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Abstract

Motor imagery (MI), the mental simulation of movement
in the absence of overt motor output, has demonstrated po-
tential as a technique to support rehabilitation of movement
in neurological conditions such as Parkinson's disease (PD).
Existing evidence suggests that MI is largely preserved in
PD, but previous studies have typically examined global
measures of MI and have not considered the potential im-
pact of individual differences in symptom presentation on
MI. The present study investigated the influence of sever-
ity of overall motor symptoms, bradykinesia and tremor on
MI vividness scores in 44 individuals with mild to moderate
idiopathic PD. Linear mixed effects modelling revealed that
imagery modality and the severity of left side bradykinesia
significantly influenced MI vividness ratings. Consistent
with previous findings, participants rated visual motor im-
agery (VMI) to be more vivid than kinesthetic motor im-
agery (KMI). Greater severity of left side bradykinesia (but
not right side bradykinesia) predicted increased vividness of
KMI, while tremor severity and overall motor symptom se-
verity did not predict vividness of MI. The specificity of the
effect of bradykinesia to the left side may reflect greater pre-

morbid vividness for the dominant (right) side or increased
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attention to more effortful movements on the left side of the

body resulting in more vivid motor imagery.

KEYWORDS

bradykinesia, kinesthetic imagery, motor imagery, Parkinson's disease,

visual imagery

INTRODUCTION

Motor imagery (MI) is the mental rehearsal of an action in the absence of overt motor output
(Jeannerod, 1994, 1995), which may be differentiated into visual motor imagery (VMI) and kinesthetic
motor imagery (KMI) (Abbruzzese et al., 2015). VMI relates to the generation of visual representations
of performing an action, while KMI relates to the sensations associated with performing an action
(McAvinue & Robertson, 2008). Importantly, functional neuroimaging and lesion studies have ob-
served that MI and motor execution activate similar cortical networks. Specifically, the primary motor
cortex (Schnitzler et al., 1997; Sirigu et al.,, 1996) and pre-motor areas including the supplementary
motor area (SMA) (Dechent et al., 2004; Grafton et al., 1996) are activated during both overt motor
output and MI (see Hardwick et al., 2018 for review). Through activating these motor areas even in the
absence of overt motor output, MI can facilitate the learning of new actions (Driskell et al., 1994).

MI may also enable individuals to mentally practice actions that they are unable to perform due to
physical impairments (Zimmermann-Schlatter et al., 2008) and can facilitate safe self-paced training
in those with motor deficits (Agostini et al., 2021). Thus, MI has been identified as a potential tech-
nique for promoting the recovery of motor functioning in neurological conditions (Caligiore et al., 2017;
Cuomo et al., 2022). However, MI ability may be compromised in conditions that limit movement, such
as chronic pain (¢.g Breckenridge et al., 2019) and fibromyalgia (¢.g. Scandola et al., 2021). In Parkinson's
disease (PD), the progressive degeneration of dopaminergic nigrostriatal neurons originating in the
substantia nigra pars compacta of the basal ganglia and projecting to the striatum (Agid, 1991) results
in profound motor symptoms including tremor, rigidity, slowed movement execution (bradykinesia)
and reduced movement amplitude (Crawford III & Zimmerman, 2011; Politis et al., 2010). Moreover,
particular difficulties with voluntary, internally generated actions are observed in PD (Brown &
Marsden, 1988). M1, particularly if combined with physical therapy and functional rehabilitation (Tamir
et al., 2007), may be advantageous in PD neurorehabilitation by supporting the maintenance of motor
capabilities (Caligiore et al., 2017), but a critical question is whether motor impairments in PD impact
on MI ability (e.g. Poliakoff, 2013). MI has been investigated through various paradigms (McAvinue &
Robertson, 2008), which can be broadly categorised as either implicit or explicit measures. Implicit M1
occurs when motor representations are employed without direct instruction (Jeannerod, 1994). Hand
laterality judgement tasks are widely used to assess implicit MI, whereby participants are asked to judge
the laterality of images of hands presented at various angular rotations (e.g. Parsons, 1987a, 1987b; Ter
Horst et al., 2010). The time required to make a laterality judgement in this task is proportional to the
time required to physically rotate the hand into the corresponding angle (¢.g. Parsons, 1987a). A small
number of studies employing this task with people with PD have found evidence of slowing and re-
duced accuracy (Dominey et al., 1995; Helmich et al., 2012). However, these alterations in MI appear
to parallel alterations in motor capabilities and so may be reflective of motor impairment in PD rather
than an inability to perform MI (Dominey et al., 1995). Moreover, other studies have found similar per-
formance in PD and control groups when judging hand laterality (Bek et al., 2022; Scarpina et al., 2019;
van Nuenen et al., 2012).

