in patients with neurological diseases.

There are several reasons for considering a relationship between motor imagery and
execution. First, thereis close temporal coupling between motor imagery and movement
(Decety, Jeannerod, & Prablanc, 1989). During imagined movement, the reduction in
accuracy with increasing speed (i.e. Fitt's Law) is maintained (Decety & Jeannerod, 1995).
Second, there is cross-modality evidence of similarities between brain activity from motor
imagery and motor execution. Electrophysiological studies suggest that in both cases, mu
topographies showed bilateral foci of desynchronization over sensorimotor cortices, while

beta topographi es showed peak desynchronization over the vertex. Multivariate fMRI
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analysis that we have undertaken demonstrates that the mgjority of the networks involved in

motor imagery and execution appear to be shared .

We have previously reported that motor imagery and execution involves anumber of brain
areas including contralateral BA4, PMd, parietal lobe and ipsilateral cerebellum (Sharma,
Jones, Carpenter, & Baron, 2008). Our previous work has demonstrated activation of the
primary motor cortex (BA4) during motor imagery and execution, in the context of motor
performance, is differentially affected by ageing (Sharmaet al., 2008). We have additionally
shown that that motor imagery and motor execution are increasingly bilateral within the
motor cortex, and that imagery involves greater activation of BA4p than movement (Sharma
& Baron, 2013) (Sharmaet al., 2008). The broader question of the differential impact of
ageing on cerebral networks for motor performance between motor imagery (M1) and motor

execution (EM) has not been explored.

In order to probe whether there is an increased proportion of shared networks with age, we
used tensor-independent component analysis (TICA), in adata-led approach. The major
advantage of TICA isthat it can demonstrate similarities between networks as well as
differences. In this study, Ml and EM are considered the same, so we are able to use a
“blinded task” during the production of independent components (1Cs). This means we make
no assumptions about the presence or extent of overlap between M| and EM. We
hypothesised that there would be shared components with EM and M1, areas which were
recruited solely for EM and areas which were exclusive to M1. We also hypothesised that
there would be age-dependent activation, (particularly in the sensory and somatosensory

areas) as well as age independent activation (for example, in motor planning areas). The
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extent of shared networks demonstrates how age dependent common networks for EM and

MI are.

M ethods

Subjects

31 healthy volunteers were recruited through local advertisement. Mean age was 43.8 years
(SD 17.1 Range 20-72), 13 were male. The data from subjects utilised here has also been
used in our previously published work (Sharma & Baron, 2014). Subjects were medically
screened and those recruited had no past or present medical history of any neurological,
psychiatric or musculoskeletal disorders and were not taking regular medication. Analyses of
data from these subjects has previously been undertaken (Sharma & Baron, 2014). All
subjects were right handed as assessed by the Edinburgh Handedness scale (Oldfield, 1971).
Ethics Statement. Informed consent was obtained from all individual participants included
in the study, in accordance to the declaration of Helsinki. The protocol was approved by the

Cambridge Regional Ethics Committee.

Chaotic Motor Imagery Assessment Battery

All subjects were assessed using the Chaotic motor imagery assessment battery and were
excluded if unable to perform motor imagery adequately. Chaotic motor imagery is defined
as either an inability to perform motor imagery accurately or temporal uncoupling of
otherwise accurate imagery (Sharma et al., 2006). Subjects were assessed using the Chaotic
motor imagery Assessment Battery (Sharmaet al., 2006) (Simmons, Sharma, Baron, &
Pomeroy, 2008) (Heremans et a., 2011) (Sharma, Baron, & Rowe, 2009) (Sharma, Simmons,

et al., 2009) which has three components that provide an objective measure of motor imagery


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

compliance (see (Sharma et al., 2006) (Sharma, Baron, et a., 2009) (Sharma, Simmons, et
al., 2009) for afull description). The first component used a hand mental rotation task to
assess implicit motor imagery: subjects who score below 75% were excluded. The second
component used variation of the fMRI task with avariable block length to ensure motor
imagery performance. The third component used principles of motor control (more
specifically Fitt's Law, see (Sharmaet al., 2006) (Simmons et a., 2008) (Heremanset al.,
2011) (Sharma, Baron, et al., 2009) (Sharma, Smmons, et al., 2009)) to ensure subjects were
using motor imagery: subjects using aternative cognitive strategies such as counting are
excluded. During all motor imagery tasks, subjects were instructed to perform first-person
motor imagery; not to view the scene from the 3rd person; and not to count, assign numbers

or tones to each finger. Subjects were excluded if they were unable to perform motor

imagery.

