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1 | INTRODUCTION

Abstract

Motor imagery (M) is the mental simulation of action frequently used by professionals in different
fields. However, with respect to performance, well-controlled functional imaging studies on MI
training are sparse. We investigated changes in fMRI representation going along with performance
changes of a finger sequence (error and velocity) after Ml training in 48 healthy young volunteers.
Before training, we tested the vividness of kinesthetic and visual imagery. During tests, participants
were instructed to move or to imagine moving the fingers of the right hand in a specific order.
During MI training, participants repeatedly imagined the sequence for 15 min. Imaging analysis
was performed using a full-factorial design to assess brain changes due to imagery training. We
also used regression analyses to identify those who profited from training (performance outcome
and gain) with initial imagery scores (vividness) and fMRI activation magnitude during Ml at pre-
test (Ml,re). After training, error rate decreased and velocity increased. We combined both parame-
ters into a common performance index. FMRI activation in the left inferior parietal lobe (IPL) was
associated with Ml and increased over time. In addition, fMRI activation in the right IPL during
Ml,re was associated with high initial kinesthetic vividness. High kinesthetic imagery vividness pre-
dicted a high performance after training. In contrast, occipital activation, associated with visual
imagery strategies, showed a negative predictive value for performance. Our data echo the impor-
tance of high kinesthetic vividness for Ml training outcome and consider IPL as a key area during
Ml and through Ml training.
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(for an ALE meta-analysis, see Hétu et al., 2013). Therefore, some of

the changes that can be expected after Ml training might be deduced

Motor imagery (MI) practice, which is the repetition of an imagined
action, is considered as a relevant intervention in various disciplines
such as sport, medicine, psychology, education, and music (Schuster
et al., 2011). It has been shown that Ml does not only improve motor
sequencing (Gentili, Han, Schweighofer, & Papaxanthis, 2010), aiming
(Kim et al., 2014), and motor timing (Pascual-Leone et al., 1995) but also
strength (Lebon, Collet, & Guillot, 2010; Ranganathan, Siemionow, Liu,
Sahgal, & Yue, 2004; Yue & Cole, 1992). Behaviorally, Ml training shows
a comparable training curve to execution training (Gentili et al., 2010).

It has been suggested that MI and movement execution mostly
share neural substrates (Jeannerod, 2001; Sharma & Baron, 2013). Ml

recruits a fronto-parietal network and subcortical and cerebellar regions

from knowledge on the representational changes after motor execution
training. In general, motor skill learning is indicated by performance
improvement of the sensorimotor system and by changes in the associ-
ated cortical and subcortical representation. With repetitive actual
training, performance becomes more precise and automatic. This goes
along with changes in functional representation such as reduced
BOLD-response in the network investigated, with a focus on contralat-
eral cortical and ipsilateral cerebellar representation, and with a switch
from cortical to subcortical representation (Dayan & Cohen, 2011;
Hund-Georgiadis & Yves Von Cramon, 1999; Jancke, Shah, & Peters,
2000; Lotze, Braun, Birbaumer, Anders, & Cohen, 2003; Robertson,
2007; Walz et al., 2015).
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Although some studies examining Ml training exist, results are not
entirely consistent. A PET study with foot movement sequence training
demonstrated comparable changes as after execution (EX) training
(Jackson, Lafleur, Malouin, Richards, & Doyon, 2003). An fMRI study
with finger sequence training also showed similar activation changes in
several sensorimotor structures following Ml and EX training but strik-
ing differences in other regions (Lacourse, Turner, Randolph-Orr,
Schandler, & Cohen, 2004): EX training led to increased striatal and
decreased cerebellar activation, whereas Ml training led to increased
cerebellar, premotor, and striatal activation. Another study investigating
finger sequences found the premotor regions only to be activated by
EX training (Olsson, 2008). Ml training might well rely on different neu-
ral substrates than EX training.