In contrast to implicit tasks, explicit MI measures involve instructing participants to deliberately
engage in MI (Jeannerod, 1994). For example, in a mental motor chronometry task, the reported time
taken to imagine an action closely parallels the measured time taken to physically perform the same
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PARKINSON’S BRADYKINESIA AND MOTOR IMAGERY 3

action (Decety et al., 1989; Milner, 1986). There is some evidence to suggest that mental chronometry
may be less accurate and/or slower in individuals with PD (Scatpina et al., 2019). However, Hetemans
et al. (2011) found that while mental motor chronometry response times were significantly longer in
individuals with PD, this slowing paralleled the slowing of their physical execution.

Self-rating scales such as the Kinesthetic and Visual Imagery Questionnaire (KVIQ; Malouin
et al., 2007) are also used as explicit measures of MI, in which participants imagine themselves
performing an action and then rate the vividness of the visual image or the intensity of the kines-
thetic sensations of the imagined action. Typically, healthy individuals rate VMI to be more vivid
than KMI (e.g. Lorant & Nicolas, 2004; Malouin et al., 2007; Randhawa et al., 2010). Ratings of MI
vividness in people with PD have been found to be comparable to those of healthy older adults as
measured using the KVIQ (Peterson et al., 2012; Heremans et al., 2011) and the gait imagery ques-
tionnaire (Pickett et al., 2012).

Given the heterogeneity of symptom presentation and severity in PD (Lang & Lozano, 1998), it is
important to consider how individual differences in symptoms may influence MI. For example, some
patients present with tremor as the most dominant motor feature, whereas others never experience
tremor (Greenland et al., 2019). Moreover, patients often exhibit lateralised symptom presentation
(Sveinbjornsdottir, 2016). Previous studies have observed no significant effect of symptom severity,
measured by overall motor scores on the Unified Parkinson's Disease Rating Scale (UPDRS; Fahn
etal., 1987), on MI vividness (Heremans et al., 2011; Pickett et al., 2012), although this finding may have
been affected by the exclusion of participants with severe tremor (Heremans et al., 2011). Importantly,
few investigations of MI in PD have considered the influence of specific symptoms. However, one study
(Helmich et al., 2012) observed that individuals with tremor made fewer errors on a hand laterality task
than individuals without tremor, and this enhanced performance was coupled with increased somato-
sensory activation. Additionally, individuals with strongly lateralised symptoms have been found to be
markedly slower in laterality judgements for images corresponding to the more affected hand (Dominey
et al., 1995; Helmich et al., 2007, 2009). These findings suggest that alterations in MI may reflect alter-
ations in motor capabilities or sensorimotor experience.

While the above findings provide important insights regarding the relative preservation of MI in
PD, further investigation is needed to understand the influence of individual differences in symp-
tom presentation and severity. For example, it is possible that particular symptoms such as tremor
and bradykinesia may affect global MI measures, or that symptoms affect MI in a lateralised manner.
To address this, the present study analysed the influence of overall symptom severity, tremor and
bradykinesia, on MI vividness in individuals with mild to moderate PD. Moreover, potential later-
alised effects of symptom severity on MI vividness were investigated by analysing the influence of
side-specific bradykinesia and tremor on side-specific (z.e. left and right) VMI and KMI vividness
scores.

METHODS
Participants

Participants were recruited through local neurology clinics and Parkinson's UK. Forty-four participants
(30 males) aged 47 to 79 years (M = 64.5, SD = 6.8) with mild to moderate idiopathic PD were included
in this analysis. Based on the Edinburgh Handedness Inventory (Oldfield, 1971), 40 participants were
right-handed, 3 were left-handed and 1 was mixed-handed. All participants had normal or corrected-
to-normal vision and had no history of other neurological or psychiatric conditions. Participants were
screened for cognitive impairment (Addenbrookes Cognitive Examination I1I; Hsieh et al., 2013).