Functional MRI

Motor paradigm and fMRI. As previously described (Sharma & Baron, 2015), The fMRI
used an established block design (Oldfield, 1971) (Sharma, Simmons, et al., 2009)
(Beckmann & Smith, 2005) with auditory pacing (1 Hz) of aright hand finger-thumb
opposition sequence (2,3,4,5; 2...) with two separate runs (M1 & rest and EM & rest). As
activation patterns during M| may be unduly influenced if preceded immediately by
execution (Lafleur et al., 2002), this was performed after MI. Subjects were instructed to
keep their eyes closed. We used individually calibrated bilateral fibre- optic gloves (Fifth
Dimension Technologies, SA) to monitor finger movements, exclude inappropriate
movement and to assess the performance of motor imagery. After each motor imagery block,
subjects confirmed whether the finger they were currently imagining was the correct ‘stop

finger’ for the length of sequence. After scanning subjects were asked to rate the difficulty of
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motor imagery performance on a seven point scale (Alkadhi et al., 2005).

Data Acquisition. As previously described (Sharma & Baron, 2015), a 3-Tesla Brucker MRI
scanner was used to acquire both T2-weighted and proton density anatomical images and
T2*-weighted MRI transverse echo-planar images sensitive to the BOLD signal for fMRI
(64664623; FOV 206206115; 23 slices4 mm, TR=1.5s, TE 30 ms, Voxel Size 46464).
Image Analysis. Analysis was carried out using TICA (Beckmann & Smith, 2005),
implemented in MELODIC (Multivariate Exploratory Linear Decomposition into
Independent Components) Version 3.09, part of FSL (FMRIB'’s Software Library,

www.fmrib.ox.ac.uk/fgl), as previously described (Sharma & Baron, 2015). The first 12

volumes were discarded to allow for T1 equilibration effects. Preprocessing involved
masking of non-brain voxels, voxel-wise de-meaning of the data, and normalization of the

voxel-wise variance. Subject movement was less than 2 mm.

The preprocessed data were whitened and projected into a multidimensional subspace using
probabilistic principal component analysis where the number of dimensions was estimated
using the Laplace approximation to the Bayesian evidence of the model order (Smith et a.,
2004). The whitened observations were decomposed into sets of vectors which describe
signal variation across the temporal domain (time courses), the session/subject domain, and
the spatial domain (maps) by optimizing for non-Gaussian spatial source distributions using a
fixed-point iteration technique (Hyvérinen, 1999). Estimated component maps were divided
by the standard deviation of the residual noise and thresholded by fitting a mixture model to
the histogram of intensity values. The time course of each IC was then entered into a general

linear model of the convolved block design of Task versus Rest.

An IC was considered to beinvolved in M1 or EM if a one-way t-test found the subject scores
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to be significantly different from zero across subjects, and there was plausible anatomical
localization and normalized response. When an 1C was significantly involved in both tasks,
then a paired t-test (p < 0.05 corrected for multiple comparisons) was performed on the
subject score for each task. For all subjects, scores for Ml and EM of each remaining
component were correlated with subject age (Spearman p < 0.05). Due to the degree of

smoothing, we did not distinguish between BA4a and BA4p.

Results

Behavioural Results

As previously reported (Sharma & Baron, 2014), 5 subjects were excluded; three because of
afailureto perform implicit motor imagery satisfactorily (mean Score 69.9%); two because
of the use of alternative cognitive strategies (mean break point +23%). The remaining 26
subjects (12 male) performed adequately on all aspects of the hand rotation task (mean 94.4%
SD 4.3%) fMRI simulation and Fitts’ law (mean break point 17.4% less for motor imagery
then movement) as well as during the MRI session. Median post MRI motor imagery scores
(M1S) was Right hand = 6. No subject failed to either suppress movement or showed
evidence of non-compliance during the fMRI paradigm.

fMRI Data

No distinction was made between tasks until the final stage of processing. As 26 subjects
performed two tasks, M| and EM, 52 “blinded” tasks were processed. As no distinction was
made between imagery and EM during the generation of the ICs, we use the term “blinded.”
A subject score for each |C was produced that included the effect size for the 52 blinded tasks

for the associated spatiotemporal process shown in the spatial map.

Thirty-seven ICs were defined by TICA. ICs that identified artifact recognized by previously

10


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

published patterns and high frequency were excluded by visual inspection. ICs driven by
outliers or not significant across either task were also excluded. Only ICs that were driven by
activity during activation blocks were included in analysis. Therefore, only componentsin
which the subject scores were significantly different from zero (for either motor imagery or

execution) were included.

Eight ICsremained. Table 1 summarizes the areas involved, labelled using the SPM
Anatomy toolbox (Eickhoff et a., 2005) (Eickhoff et al., 2007) (Eickhoff, Heim, Zilles, &
Amunts, 2006) and the Talairach Atlas (Lacadie, Fulbright, Rgjeevan, Constable, &

Papademetris, 2008) after MNI conversion (Lacadie et al., 2008).