Several regions seem to be particularly crucial for Ml: a network
comprising dorsal premotor cortex (dAPMC), inferior parietal lobule (IPL),
and parts of the frontal gyrus is specific to Ml when compared with EX
(Sharma & Baron, 2013; Zapparoli et al., 2013). Parietal and premotor
sites have also been shown to be important for Ml when comparing
with other planning processes without movement simulation (Johnson,
2002). In addition, MI modulates the parieto-motor connectivity
(Lebon, Lotze, Stinear, & Byblow, 2012b) and consistently, continuous
theta-burst stimulation over the left IPL was capable to successfully
inhibit MI training of finger sequence learning (Kraeutner, Keeler, &
Boe, 2016). Furthermore, the posterior parietal cortex seems to be cod-
ing different imagery strategies (Pelgrims, Andres, & Olivier, 2009).

However, higher visual representation sites have also been
described to contribute to MI. Activation of the fusiform gyrus is
modulated by MI training of sequential finger tapping tasks (Olsson,
2008; Zhang et al., 2011). It is still under debate which areas underlie
the process of successful Ml training and whether the initial represen-
tation of MI processes can be used to explain the motor performance
after training.

When examining the different regions involved in Ml training, sev-
eral aspects such as imagery strategy or quality might be associated
with these functional representations. Imagery strategies are related, in
part, to the sensory modalities employed to imagine the action: kines-
thetic (feeling of the movement), visual (with first and third-person per-
spective), or haptic (feeling of the pressure between fingertips during
finger sequence). Solodkin, Hlustik, Chen, and Small (2004) and Guillot
et al. (2009) reported overlapping but partially distinct networks for
imagery strategies. When comparing them directly, they showed that
kinesthetic imagery activates primarily motor associated structures (pri-
mary motor cortex (M1), dPMC, IPL and supplementary motor area
(SMA), cerebellum), whereas visual imagery activates primarily the occi-
pital regions (BA 17, 18) and the superior parietal lobule (SPL). Using
transcranial magnetic stimulation, Stinear, Byblow, Steyvers, Levin, and
Swinnen (2006) found a greater involvement of the corticospinal tract
during MI when using kinesthetic compared to visual modality. It has
been proposed that kinesthetic strategies are associated with forward
modeling of a motor response and are therefore especially useful for
training motor paradigms (Ridderinkhof & Brass, 2015). With respect to
the utilization of different Ml strategies Fery (2003) demonstrated that
visual imagery is better for tasks that emphasize form while kinesthetic

imagery is better for tasks that emphasize timing or coordination of the
two hands.

Imagery ability may also account for motor learning with MI. How-
ever, the direct influence of imagery vividness on motor improvement
following Ml practice is still in debate (Avanzino et al., 2015; Goss, Hall,
Buckolz, & Fishburne, 1986; Lebon, Byblow, Collet, Guillot, & Stinear,
2012a; Lovell & Collins, 2001; Vergeer & Roberts, 2006). Vividness of
imagery, which is how clearly one imagines a movement, is usually
measured via questionnaires, the participants attributing a score to the
clarity of their imagined movement.

In this study, we aimed at examining the MI training process of a
finger sequence. We investigated associations between fMRI activation
measured prior to Ml training and kinesthetic or visual imagery strat-
egies and their corresponding effect on motor performance. We further
hypothesize that those areas involved in movement ideation and kines-
thetic imagery should be highly predictive for performance gain and
training outcome in the sequence task at hand, whereas those associ-

ated with visual imagery strategies should not.

2 | MATERIALS AND METHODS

2.1 | Participants

Forty-eight healthy participants (age average: 26 + 3 years; 31 females,
17 males) were recruited via a student webpage of the Greifswald Uni-
versity campus. All participants were strictly right-handed (84 = 14.57)
according to the diagnostic criteria of the Edinburgh Handedness
Inventory (Oldfield, 1971) and had no neurological impairments. The
motor imagery score according to the revised version of the Movement
Imagery Questionnaire (MIQ-R) (Hall & Martin, 1997) was completed
before starting the experiment.

The study was approved by the ethical committee at the Univer-
sity Medicine Greifswald (BB39/10) and all participants gave informed
consent prior to participation.