All participants except one were taking dopaminergic medication at the time of participation, includ-
ing levodopa combination drugs (e.g. Madopar), dopamine agonists (¢.¢. Ropinirole), monoamine oxidase
inhibitors (e.g. Rasagiline) and Catechol-O-Methyl Transferase (¢.¢. Entacapone).
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The research was approved by a UK National Health Service (NHS) research ethics committee and
participants provided written informed consent. Participants were compensated for their travel and time.

Procedure

The data analysed here were collected as part of two previous studies (Bek et al., 2019, 2021), in which
participants completed either the full (20-item) or short (10-item) version of the KVIQ (Malouin
et al., 2007). The KVIQ has been used in several studies of MI in individuals with PD (Abbruzzese
et al., 2015; Bek et al., 2019; Heremans et al., 2011; Peterson et al., 2012; Pickett et al., 2012). The
KVIQ (KVIQ-10 and KVIQ-20; Malouin et al., 2007) has established test—retest reliability (e.¢. Malouin
et al,, 2007; Randhawa et al., 2010), good concurrent validity with alternative measures of MI vividness
(e.& MIQ-R; Randhawa et al., 2010) and good internal consistency (Cronbach's « KMI = .87; VMI = .89,
Malouin et al., 2007).

The KVIQ requires participants to physically perform and then imagine performing, from a first-
person perspective, a series of simple actions (e.g. thumb-to-finger taps and foot tapping) involving
different body parts (Malouin et al., 2007). Measures of VMI and KMI are obtained by asking par-
ticipants to rate the vividness of their imagery on five-point scales for the clarity of the visual image
(VMI: 1 = no image, 2 = blurred image, 3 = moderately clear image, 4 = clear image, 5 = image as
clear as seeing) and the intensity of the imagined sensations (KMI; 1 = no sensation, 2 = mildly intense,
3 = moderately intense, 4 = intense, 5 = as intense as executing the action).

The motor examination of the MDS-UPDRS (Goetz et al., 2008) was used to assess the severity of
a range of symptoms, including tremor and bradykinesia. Each item is rated on a scale of 0—4, where
0 indicates a complete absence of the symptom, and 4 indicates severe disability. Severity is assessed
independently for each limb and side where applicable (e.g. for resting tremor).

Data analysis

As participants had completed either the full KVIQ or the short-form KVIQ-10, only items from the
KVIQ-10 (Malouin et al., 2007) were included in the present analysis for all participants. The KVIQ-
10 includes several limb-specific movements and one trunk movement. For the purpose of the present
study, each of the limb-specific actions was repeated for both sides of the body, providing a measure of
VMI and KMI vividness for each body side. Internal consistency of the VMI and KMI subscales was
calculated.

To analyse the influence of motor symptoms on MI at a body side-specific level, the following KVIQ
items were analysed separately for right and left limbs: forward shoulder flexion, thumb-to-finger tips,
hip abduction and foot tapping. For the overall analysis, items from both sides, as well as forward trunk
flexion were included.

From the MDS-UPDRS (hereafter, ‘UPDRS’), overall motor scores, as well as measures of overall
bradykinesia and tremor severity, and side-specific severity of tremor and bradykinesia were calculated.
For bradykinesia at a side-specific level, the following UPDRS items were analysed separately for right
and left limbs: finger tapping, hand movements, pronation-supination of hands, toe tapping, leg agility.
For the overall analysis, items from both sides were included, as well as global spontaneity of movement
(bradykinesia). For side-specific tremor, the following UPDRS items were analysed separately for right
and left limbs: postural tremor of the hands, kinetic tremor of the hands, rest tremor amplitude (upper
and lower limbs). For the overall analysis, items from both sides were included, as well as rest tremor
amplitude for the lip/jaw and constancy of rest tremor.