I ndependent Components
Figures 1 and 2 show the whole brain activations and deactivations, the time course, subject

scores, and percentage of total variance explained.

All ICs were similar in variance, with a range between 3.76% and 4.69%. The total variance
explained was 35%. All ICswere shared between EM and M1 (subject scores significantly
greater than zero for both tasks in both groups), with activation in EM being greater than MI.
There were no ICs where EM was equal to M1 or MI-only ICs. There was no relationship

between MIS and ICs.

Activation of the contralateral BA4 and ipsilateral cerebellum was consistent across the
components. This further supports the known overlap between EM and MI. Bilateral SMA
activation was prominent in several components (IC4, IC5, 1C9, IC10, IC11(Left) & 1C14).

Parietal lobe activation was present in 1C4, 1C6, IC11 and 1C14.

11
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A number of IC’s showed deactivation of the ipsilateral BA4 (IC 4,10,11 & 14), sensory

cortex (1C9,IC4)and secondary motor areas (1C4, IC9).

Correlation with Age
ICs 3 and 9 positively correlated with age for EM (IC3rho=0.38, p=0.033; and IC9 rho =

0.39, p = 0.026) see Figure 2. There was no correlation M| for these components.

These components explained 9.1% of the variance. Subjects scores of these components
increased with greater age for EM only. 1C3is notablein contralateral activation of BA4,
sensory cortex, PMd and ipsilateral cerebellum. There was no activation (or deactivation) of
ipsilateral motor areas or SMA. Whereas 1C9 activated similar areas, but also included SMA

and deactivation of the ipsilateral motor and sensory cortex.

Discussion

This work furthers knowledge on the overlap between M| and EM and extends the work
regarding the effects of age. For age-related components, activation for EM and not M1
appeared to positively relate to components including the primary motor cortex, sensory
cortex and cerebellum. The overlap in EM and M1 over age-dependent components with
evidence of age related changesin EM only highlights the importance of ageing and supports

the differences use of M| as alternative means to access the motor system.

There were four key findings. First, eight 1Cs exhibited a pattern consistent with activation
during M1 and EM. Second, these I Cs accounted for 35% of variance. Third, there was

bilateral activation across cortical areas and the cerebellum. Fourth, two ICs had statistically

12
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significant correlations between EM (but not M1) with age are reported: components 3 and 9.
The other six |Cs were age independent. Fourth, there were only EM and M| shared
components, with no MI-only components, which was not entirely unexpected. We explore

this below.

Given six components are age independent and activated in EM > M, it is likely that cortical
and subcortical motor networks are in large part maintained over life, and that differencesin

performance are likely to be attributable in large part to distal changes.

In this study, al ICs areinvolved in Ml and EM. It isbiologically plausible that motor
imagery and execution share common networks as part of precognition of amovement.
Experimental work using this cohort has demonstrated formally that there are shared
networks for Ml and EM (Sharma & Baron, 2013). Similar to this study, there were no Ml
only components. However, in contrast to previous findings, there were no EM-only
components. In previous work (Sharma & Baron, 2013), EM only components have involved
bilateral activation of primary and secondary motor cortical areas and the cerebellum. It is
possible that differences with age were too subtle for this sample size.. It is unlikely that
subclinical extension that was not detected, given the use of data from these subjectsin
previous studies. Regarding age dependent components, it is possible that changes with age

are more evident in shared networks.

It is more difficult to interpret reasons for lack of EM-only components. Secondary motor

and subcortical areas, which have featured in EM-only components in previous work

(Sharma & Baron, 2013), are included in areas of activation of these components. This
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suggests that despite our attempts to prevent movement, there may have been discharge via
the CST. However, against thisis that age only related to EM rather than both conditions. A
study examining using fMRI to probe changes in activation of finger movements with ageing
demonstrated a divergence of M1 and EM with age. The differencesin M1 related to the
extent of activation, but in EM, elderly subjects showed additional activationsin the left
inferior occipital gyrus, in the right paracentral lobule, and in the right pre-SMA (Zapparoli et
al., 2013). Previous work using fMRI in young and old subjects in motor tasks of differential
complexity (dictated by extent of isodirectionality) have shown that in old subjects, accessory
motor areas are recruited to a greater differential extent in more complex motor task, so it
may be that the finger tapping task used in this study was insufficiently complex to
demonstrate accessory motor area recruitment (Heuninckx, Wenderoth, Debaere, Peeters, &
Swinnen, 2005). An additional factor to consider istask performance of old subjects relative
to younger subjects. Previous work has demonstrated an inverse correlation between extent of
access motor network recruitment and performance in abutton press motor task (Mattay et
al., 2002), so it may be the case that strict selection criteriathat were used in this study has
led to a selection bias away from subjects that would demonstrate accessory motor system

recruitment.