2.2 | Protocol and paradigm

Participants were instructed to actually move (during tests) or to imag-
ine moving (during tests and training) the fingers of the right hand in a
specific order in time with a 2 Hz blinking dot visible on a screen. One
trial consisted in repeating the given sequence for 30 s: 2-4-3-5-5-3-
4-2 (2 =index, 3 = middle finger, 4 = ring finger, 5 = little finger). All
participants were carefully instructed and explored the assignment of
the sequence before the pre-fMRI session. The experimenter first
showed the finger sequence pressing the keypad with the correspond-
ing fingers outside of the scanner. When the screen was blue, the par-
ticipants were instructed to stay still. When the screen turned green,
after a countdown to inform on the next trial, they started the
sequence. To ensure they understood the sequence, the participants
performed finger movements for 12 s (i.e., 24 finger taps). Participants
were positioned supine in the MRI scanner and were given a four-
finger key pad (Lumitouch, Photon Control Inc., San Francisco, USA)
adapted for the right hand. During actual execution (EX), the key
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FIGURE 1 Experimental procedure. After being given instructions about the experiment and the finger sequence tapping, and after filling in
the MIQ-R (visual (VI) and kinesthetic imagery (KI) score), the participant was placed in the MRI and performed a short prescan including the
execution (EX) and mental imagery (MI) task. These scans and performance recorded during EX served as precondition. To control for possible
extension movements during the Ml task, the participant wore a virtual reality glove. During the 15-min training, participants imagined the
sequence for about 150 times. At post-test, we assessed performance gain during EX task, and we performed a post-training scan including the
EX and Ml task. The experimental session ended with a structural T1-weighted image [Color figure can be viewed at wileyonlinelibrary.com]

presses were measured via dual photoelectric barriers and transferred
by optical fibers to an electronic processor outside the scanner. The
sequences of keystrokes were stored in log-files and were evaluated a
posteriori. During imagined trials (M), the participants were instructed
to imagine the same finger sequence, without moving, combining
kinesthetic and visual (first person perspective) imagery strategies. We
ensured that participants stayed motionless with the 5DT Data Glove
Ultra (Fifth Dimension Technologies).

Task instructions were presented using Presentation (Neurobeha-
vioral Systems, Albany, USA) and were projected on a screen, which

could be observed via a double mirror system affixed to the head coil.

2.2.1 | Scanning sessions (pre- and post-training)

During the two scanning sessions, which is before and after the mental
training, the participants performed two actual execution trials and
three imagined trials with an intertrial interval (baseline) of 20 s. The
execution block lasted 2 min (20 s baseline-30 s execution-20 s base-
line-30 s execution-20 s baseline) and the imagery block 170 s (20 s
baseline-30 s imagery-20 s baseline-30 s imagery-20 s baseline-30 s
imagery-20 s baseline). During pretest, the actual execution block was
performed before the imagery block, whereas during post-test, the

order was inverted. The measurement procedure is shown in Figure 1.

2.2.2 | Motor imagery training session

MI training was performed inside the scanner without actual scanning
for an overall period of 15 min and 30 s. We asked the participants to
imagine the finger sequence in time with a 2 Hz blinking dot visible on
a screen. We tested the temporal congruence of the imagined finger
sequence, i.e., imagery accuracy: During MI training, participants were
verbally asked four times, at a specific time point, to tell the experi-

menter the digit he/she was currently imagining moving. We collected

the responses and compared it to the expected movement, calculated
from the 2 Hz frequency. For each response, we scored 2 points when
temporal congruence was perfect, 1 point when shifted from the
expected position at most by 2 taps, and O point when shifted by at
least 3 taps. Therefore, the minimal and maximal accuracy scores were
0 and 8, respectively. In total, two blocks of 10 trials (1 trial =30 s)
were trained with 15-s rest between trials and 1-min rest between
blocks, summing up to about 150 finger sequences. After each trial of
30 s, we asked the participants to score the imagery vividness with a
7-point Likert scale (1 = very hard to imagine the movement; 7 = very
easy to imagine the movement; 2-6 = intermediate scores). As for pre-
and post-tests, we checked that participants were motionless with a
virtual movement glove (Data Glove Ultra 5DT, Pretoria, South Africa)
connected via glass fiber technology for online monitoring and offline

analysis.