Linear mixed effects modelling (LMM) was used to analyse the association of symptom severity
with KVIQ-10 scores (i) overall and (ii) at a side-specific level. Given that healthy adults commonly
rate VMI to be more vivid than KMI (e.g. Malouin et al., 2007; Randhawa et al., 2010), imagery
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modality (VMI, KMI) was also included as a predictor when analysing the effects of symptoms.
LMM allows the influence of fixed effects of independent variables to be analysed, while account-
ing for random effects corresponding to unexplained differences such as variation between par-
ticipants (Baayen et al., 2008). Models were fitted using the maximum likelihood procedure with
the Satterthwaite adjustment method in the Ime4 package (Bates et al., 2014) in R (R Core Team,
2021). Models were compared using likelihood ratio tests. A further analysis that included only
right-handed participants produced the same pattern of results, so all participants were included in
the final analyses.

RESULTS
MI and motor symptoms

UPDRS motor scores and KVIQ-10 scores are presented in Table 1. All participants had mild to mod-
erate symptoms as indicated by the Hoehn and Yahr scale (M = 1.98, §D = 0.81), with a mean UPDRS
score of 37.43 (§D = 9.57). Good internal consistency was found for the KVIQ subscales used within
this study (KMI Cronbach's alpha = .88; VMI Cronbach's alpha = .89).

Effects of modality and symptoms on overall M1

To examine the influence of overall symptom severity, tremor, bradykinesia and MI modality on overall MI
vividness, LMM analysis was conducted with total KVIQ-10 score (MI) as the dependent measure, modal-
ity (KMI or VMI), total UPDRS motor score, total bradykinesia and total tremor scores as fixed effects
and participants as random intercepts. MI was only significantly influenced by modality, reflecting higher
vividness ratings for VMI compared to KMI (b = 5.66, SE = 1.21, #/44] = 4.67; p<.001).

In a subsequent model, total tremor and bradykinesia scores were replaced with side-specific
tremor and bradykinesia scores. KVIQ scores were predicted by modality, again reflecting higher
vividness ratings for VMI compared to KMI (b = 5.66, SE = 1.21, #[44] = 4.67; p<.001) and by left

TABLE 1 Total and side-specific UPDRS motor scores and total and side-specific KVIQ-10 scores. Minimum and
maximum possible scores are provided for reference.

Measure Possible score range Mean score (SD)
Total UPDRS motor 0-132 37.43 (9.57)
Total Bradykinesia 0-48 14.80 (5.39)
Right Bradykinesia 0-20 5.55(3.18)
Left Bradykinesia 0-20 7.89 (3.12)
Total Tremor 0-40 5.43 (4.30)
Right Tremor 0-16 1.80 (1.40)
Left Tremor 0-16 2.50 (2.28)
Total KVIQ-10 18-90 63.52 (16.68)
Total VMI 9-45 34.18 (8.95)
Total KMI 9-45 29.34 (9.70)
Right VMI 4-20 15.34 (3.96)
Left VMI 4-20 14.84 (4.21)
Right KMI 4-20 12.84 (4.09)
Left KMI 4-20 12.39 (4.24)
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6 | READMAN pr AL,

side bradykinesia (b = 1.54, SE = .59, #[44] = 2.64; p = .011), such that higher bradykinesia scores for
the left side of the body were associated with higher MI vividness ratings.

Comparison of the two models revealed no significant difference OC[2] = 5.15; p =.076). Moreover,
removing all non-significant predictors from the original model did not significantly affect the fit of the
model (xz[?)] = 4.65; p = .20), such that the best-fitting model included only the random intercept for
participants and the fixed effect of modality (see Table 2).

Effects of modality and symptoms on side-specific M1

KVIQ scores for left and right side movements were analysed in separate models, with modality
(VMI or KMI), UPDRS total motor score, side-specific bradykinesia and side-specific tremor as
fixed effects and random intercept effects of participants. For left side MI, modality (b = 2.45,
SE = .61, #/[44] = 4.03; p <.001) and left side bradykinesia (b = .42, SE = .21, #/[44] = 2.00; p =.045)
were significant. Removing all non-significant predictors did not affect the model fit (XZ[Z] =.53;
p =.77), and the model including both modality and left side bradykinesia was superior to models
with modality alone (x°[1] = 5.21; p = .022) or bradykinesia alone (}’[1] = 13.84; p<.001) (Table 2).
As illustrated in Figure 1, VMI (vs. KMI) and higher left side bradykinesia scores were associated
with higher vividness scores. For right side MI, modality (b = 2.50, SE = .52, #[44] = 4.77; p <.001)
and UPDRS total motor score (b = .15, SE = .008, #[44] = 2.17; p =.035) were significant. Excluding
all non-significant predictors did not significantly affect the model fit (X2[3] = 4.56; p =.21); moreo-
ver, removing UPDRS score did not significantly reduce the model fit (Xz[l] = 2.34; p = .13), indicat-
ing that the model including modality only provided the best fit (Table 2). Again, vividness scores
were higher for VMI than KMI (see Figure 1).