In this study, al 1Cs had activation greater in EM than in MI. Thisisin contrast to previous
studies which have also produced ICs where M| has equal or greater activation versus EM
(Sharma & Baron, 2013) (Sharma & Baron, 2015). There are four possible reasons for this.
First, all ICs may involve a distal component where there is corticospinal tract activation
(Sharma & Cohen, 2012) and sensory feedback to the motor cortex of the movement itself
(Christensen et al., 2007) (Cullen, 2004). Second, M| components may be present and

suppressed. Against this would be the lack of existence of EM only or M1 only components.
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In favour of thisis evidence of corticospinal suppression with motor imagery of movements
induced by transcranial magnetic stimulation (Sohn, Dang, & Hallett, 2003). Third, motor
imagery may itself have an excitatory effect distally to the cortex, within the corticospinal
tract. Electromyographic responses of very short latencies with motor imagery, similar to that
elicited by reflexes, provide evidence in favour of this (Li, Kamper, Stevens, & Rymer,
2004). Finally, there may be a mechanism of stopping movement that this block design does
not pick up. In terms of energy expended, not moving has asimilar cost to moving (Noorani
& Carpenter, 2017). Movement cancellation is determined by a network including the basal
gangliaand frontal areas (Noorani, 2017). Impending tasks are required to explore
cancellation, such as the Go/No-Go paradigm (Noorani, 2017). An event related design

would therefore be a useful complement to this experiment.

There were two 1Cs where EM related to age. Age dependent bilateral changes have been
predicted from previous predictions on changes to activation with ageing, such as the
Hemispheric Asymmetry Reduction in Older Adults (HAROLD) model (Cabeza, Anderson,
Locantore, & Mclntosh, 2002). Primary motor cortex activity during a finger thumb
opposition task has been shown as increasingly bilateral with age (Naccarato et al., 2006).
IC3 and IC9 represent changes in activation in anumber of biologically plausible areas. For
IC3, BAG6 hasrolesin motor sequencing (Bischoff-Grethe, Goedert, Willingham, & Grafton,
2004), motor learning (Honda et al., 1998), motor imagery (Malouin, Richards, Jackson,
Dumas, & Doyon, 2003), and coordination between limbs (Ehrsson et al., 2000); BA10 may
have roles in reward processing and decision making (Rogers et al., 1999) or recall of event
based memories as part of imagery in this context (Okuda et al., 2007); BA46: may be
utilized for retrieval or mirror neuron activation (Buccino et al., 2004) (Dolan, Lane, Chua, &

Fletcher, 2000). For 1C9, activation of BA3b relates to finger proprioception (Carey, Abbott,
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Egan, & Donnan, 2008), and changesin activation of BA30 and B31 may be driven by their
rolesin motor learning (Tracy et al., 2003) or integration of sensory and motor processes

(Schubert, von Cramon, Niendorf, Polimann, & Bublak, 1998).

These age-dependent components likely arise due to two types of age-dependent change that
occur in circuits involved with EM. There are two explanations for these changes. First,
motor execution takes increasing advantage of areas activated in motor imagery, and there is
increasing prominence of shared circuits with age, hence M1 activation will remain similar,
but EM activation may change with age. Second, there is also activation of distal motor
networks in motor execution. This increase in activation supports a move from automatic
motor control to motor control requiring more input from motor imagery with age.
Increasingly bilateral motor cortex activation is correlated with contralateral ventral premotor
cortex activation. Studies have found increased multisensory activation including the
somatosensory cortices (Zwergal et al., 2012) visual cortical areas (Zwerga et al., 2012)

(Nedelko et al., 2010) and the superior parietal lobule (Nedelko et al., 2010).

Conclusion

This study demonstrates the prominence of shared cerebral networks between M1 and EM.
Comparing M| and EM with ageing using a tensor independent component analysis, the
majority of variance is age independent. There are EM related changes with age, but no

changesin activation for M.

Age dependent ICs include a diffuse network of brain areas, spanning sensorimotor and

cerebellar changes. Age dependent variance includes bilateral changes to activation. The

predominance of age-independent networks over age-dependent networks strengthens the
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rationale for using M1 to access the motor networks for therapeutic purposes in patients with

neurological disease, irrespective of age.

Figure and Table L egends

Figurel

The figures show the involvement of each IC across the whole brain with a standard
threshold of p > 0.5 (alternative hypothesistest) and the variance it accounts for out of the
total explained variance. Only ICs that survived all stringency tests detailed in methods are
shown in Figure 1 and Figure 2. The scales show the transformed z-score, orangeis
activation, and blue is deactivation. The normalized time course response is shown for each
task and the full model fit (full model fit = blue, EM = red, M| = green). The subject scores
for M1 and EM are shown for each component.