2.3 | Functional imaging measurement

A 3 T Siemens Magnetom Verio (Siemens, Erlangen, Germany)
equipped with a 32-channel head coil was used to acquire both a T1-
weighted structural volume of the whole head (MP-Rage; 176 sagittal
slices, voxel size: 1 mm X 1 mm X 1 mm) and T2*-weighted echo-pla-
nar images (EPI; TR = 2000 ms, TE = 30 ms, flip angle 90°, 34 axial sli-
ces, voxel size of 3 mm X 3 mm X 3 mm, field of view (FOV) 192 mm).
3-D echo planar images were obtained for the pre- and post-
measurements, the first 2 dummy volumes in each session being dis-
carded to allow for T1 equilibration effect. In detail, for each partici-
pant, 60 execution EPI-volumes and 85 imagery volumes were
measured during the preassessment and during post-training assess-
ment each. We used a rubber foam head restraint to avoid head

movements.
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2.4 | Statistical analysis
2.4.1 | Behavioral data

We assessed motor performance with the variables error defined as
number of incorrect and omitted button presses and velocity defined as
the averaged inter time internal (ITl) between finger taps in milliseconds.
We compared these variables between pre- and post-tests with
Wilcoxon paired tests as the data were not normally distributed (p < .05,
Shapiro-Wilk test). We then joined errors and velocity into a combined
performance variable (weighted velocity). For this purpose, we divided
the velocity at pre- and post-test by the respective percentage of cor-
rectly performed sequences. We also used Wilcoxon paired-test
between pre- and post-test. To assess the performance improvement,
we further determined the performance gain as (weighted velocity
pre — weighted velocity post)/weighted velocity pre X 100. We also
compared the averaged ITI to the reference ITl—i.e., 500 ms—using a
signed rank Wilcoxon tests to evaluate the deviation from the reference
ITI.

We used linear regressions to predict motor performance
(weighted velocity) observed at post-test and the performance gain
(weighted velocity improvement) based on the motor imagery score
assessed before MI training (MIQ-R: kinesthetic imagery score =K,
and visual imagery score = VI).

To test the gender effect, we first measured the percentage of
improvement between the pre- and post-session for errors, velocity
and weighted velocity. Then, we used a Mann-Whitney U test for each

variable with gender as the independent variable.

2.4.2 | MRI and fMRI data

fMRI data were analyzed with the Statistical Parametric Mapping soft-
ware (SPM12; Wellcome Department of Cognitive Neurosciences, Lon-
don, UK) running under Matlab 7.1 (MathWorksInc; Natick, MA; USA).
Spatial preprocessing included realignment to the first scan, unwarping,
coregistration to the T1 anatomical volume images. Unwarping of geo-
metrically distorted EPIs was performed using the FieldMap Toolbox.
T1-weighted images were segmented to localize the grey and white
matter and the cerebrospinal fluid. This segmentation was the basis for
spatial normalization to the Montreal Neurological Institute (MNI) tem-
plate, which was then resliced and smoothed with a 6 X 6 X 6 mm
full-width at half-maximum Gaussian Kernel filter to improve the
signal-to-noise ratio. To correct for low-frequency components, a high-
pass filter with a cutoff of 128 s was applied.

Statistical analysis was performed using the general linear model as
implemented in SPM12. The MI and EX conditions were modeled as
separate regressors with onsets as described in the paradigm section
and for each time point (pre and post) separately, resulting in 4 ses-
sions. No additional regressors were added. Comparisons between con-
dition and time were performed with the full factorial design at the
second level. This included the main effect for the conditions at each
time point (Expre, Mlpre, EXpost, Mlost) and their interactions (for condi-
EXpre,

Mlpost — Mlyre). For thresholding, we applied both a correction without

tion: Mlpre — EXpres Mlpost — EXposy for time: Expost —

a priori assumptions (prwe < .05 corrected for the whole brain volume)

and a more liberal ROI correction for anatomically defined areas (also
prwe < .05 but ROI restricted) if we had certain assumptions on which
areas would be implicated given by the literature and the activation
would not survive the whole-brain correction. We expected the follow-
ing areas to be implicated in Ml in general: IPL, SPL, dPMC, SMA, cere-
bellum, and BA44 (Hétu et al., 2013). The EX condition was expected
to show activation in similar areas although the comparison EX — Ml
was expected to display stronger activation representations especially
in sensorimotor areas (Sharma & Baron, 2013) at each time point. The
comparison Ml — EX was expected to display stronger activation in
IPL, dPMC, and BA44 (Sharma & Baron, 2013; Zapparoli et al., 2013).
The areas to be implicated in Ml training cannot easily be inferred from
the literature as only few Ml training studies exist. Therefore, we used
a whole-brain correction to examine the effect of time in the Ml
condition.