The relationships between left side bradykinesia and VMI and KMI scores for the left side were
further explored using Spearman correlation coefficients (see Figure 2). There was a significant positive
association between left side KMI and left side bradykinesia (ns[40] = .31; p = .042) but the association
between left side VMI and left side bradykinesia was not significant (rs[40] = .20; p = .20).

DISCUSSION

The present study examined the influence of motor symptom type and lateralisation on MI vividness
in individuals with mild to moderate PD. While MI vividness was not associated with overall motor

TABLE 2 Summary of best-fitting linear mixed-effect models analysing the effects of modality (visual vs. kinesthetic)
and symptoms (UPDRS motor scores) on motor imagery (KVIQ-10) scores overall and for left and right sides of the body.

Marginal/
Model conditional
Model Predictors (b, SE, df; t, p) df BIC AIC LogLik  Deviance R2
Total KVIQ-10 84 623.7 633.6 =307.9 615.7 .09/.63
(Intercept) 25.21,5.35, 45.14, 4.71, <.001
Modality: Visual 5.66,1.21, 44, 4.67, <.001
Left side KVIQ 83 491.5 503.9 —240.8 481.5 16/.57
(Intercept) 9.26, 1.46, 47.98, 6.34, <.001
Modality: Visual 2.45, .61, 44, 4.03, <.001
Bradykinesia_ Left 40, .17, 44, 2.35, .023
Right side KVIQ 84 479.7 489.6 —235.8 471.7 .09/.65
(Intercept) 12.84, .60, 63.70, 21.40, <.001
Modality: Visual 2.50,.52, 44, 4.77, <.001
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FIGURE 1 Dot-and-whisker plots (coefficients and 95% Cls) showing prediction of left and right side MI (KVIQ)
scores by imagery modality (visual vs. kinesthetic), UPDRS total motor score and side-specific bradykinesia and tremor. For
the left side, MI score was best predicted by modality and bradykinesia, while right side MI was best predicted by modality

alone.
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FIGURE 2 Scatterplots showing the correlation between left side bradykinesia and left side KVIQ scores, which was
significant for KMI (left) but not VMI (right).

symptom severity or tremor, greater severity of left side bradykinesia was associated with increased
vividness of kinesthetic MI for the left side of the body. Additionally, participants with PD reported
greater vividness of VMI than KMI, consistent with previous findings from healthy participants (e.g.
Bek et al., 2019; Lorant & Nicolas, 2004; Malouin et al., 2007; Randhawa et al., 2010).

Although tremor is a common symptom of PD, approximately 30% of individuals with PD do not
experience tremor (Crawford IIT & Zimmerman, 2011). In comparison, almost all individuals with PD
experience some degree of bradykinesia (Chaudhuri & Ondo, 2011). It has been proposed that bradyki-
nesia occurs as a result of the failure of basal ganglia output to stimulate cortical mechanisms associated
with the preparation and execution of actions (e.g. Berardelli et al., 2001). This is supported by electro-
physiological evidence showing that the spatiotemporal pattern of movement related desynchronisation
preceding voluntary movement is delayed in untreated PD patients, indicating that motor preparation is
impaired (Defebvre et al., 1996).
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8 | READMAN pr AL,

Several studies have observed that the cortical activity of MI substantially overlaps with the corti-
cal activity during motor planning (Jeannerod, 2001; Lotze & Halsband, 2006; Monaco et al., 2020).
For example, the dorsolateral prefrontal cortex and corresponding regions of the frontal thalamus are
recruited in both motor preparation and MI but not motor execution (Hardwick et al., 2018). This has
subsequently led to the proposal that MI is more closely related to motor planning than to motor execu-
tion (Toovey et al., 2020; Toussaint et al., 2013).