Figure 2

The figures show the involvement of each IC across the whole brain with a standard
threshold of p > 0.5 (alternative hypothesis test) and the variance it accounts for out of the
total explained variance. Only ICs that survived all stringency tests detailed in methods are
shown in Figure 1 and Figure 2. The scales show the transformed z-score, orangeis
activation, and blue is deactivation. The normalized time course response is shown for each
task and the full model fit (full model fit = blue, EM = red, M| = green). The subject scores
for M1 and EM are shown for each component.

Figure3

Only IC3 and IC9 have statistically significant correlations between EM and M1 with age.
Spearman’s Rank correlations are shown.

Tablel
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Regions activated (1) or deactivated (|) within each independent component. All components
are shared between motor imagery (M1) and motor execution (EM). Changes in activation

ICs 3 and 9 were dependent of age.

Conflicts of | nterest

The authors declare no conflicts of interest

Ethics

This study was conducted with the human subjects’ understanding and consent. The

Cambridge Regional Ethics Committee approved the protocol.

Refer ences

Alkadhi, H., Brugger, P., Boendermaker, S. H., Crelier, G., Curt, A., Hepp-Reymond, M.-C.,
& Kollias, S. S. (2005). What disconnection tells about motor imagery: evidence from
paraplegic patients. Cerebral Cortex (New York, N.Y.: 1991), 15(2), 131-140.
https://doi.org/10.1093/cercor/bhh116

Beckmann, C. F., & Smith, S. M. (2005). Tensorial extensions of independent component
analysis for multisubject FMRI analysis. Neurolmage, 25(1), 294-311.
https://doi.org/10.1016/] .neuroimage.2004.10.043

Bischoff-Grethe, A., Goedert, K. M., Willingham, D. T., & Grafton, S. T. (2004). Neural
substrates of response-based sequence learning using fMRI. Journal of Cognitive

Neuroscience, 16(1), 127-138. https://doi.org/10.1162/089892904322755610

18


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Buccino, G., Vogt, S, Ritzl, A., Fink, G. R, Zilles, K., Freund, H.-J., & Rizzolatti, G. (2004).
Neural circuits underlying imitation learning of hand actions: an event-related fMRI
study. Neuron, 42(2), 323-334.

Cabeza, R., Anderson, N. D., Locantore, J. K., & Mclntosh, A. R. (2002). Aging Gracefully:
Compensatory Brain Activity in High-Performing Older Adults. Neurolmage, 17(3),
1394-1402. https://doi.org/10.1006/nimg.2002.1280

Carey, L. M., Abboatt, D. F., Egan, G. F., & Donnan, G. A. (2008). Reproducible activation in
BA2, 1 and 3b associated with texture discrimination in healthy volunteers over time.
Neurolmage, 39(1), 40-51. https://doi.org/10.1016/j.neuroimage.2007.08.026

Christensen, M. S., Lundbye-Jensen, J., Geertsen, S. S., Petersen, T. H., Paulson, O. B., &
Nielsen, J. B. (2007). Premotor cortex modulates somatosensory cortex during
voluntary movements without proprioceptive feedback. Nature Neuroscience, 10(4),
nn1873. https.//doi.org/10.1038/nn1873

Cullen, K. E. (2004). Sensory signals during active versus passive movement. Current
Opinion in Neurobiology, 14(6), 698—706. https://doi.org/10.1016/j.conb.2004.10.002

Decety, J., & Jeannerod, M. (1995). Mentally simulated movementsin virtual reality: does
Fitts’slaw hold in motor imagery? Behavioural Brain Research, 72(1-2), 127-134.

Decety, J., Jeannerod, M., & Prablanc, C. (1989). The timing of mentally represented actions.
Behavioural Brain Research, 34(1-2), 35-42.

Dolan, R. J,, Lane, R., Chua, P., & Hetcher, P. (2000). Dissociable temporal |obe activations
during emotional episodic memory retrieval. Neurolmage, 11(3), 203-209.
https://doi.org/10.1006/nimg.2000.0538

Ehrsson, H. H., Naito, E., Geyer, S., Amunts, K., Zilles, K., Forssberg, H., & Roland, P. E.

(2000). Simultaneous movements of upper and lower limbs are coordinated by motor

19


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

representations that are shared by both limbs: a PET study. The European Journal of
Neuroscience, 12(9), 3385-3398.