We were further interested in associating brain areas with Kl and
VI scores. We conducted linear regression analyses of the Ml BOLD
magnitude in these preselected regions and the imagery quality (KI and
VI scores) to assess the correlates of the two imagery modalities. As
the kinesthetic imagery representation has been shown to display
more motor-related characteristics and the visual imagery network to
display more visual characteristics (Guillot et al., 2009; Solodkin et al.,
2004), we further added M1, BA17, and BA18 to the list of hypothe-
sized areas in this analysis.

Again using linear regressions, we aimed to predict motor perform-
ance after training (weighted velocity post) and performance improve-
ment (weighted velocity improvement) with BOLD-magnitude in ROls
in the Ml task. We only used whole-brain correction in this analysis
as hypotheses from the literature for Ml training prediction are rare.

Anatomical assignment was performed using ANATOMY (http://
www.fz-juelich.de/inm/inm-1/DE/Home/home_node.html) if cytoarch-
itectonic mapping was available or anatomical labeling (AAL) (Tzourio-
Mazoyer et al., 2002) as implemented in the WFU-Pick Atlas toolbox
for SPM12.

3 | RESULTS

3.1 | Motor performance after MI training

MI training was effective in terms of sequence accuracy and velocity:
the number of errors decreased from 2.94+4.16 to 0.93+294
(Z=4.04, p<.001; Figure 2a) and the averaged ITI decreased from
530 + 97 to 480 + 73 ms (Z = 3.73, p <.001; Figure 2b). In addition,
the variance of ITI decreased significantly (pretest= 6.8 + 4.2, post-
test =54+ 3.5; Z=2.62; p=.008) indicating a more stable perform-
ance after training. The score of weighted velocity showed a perform-
ance gain following mental training (+9.32+ 13.37%), with the
weighted velocity being greater at post-test in comparison to pretest
(Z=4.26, p <.001). These findings show that the participants generally
increased their motor performance after mental training.

Note that averaged ITI at pretest was above the reference ITI of
500 ms (xz = 982.75, p <.001), while at post-test, it was below this
reference (x> = 549.97, p < 0.001).
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FIGURE 2 Effect of MI training on the actual performance of the finger sequence. Number of errors (a) and velocity of tapping (b)

decreased between pre- and post-test (***p < .001)

We found no effect of gender for the behavioral variables (errors:
Z=0.74, p=.45; velocity: Z = —0.77, p=.43; weighted velocity:
Z=047,p=.63).

3.2 | Imagery quality

The motor imagery score (MIQ-R) was on average 43 +7.79 and
showed differences between visual (22.7 = 4.7) and kinesthetic modal-
ities (20.3 4.4, Z=3.58, p<.001). During MI training, participants
estimated the vividness of the imagined finger sequence on a 7-point
Likert scale with a mean score of 5.3 +0.9. Also, measured imagery
accuracy during training was on average 6.6 * 1.2 on a scale from O to
8 (0, no temporal congruence; 8, perfect temporal congruence) demon-
strating strong involvement in the imagery training.

The MIQ subscales were used to predict the motor performance
after training (F(2,45) = 5.02, p = .01, R? = .18). Interestingly, KI, but not
VI, predicted weighted velocity after training (KI: = —0.43; p = .007; VI:
B =0.008; p = .96). To assess the gain by training, these subscales were
also used to predict the motor performance improvement. No significant
regression equation was found (F(2,45) = 1.55, p = .22, R? = 0.064).

3.3 | fMRI activations

Overall, movement execution and MI at pretest showed high similarity
in their activation map, including bilateral M1/S1, dPMC, SMA, left

TABLE 1 Effect of condition

Region BA
(A) Mlpre - Expre
Inferior parietal lobe (IPL) 40
STS (superior temporal sulcus) 21
Superior parietal lobe (SPL) 7
(B) Expre - Mlpre
Primary sensorimotor cortex 1-4
Primary sensorimotor cortex 1-4

Cingulate gyrus 24
Anterior cerebellar hemisphere Larsell lobule IV-VII
Anterior cerebellar hemisphere Larsell lobule IV-VII
Rolandic operculum/S2 43
Rolandic operculum/S2 43

?p < .05; FWE-corrected for the whole volume.
b;o <.05; FWE-corrected for the ROIS.

secondary somatosensory cortex (S2) and superior parietal lobe, and
bilateral cerebellar hemispheres (for the top view, see Supporting Infor-

mation, Figure 1).