Parkinsonian tremor is thought to arise as a consequence of aberrant neural oscillations within the
cortico-basal ganglia-thalamic neural circuits (Singh, 2018). While some studies have observed relation-
ships between low frequency oscillatory activity in the SMA and the onset of voluntary action in healthy
individuals (Armstrong et al., 2018; Schmidt et al., 2016), these studies have not determined whether
such oscillatory activities have a causal role in motor planning and initiation or are a by-product of in
motor planning and initiation (Armstrong et al., 2018). Furthermore, the relationship between the oscil-
latory activity associated with tremor and motor planning and initiation in PD is still largely unknown.
As a result, the different neurophysiology of tremor and bradykinesia and their relationship to motor
planning could potentially explain why bradykinesia and tremor may differentially influence MI.

Although the present study did not find a significant influence of tremor on vividness of MI, Helmich
et al. (2012) found that increased tremor was associated with reduced error in a hand laterality task.
Therefore, the influence of specific symptoms on MI may differ according to how MI is assessed. Based
on principal components analysis, it has been proposed that the generation, maintenance and manipula-
tion of MI represent distinct dimensions of MI (Kraeutner et al., 2020); in particular, the hand laterality
task was suggested to involve the maintenance and manipulation of MI, whereas the KVIQ was sug-
gested to involve generation of MI. Moreover, Saimpont et al. (2015) found that MI vividness, measured
using the KVIQ-10, did not significantly correlate with measures of MI manipulability (finger-thumb
opposition task) or motor chronometry. Further analyses directly comparing the influence of specific
PD symptoms on multiple measures of MI would there be informative.

Further, the KVIQ requires participants to perform an action prior to imagining the performance
of this action. Thus, it is possible that the physical performance of the action influences MI vividness.
However, several studies have observed symptom/effector-specific effects on hand laterality judgement
(Dominey et al., 1995; Helmich et al., 2007), suggesting that MI can be influenced by PD symptoms
even without a physical movement component to the task. Future studies could further investigate the
influence of PD symptoms on MI tasks that do not involve a physical component.

Moreover, MI may be generated from either a first-person or third-person (ie. as if looking at
someone else) perspective (Isaac et al., 1986; Roberts et al., 2008). Investigations of co-speech gesture
(Humphries et al., 2016) and body representation (Conson et al., 2014) in PD suggest that people with
PD may have an increased tendency to represent actions from the third-person perspective, which may
reflect a difficulty in adopting a first-person perspective (De Bellis et al., 2017; Saxe et al., 2006). Thus,
it is possible that PD symptoms influence first and third person MI differently, and this should be ex-
plored in further research.

The present study is the first to demonstrate a specific influence of left side bradykinesia on MI, but
the mechanisms underlying this relationship are yet to be determined. One possible explanation for this
finding focuses on the cortical lateralisation of MI. In PD, lateralised symptoms are reflective of dopa-
minergic degeneration and uptake in the contralateral substantia nigra and putamen (Choe et al., 1998;
Lin et al., 2014; Wang et al., 2015), such that left side bradykinesia reflects disruption in the right basal
ganglia.

While the lateralisation of MI is not yet fully understood, some evidence suggests that KMI may be
more lateralised to the right hemisphere (Ehrlichman & Barrett, 1983). For example, Lebon et al. (2018)
found that when healthy participants imagined performing a finger tapping sequence, particularly high
levels of KMI were associated with strong activation of the right inferior parietal lobe. Similarly, Zabicki
et al. (2019) found a significant correlation between KMI vividness and right inferior and superior
parietal lobe activation. Therefore, if KMI is a right parietal function (Lebon et al., 2018; Zabicki
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et al., 2019), then we might anticipate that left side bradykinesia would influence MI to a greater extent
than right side bradykinesia.