Eickhoff, S. B., Heim, S,, Zilles, K., & Amunts, K. (2006). Testing anatomically specified
hypotheses in functional imaging using cytoarchitectonic maps. Neurolmage, 32(2),
570-582. https://doi.org/10.1016/j.neuroimage.2006.04.204

Eickhoff, S. B., Paus, T., Caspers, S., Grosbras, M.-H., Evans, A. C., Zilles, K., & Amunts,
K. (2007). Assignment of functional activations to probabilistic cytoarchitectonic
areas revisited. Neurolmage, 36(3), 511-521.
https://doi.org/10.1016/j .neuroimage.2007.03.060

Eickhoff, S. B., Stephan, K. E., Mohlberg, H., Grefkes, C., Fink, G. R., Amunts, K., & Zilles,
K. (2005). A new SPM toolbox for combining probabilistic cytoarchitectonic maps
and functional imaging data. Neurolmage, 25(4), 1325-1335.
https://doi.org/10.1016/].neuroimage.2004.12.034

Heremans, E., Feys, P., Nieuwboer, A., Vercruysse, S., Vandenberghe, W., Sharma, N., &
Helsen, W. (2011). Motor imagery ability in patients with early- and mid-stage
Parkinson disease. Neurorehabilitation and Neural Repair, 25(2), 168-177.
https://doi.org/10.1177/1545968310370750

Heuninckx, S., Wenderoth, N., Debaere, F., Peeters, R., & Swinnen, S. P. (2005). Neura
basis of aging: the penetration of cognition into action control. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience, 25(29), 6787—
6796. https://doi.org/10.1523/INEUROSCI.1263-05.2005

Honda, M., Deiber, M. P., Ibafiez, V., Pascua-Leone, A., Zhuang, P., & Hallett, M. (1998).
Dynamic cortical involvement in implicit and explicit motor sequence learning. A

PET study. Brain: A Journal of Neurology, 121 ( Pt 11), 2159-2173.

20


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Hyvérinen, A. (1999). Fast and robust fixed-point algorithms for independent component
analysis. IEEE Transactions on Neural Networks, 10(3), 626-634.
https://doi.org/10.1109/72.761722

Lacadie, C. M., Fulbright, R. K., Rgeevan, N., Constable, R. T., & Papademetris, X. (2008).
More accurate Talairach coordinates for neuroimaging using non-linear registration.
Neurolmage, 42(2), 717—725. https://doi.org/10.1016/j.neuroimage.2008.04.240

Lafleur, M. F., Jackson, P. L., Malouin, F., Richards, C. L., Evans, A. C., & Doyon, J.
(2002). Motor learning produces parallel dynamic functional changes during the
execution and imagination of sequential foot movements. Neurolmage, 16(1), 142—
157. https://doi.org/10.1006/nimg.2001.1048

Li, S., Kamper, D. G., Stevens, J. A., & Rymer, W. Z. (2004). The Effect of Motor Imagery
on Spinal Segmental Excitability. Journal of Neuroscience, 24(43), 9674-9680.
https://doi.org/10.1523/INEUROSCI.2781-04.2004

Malouin, F., Richards, C. L., Jackson, P. L., Dumas, F., & Doyon, J. (2003). Brain
activations during motor imagery of locomotor-related tasks: a PET study. Human
Brain Mapping, 19(1), 47-62. https://doi.org/10.1002/hbm.10103

Mattay, V. S, Fera, F., Tessitore, A., Hariri, A. R., Das, S., Callicott, J. H., & Weinberger, D.
R. (2002). Neurophysiological correlates of age-related changes in human motor
function. Neurology, 58(4), 630-635.

Naccarato, M., Calautti, C., Jones, P. S., Day, D. J., Carpenter, T. A., & Baron, J.-C. (2006).
Does healthy aging affect the hemispheric activation balance during paced index-to-
thumb opposition task? An fMRI study. Neurolmage, 32(3), 1250-1256.
https://doi.org/10.1016/j.neuroimage.2006.05.003

Nedelko, V., Hassa, T., Hamzel, F., Welller, C., Binkofski, F., Schoenfeld, M. A., ...

Dettmers, C. (2010). Age-independent activation in areas of the mirror neuron system

21


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

during action observation and action imagery. A fMRI study. Restor ative Neurology
and Neuroscience, 28(6), 737—747. https://doi.org/10.3233/RNN-2010-0542

Noorani, . (2017). Towards a unifying mechanism for cancelling movements. Phil. Trans. R
Soc. B, 372(1718), 20160191. https://doi.org/10.1098/rsth.2016.0191

Noorani, |., & Carpenter, R. H. S. (2017). Not moving: the fundamental but neglected motor
function. Phil. Trans. R. Soc. B, 372(1718), 20160190.
https://doi.org/10.1098/rsth.2016.0190

Okuda, J., Fujii, T., Ohtake, H., Tsukiura, T., Yamadori, A., Frith, C. D., & Burgess, P. W.
(2007). Differential involvement of regions of rostral prefrontal cortex (Brodmann
area 10) in time- and event-based prospective memory. International Journal of
Psychophysiology: Official Journal of the International Organization of
Psychophysiology, 64(3), 233-246. https://doi.org/10.1016/j.ijpsycho.2006.09.009

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh inventory.
Neuropsychologia, 9(1), 97-113.