3.3.1 | Effect of condition

During Ml,,, participants showed higher left inferior parietal activation
than during EX, (Table 1A and Figure 3a (orange)). This representation
was confirmed for the calculation of the effect of condition during the
post-test measurement. Ml also showed increased fMRI activation
when compared to EX, in the left STS/middle temporal gyrus and the
left SPL.

In comparison to M, EX,e showed increased activation in the
contralateral primary sensorimotor cortex (Table 1B), ipsilateral anterior
cerebellar hemisphere, contralateral cerebellar hemisphere, the motor
cingulate, and ipsilateral primary sensorimotor cortex. Bilateral rolandic
operculum/S2 was also increasingly active during EX,.. compared to
Mlpe (Table 1). Again, this pattern was confirmed for the post-test

measurement comparison (EXpost — Mlpost).

3.3.2 | Effect of MI training

Over time, the fMRI representation during executed movements
remained unchanged. In contrast, Ml training changed the representa-
tion of MI between pre- and post-test: we observed a strong increase
over training in the IPL (BA 39) of the left hemisphere (Table 2A and

MNI coordinates

Side t X y z

L 5.58? —42 —-57 54

L 5.04% —-63 -51 6

L 4.85° -36 -63 54

L 9.50° -33 -24 36
R 5.492 36 —12 63
R 5.03? 3 0 42
R 7.87% 15 51 —-18
L 7.51° —21 —51 —21
L 7.232 —45 -21 18
R 4.81° 48 -18 21
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FIGURE 3 (a) Effect of condition and training. The effect of condition (Ml — EXpre) showed a left-sided inferior parietal and medial

temporal fMRI activation (orange). The effect of training (Mlpost —

Ml,re) showed a strong effect in the left inferior parietal lobe (blue).

Statistical threshold: p < .05; FWE corrected for the whole volume. (b) Associations between fMRI activation during Ml and motor
imagery score for kinesthetic (KI) and visual (VI) imagery. Kl (orange) was positively associated with fMRI activation in right inferior parietal
lobe during the Ml task. In contrast, VI (blue) was positively associated with fMRI activation in right visual striate. The statistical threshold
has been adjusted to p < .05; FWE corrected per ROI. (c) Outcome prediction by fMRI activation during M. High performance after
training (weighted velocity scores) could be predicted by high initial right fusiform activation (orange) during MI. Low performance after
training could be predicted by high initial left occipital activation (blue) during Ml,.. Statistical threshold: p < .05; FWE corrected for the

whole volume [Color figure can be viewed at wileyonlinelibrary.com]

Figure 3a (blue)) but also an effect in the left precuneus, ventromedial
Mlpost

(decrease over training) showed an effect in the left anterior cerebellar

prefrontal cortex, and left middle temporal gyrus. Ml —

hemisphere (Table 2B). The parietal effect of condition and training is

demonstrated in Figure 3a.

3.3.3 | Linear regression analysis of fMRI activation

We calculated associations between the KI- or the VI-score (MIQ-R)
and activation magnitude during Ml,.. The initial KI score was highly
positively associated with right inferior parietal lobe activity during
Mlpre (t =4.02; prwe per rol = 0.02; coordinates: 48, —54, 39; Figure
3b, orange). In contrast, VI was positively associated with fMRI activa-
tion during Ml in the bilateral visual cortex (BA 18) (t = 3.49; prwe
per ROI = 0.001; coordinates: 9, —75, 21) activation (Figure 3b, blue).

3.3.4 | Outcome prediction with Ml activation

High performance after training (low weighted velocity post) could be
predicted by My activation in the right fusiform gyrus (Figure 3c;
t = 5.24; prwe = 0.036; coordinates: 42, —42, —24). Low performance

TABLE 2 Ml-effect over training

Region BA

(A) Increase over training: Mlpose — Mlyre
Inferior parietal lobe (IPL) 39
precuneus 7
Ventromedial PFC (vmPFC) 10
Middle temporal gyrus 21

(B) Decrease over training: Mlyre —
Anterior cerebellar hemisphere

Mlpost
Larsell lobule IV-VII

ap < .05; FWE-corrected for the whole volume.

after training (high weighted velocity post) was associated with an ini-
tially high occipital lobe activation (Figure 3c; t = 5.28; prwe = .032;
—15, —99, 24). We also tried to predict the performance improvement
but neither the whole-brain regression analysis nor the ROI analysis
with hypothesized regions showed an association with the improve-

ment in weighted velocity.

4 | DISCUSSION

In this study, we observed positive effects of MI training on velocity
and error rate in a finger sequence task. The post-training performance
defined by a combined score including velocity and error rate could be
predicted by Kl ability before training. A high Kl ability was represented
by strong activation of the right IPL during Ml before training. In con-
trast, high initial occipital activation during Ml was associated with high
initial visual imagery intensity (VI ability), which did not predict any
training outcome. In fact, the initial activation of another occipital area

directly predicted a low motor performance after training.

MNI coordinates

Side t X y z

L 6.24° —-48 —66 36

L 6.247 0 —54 33

L 5.95° 0 51 9

L 5.60° —63 -12 -15
L 5.14° =77/ —63 =27
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4.1 | Outcome of training, predictive value of Kl
capacity, and associated fMRI activation

We observed a training effect for finger sequence training for velocity
and error rate which could be predicted by Kl scores before training. A
strong association between Kl strategies and motor timing outcome
has been reported before (for timing of bimanual movements: Fery,
2003). Kl strategies have been associated with forward modeling of a
motor response making them useful for training motor paradigms (Rid-
derinkhof & Brass, 2015). In this study, we showed that this Kl self-
assessment was associated with inferior right IPL activation intensity.
Associations with Kl scores during Ml have been reported before (Ger-
ardin et al., 2000; Guillot et al., 2009; Lorey et al., 2011; Solodkin et al.,
2004) supporting the specific role of this area in movement ideation. In
addition, these studies suggest a role of bilateral M1 underlining the
role of the dorsal loop in those with good Kl capacities (Guillot et al.,
2009; Solodkin et al., 2004). Here bilateral M1 did not reach signifi-
cance thresholds after ROI correction for the linear regression with the
KI (right: t = 3.22; coordinates: 45, —3, 33; prpwe = 0.50; left: t = 3.06;
coordinates: —36, —15, 48; prwe = 0.63). This might be based on a
weaker effect for the regression analysis of non-Kl-directed Ml per-
formance in comparison to clear instructions for the Kl technique in

other studies.

4.2 | Inferior parietal representation and Ml

We found a strong effect for inferior left IPL fMRI activation increase
EXpre) and the effect of time
Mlyre). The most compelling evidence for the left sided IPL

for the effect of condition (Mlye —
(Mlpost —
function for Ml is the finding that patients with damage in this area (BA
40, BA 39) show deficits in the ability to use MI, and here especially for
predicting the duration of a movement (Sirigu et al., 1996). Another evi-
dence is that inhibiting repetitive magnetic transcranial stimulation
(rTMS) over this area in healthy volunteers decreases motor outcome
for implicit learning through Ml training (Kraeutner et al., 2016). Espe-
cially, the visuospatial processes seem to be impaired by continuous
theta-burst TMS over that area. However, not only the left inferior
parietal lobe is highly important for mental imagery performance: rTMS
functional lesions applied 400-600 ms after stimulus onset over the
right parietal lobe can also decrease performance in implicit Ml tasks
(Harris & Miniussi, 2003). In this study, we found an association
between right IPL activation and KI. Right parietal lobe activation have
been reported in numerous Ml studies (Binkofski et al., 2000; Gerardin
et al.,, 2000; Kuhtz-Buschbeck et al., 2003; Lacourse, Orr, Cramer, &
Cohen, 2005; Sharma, Jones, Carpenter, & Baron, 2008); for an ALE-
review, see Hétu et al. (2013). In addition, the right IPL has been associ-
ated with movement ideation: perioperative direct cortical stimulation
of this area (BA 40/39) triggered a strong desire to move the contrale-
sional hand, arm, or foot (Desmurget & Sirigu, 2009). Previous virtual
lesion studies of the right parietal lobe demonstrated degraded accu-
racy of MI (Fleming, Stinear, & Byblow, 2010). In a recent study, the
activation pattern within the parietal lobe (but also the premotor cor-
tex) was associated with imagined action content (Pilgramm et al,,

WILEY-®*

2016)—again increase in demand to remember the movement pattern

increases recruitment within processing resources.