Pakpoor, J., & Goldacre, M. (2017). Neuroepidemiology: The increasing burden of mortality
from neurological diseases. Nature Reviews Neurology, 13(9), nrneurol.2017.112.
https://doi.org/10.1038/nrneurol.2017.112

Rogers, R. D., Owen, A. M., Middleton, H. C., Williams, E. J., Fickard, J. D., Sahakian, B. J.,
& Robbins, T. W. (1999). Choosing between small, likely rewards and large, unlikely
rewards activates inferior and orbital prefrontal cortex. The Journal of Neuroscience:
The Official Journal of the Society for Neuroscience, 19(20), 9029-9038.

Schubert, T., von Cramon, D. Y., Niendorf, T., Pollmann, S., & Bublak, P. (1998). Cortical
areas and the control of self-determined finger movements: an fMRI study.

Neuroreport, 9(14), 3171-3176.

22


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Sharma, N., & Baron, J.-C. (2013). Does motor imagery share neural networks with executed
movement: a multivariate fMRI analysis. Frontiersin Human Neuroscience, 7, 564.
https://doi.org/10.3389/fnhum.2013.00564

Sharma, N., & Baron, J.-C. (2014). Effects of healthy ageing on activation pattern within the
primary motor cortex during movement and motor imagery: an fMRI study. PloS
One, 9(6), €88443. https://doi.org/10.1371/journal.pone.0088443

Sharma, N., & Baron, J.-C. (2015). Motor Recovery After Subcortical Stroke Depends on
Modulation of Extant Motor Networks. Frontiersin Neurology, 6, 230.
https://doi.org/10.3389/fneur.2015.00230

Sharma, N., Baron, J.-C., & Rowe, J. B. (2009). Motor imagery after stroke: relating outcome
to motor network connectivity. Annals of Neurology, 66(5), 604-616.
https://doi.org/10.1002/ana.21810

Sharma, N., & Cohen, L. G. (2012). Recovery of motor function after stroke. Devel opmental
Psychaobiology, 54(3), 254—-262. https://doi.org/10.1002/dev.20508

Sharma, N., Jones, P. S., Carpenter, T. A., & Baron, J.-C. (2008). M apping the involvement
of BA 4aand 4p during Motor Imagery. Neurolmage, 41(1), 92-99.
https://doi.org/10.1016/j .neuroimage.2008.02.009

Sharma, N., Pomeroy, V. M., & Baron, J.-C. (2006). Motor imagery: a backdoor to the motor
system after stroke? Sroke, 37(7), 1941-1952.
https://doi.org/10.1161/01.STR.0000226902.43357.fc

Sharma, N., Simmons, L. H., Jones, P. S., Day, D. J., Carpenter, T. A., Pomeroy, V. M., ...
Baron, J.-C. (2009). Motor Imagery After Subcortical Stroke. Sroke, 40(4), 1315—
1324. https.//doi.org/10.1161/STROKEAHA.108.525766

Simmons, L., Sharma, N., Baron, J.-C., & Pomeroy, V. M. (2008). M otor imagery to enhance

recovery after subcortical stroke: who might benefit, daily dose, and potential effects.

23


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Neurorehabilitation and Neural Repair, 22(5), 458-467.
https://doi.org/10.1177/1545968308315597

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E. J., Johansen-
Berg, H., ... Matthews, P. M. (2004). Advances in functional and structural MR
image analysis and implementation as FSL. Neurolmage, 23 Suppl 1, S208-S219.
https://doi.org/10.1016/] .neuroimage.2004.07.051

Sohn, Y. H., Dang, N., & Hallett, M. (2003). Suppression of Corticospinal Excitability
During Negative Motor Imagery. Journal of Neurophysiology, 90(4), 2303-2309.
https://doi.org/10.1152/jn.00206.2003

Tracy, J., Flanders, A., Madi, S,, Laskas, J., Stoddard, E., Pyrros, A., ... DelVecchio, N.
(2003). Regional brain activation associated with different performance patterns
during learning of a complex motor skill. Cerebral Cortex (New York, N.Y.: 1991),
13(9), 904-910.

Zapparoli, L., Invernizzi, P., Gandola, M., Verardi, M., Berlingeri, M., Sberna, M., ...
Paulesu, E. (2013). Mental images across the adult lifespan: a behavioural and fMRI
investigation of motor execution and motor imagery. Experimental Brain Research,
224(4), 519-540. https://doi.org/10.1007/s00221-012-3331-1

Zwergal, A., Linn, J., Xiong, G., Brandt, T., Strupp, M., & Jahn, K. (2012). Aging of human
supraspinal locomotor and postural control in fMRI. Neurobiology of Aging, 33(6),

1073-1084. https://doi.org/10.1016/j.neurobiolaging.2010.09.022

24


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

p =0.000
| —— |

10

, A 5
. P TR 0] oyy Q‘y e qa, fted March 21, 2019. The copyright holder for tlys preprifht (which was not

cense tg display the preprint in perpetlﬂjty It is made available under

fnfernational license.
. ‘ ‘ ‘ ‘ “ “ " """ Time course EM Mi
R L

Subject Sco

Pt
°
Q
2
©
£ .
=
o
=z .

ok N W B U O

Alternative hypothesis test at p>0.5 IC3
0 .
4.69% variance
p =0.000
3 10 f 1
. - aa A AA 929 o ‘
o h . e O D 2 2 Y
' . g g 7
SO S AL L
& ST &
s = Qo 4
¢ B i
7 zo S )
3 1
-3 0
Fullfic  Time course EM Mi

66666 o «
R L
Alternative hypothesis test at p>0.5 53 I C4

4.54% variance

p =0.000

4 10 —
aa A A 7.7 o 3 9
e e e B OD z 2 o
o n - 2 87
2900088800 B i
EAA A A A A A A'J 3o b z:
86800606060 e' B "
o 87 2
o " ® " » n » n » N Zz 1
,3 0

‘ e & ‘ “ “‘ * " ulfit  Time course EM M
(R L ’ ’ ’ ' : . . . En

Alternative hypothesis test at p>0.5 IC5

4.50% variance

p =0.000
10 I I

Normalised response
Subject Score

Time course EM MI

IC6
4.48% variance

Figure 1


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

p =0.000

10
, A

, " . e W @ ‘ﬁ. < s
200088888
80088800006
F&L& &0 6 & & « ) 0 Time course EM M

9

March 21, 2019. The copyright holder for this preprint (which was not
icense [to display the preprint in perpe8lity. It is made available Under
nterriational licehse, N8

o
EiPnse
31 gw s

O

Normalisedsr
o

-

0 b

Subject

ok N W B W

Alternative hypothesis test at p>0.5 I4,

IC9

4.36% variance
p =0.000
1
4 11
s & as A AA 11.24 9 10
. v e e O D 57 o
. g2 g
aow 3 5
A R R =0 b L1 a

E R
880066688 B f
=2 2
- . - . . -2 1
0

-3
6 & & & ﬁ' a’ B « ulifit Time course EM M
'R L ’ : : . I
Alternative hypothesis test at p>0.5
-4.32 I Cl O

4.35% variance
p =0.000
4 10 I

s & P Y .. .‘ 145 9

© e e e OO D 2> s

[ 22 g 7

2920000808008 B D

é 2 g s
(9]

s Lo =——Tf T &
© >

€1 " 3

6806060 c80 | |

Z 2
" 1

* Time course EM M

88 B86 86 &
bR L
Alternative hypothesis test at p>0.5 I ICl 1

4.32% variance
p =0.000

8 1
s e B8 A A 34 .
_ S I K XK 2 o
0 o
sa & 8 . g2 3.
oW 3
A : : : : : : : : : 'Téo - - — '§3
888000600606 | 2
s . . . . . . . . . 7 Zrz 1
3 0

Time course EM MI

Alternative hypothesis test at p>0.5
" ' I ' 1IC14
3.76% variance

Figure 2


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

IC3 “ .

I
S
O
v 6
EM: M g
Spearman’s Rank 0.424 i T 4
(p =0.031) a ,
0
0 20 40 60 80
Age
10
1C9 .
» o 8
g 7
v 5
B s
EM: - =
Spearman’s Rank 0.437 i w3
(p = 0.026) :
0
0 20 40 60 80
Age

Figure 3


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584813; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

<
s ® e e« > < <
O
g e e« < «
5
o > > <
o
& «
g RS S > <
ol &
S o =& >« > 5> <
E O
g ¢ «
s 9 S e D>«
o
[+)) =
:E 5
S L&« € « <« < <
ap O
< e
5« ¢ « <« <« « «
)
S
K ¢ e e o«
5
T BE D> €5 > > > > <
o]
g R R R S S S S <
)
8 o & N I <
- O
E T g
- ki GG R Rt R
[
[« 1 -
2 &
<7 |z
L « « ¢« €«
g
[0}
. o
g . 8
~ E S E
< T & -~ = ¢ o
- S - | 82T ET s E 8 &
o < wn N N o a o o o 1 _l_l o
s T 2033289 TR 82 77T C T T 0 EE T 3 o
s & © & Hh a< < mmeccc=cc G aaaaa g 8ED


https://doi.org/10.1101/584813
http://creativecommons.org/licenses/by-nc-nd/4.0/