4.3 | Changes over training

Our MI training showed an effect on performance for both velocity
and error rate. However, the effect of training induced fMRI activation
was completely different to those observed after an active training par-
adigm: Dayan and Cohen (2011) described that skill improvement
reflect motor memory consolidation, which has been identified as an
intermediate stage between fast and slow learning (Doyon & Benali,
2005). We found specific changes in the MI condition over training
with increased fMRI activation in the left IPL, left precuneus, and left
medial temporal gyrus. Changes in these parieto-temporal areas cen-
tered on the left hemisphere are not present in an execution training
(Dayan & Cohen, 2011; Lotze et al., 2003; Walz et al., 2015). More
commonly, we found a decrease in left (contralateral) anterior cerebel-
lar activation. This is comparable to some findings described during
executed long-term repetitive motor training (Dayan & Cohen, 2011,
Walz et al.,, 2015) and also to another study investigating effects of MI-
training on finger sequence performance (Olsson, 2008).

Furthermore, the representation of movement execution did not
change over time after Ml training. It is possible that the training para-
digm specifically modulates only fMRI activation during the trained
task (MI) but not during the actual execution (EX) but due to the rela-
tively short duration of EX condition no final statement can be
provided.

4.4 | Occipital activation and VI versus fusiform
activation and performance outcome prediction

Occipital (BA 17, 18) fMRI activation during Ml was associated with
VI - a finding underlining those of others (Guillot et al., 2009; Solodkin
et al., 2004). Overall, a high primary visual activation seems to be asso-
ciated with poor outcome in MI training as we observed after linear
regression of performance outcome (weighted velocity) with fMRI acti-
vation during Ml,,.. Therefore, a high visual imagery content associated
with high occipital fMRI activation is possibly a bad strategy for mental
training of finger sequences. This seems to be true also for other fields
of imagery expertise: high occipital recruitment has been observed in
aged persons who performed worse in a behavioral mental chronome-
try test than younger ones (Zapparoli et al., 2013).

In contrast, fusiform gyrus activation during Ml before training pre-
dicted good motor outcome. Higher visual imagery strategies, as for
instance imagining finger sequences or numbers indicating the finger
sequence seem to be helpful for performing the sequence with high
velocity (Ishai, Ungerleider, & Haxby, 2000). Others already reported a
modulation of the fusiform gyrus during mental training of a sequential
finger tapping task before (Zhang et al., 2011). In another study, left
fusiform gyrus activation increased after mental training of finger
sequence over a longer training duration (72 min over 6 weeks) (Ols-
son, 2008). These authors interpreted the function of the fusiform
gyrus as a formation of a visual memory for the motor procedure.
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This study has some limitations which should be mentioned. First,
we did not investigate a control population of a nontrained sample to
control for habituation effects. In a mental training finger sequence
study, including a nontrained group, Avanzino et al. (2015) showed an
increase in movement rate of about 14% and 7% in the Ml and control
group, respectively. In their study, the participants performed 300
imagined finger movements in one session. We might expect compara-
ble effects of mental training in our study, as the participants showed a
performance increase of about 9% after 150 imagined finger move-
ments. Also, recruiting a high number of participants in the MI group
allowed us to differentiate those who benefited more from Ml training.
Second, using more complex finger sequences may be even better
suited to investigate error rate as there was a floor effect in a number

of participants after the 15-min training period.

5 | CONCLUSIONS

Our data echo the importance of high Kl for Ml training outcome for a
precise finger sequence task. In addition, the IPL is the area associated
with MI (in comparison to actual execution), with the increase of fMRI
activation over time, and with Kl ability. In contrast, occipital visual
fMRI activation was associated with VI ability and predicted poor per-
formance outcome. The role of fusiform gyrus for Ml training of a fin-
ger sequence which was highly predictive for weighted velocity

outcome needs further clarification.
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