It additionally, previous research has indicated that while right-lateralised symptoms are associated
with language and verbal memory deficits, left-lateralised symptoms are associated with spatial attention,
visuospatial functions and mental rotation deficits (Verreyt et al., 2011). For example, visual imagery
scores, assessed by the Vividness of Visual Imagery Questionnaire and Test of Visual Imagery Control,
and VMI assessed through mental rotation tasks, were found to be poorer in the presence of predomi-
nantly left side lateralised symptoms in PD (Monaco et al., 2018; Verreyt et al., 2011). Conversely, KMI
as measured by the Vividness of Movement Imagery Questionnaire was not found to be influenced by
left side lateralised symptoms (Monaco et al., 2018), although different symptoms such as bradykinesia
and tremor were not analysed separately. It should be noted, however, that our findings as well as these
previous findings relate to lateralised symptoms (more prominent in one side of the body) rather than
purely unilateral symptoms.

Another possibility is that the specific influence of left side bradykinesia on MI relates to hand
dominance. Most of the participants in the present study (93%) were right-hand dominant. In healthy
right-handed individuals, KMI is found to be more vivid for the dominant hand than the non-dominant
hand (Matsuo et al., 2020). The absence of an effect of right side bradykinesia in the present study may,
therefore, reflect the tendency for more vivid imagery for the dominant side of the body, such that it is
more resistant to symptomatic effects.

Moreover, as the physical performance of left-sided movement is more difficult for right-dominant
individuals (Incel et al., 2002; Judge & Stirling, 2003), it may be that bradykinesia in the left side in-
creases attention to movements on that side as they become slower and more effortful than usual.
This account would be consistent with previous research that found MI to be slowed in accordance
with motor execution in PD (Conson et al., 2014; Dominey et al., 1995; Heremans et al., 2011) and ev-
idence that MI can show lateralised effects in PD (Conson et al., 2014; Dominey et al., 1995; Helmich
et al., 2007).

In summary, the present study demonstrated that in people with mild to moderate PD, similar
to healthy participants, vividness was greater for VMI than for KMI, and more severe left side
bradykinesia was associated with more vivid KMI. The difference in influence of bradykinesia and
tremor on MI may be due to the different neurophysiology underlying these symptoms. Moreover,
greater premorbid vividness of KMI for the dominant body side, and increased effort and slowing
of movements in the non-dominant side, may explain the increased vividness of KMI with increased
left side bradykinesia. These findings indicate that MI may differ between body sides in accordance
with differences in symptomatology. While further research is needed to replicate and extend these
findings, such differences should be taken into consideration when designing MI-based interven-
tions for people with PD.

AUTHOR CONTRIBUTIONS

Megan Rose Readman: Conceptualization; formal analysis; funding acquisition; investigation;
methodology; project administration; resources; visualization; writing — original draft; writing — re-
view and editing. Trevor J. Crawford: Conceptualization; supervision; writing — review and editing.
Sally A. Linkenauger: Conceptualization; supervision; writing — review and editing. Judith Bek:
Conceptualization; data curation; formal analysis; funding acquisition; methodology; resources; soft-
ware; supervision; visualization; writing — review and editing. Ellen Poliakoff: Conceptualization;
data curation; formal analysis; funding acquisition; supervision; visualization; writing — review and
editing.

ACKNOWLEDGEMENTS

The authors would like to thank Dr Emma Gowen, Dr Stefan Vogt, Dr Matthew Sullivan and Dr
Emma Stack for their input into the design of the original studies from which the data analysed in this
study was obtained. The authors would also like to thank all participants involved in this study. This

BSUB017 SUOWILIOD dANERID) 3|qedl|dde aup Ag pauieA0b 8.8 SaoNe YO 1SN J0 Sa|NJ o} ARq1T3UIIUO AB|IM UO (SUORIPUOD-PUR-SULBIALID A8 [IW Afe.q 1 pUIIUO//SAIL) SUORIPUOD pUe SWLB L U1 39S *[z20Z/0T/yT] Uo A1 aunuo ABIM ‘Ariqiay L AisieAiun seiseoue AQ e622T dul/TTTT OT/I0pALIOY Ao | ARiq i puUIIUO"gNURASTSda)/:sdny woay papeojumod ‘0 ‘€5998Y.LT



10 | READMAN ET AL.

work was supported by the Economic and Social Research Council [Grant Numbers ES/K013564/1
and ES/P000665/1].

CONFLICT OF INTEREST
All authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study ate openly available in figshare at https://doi.
org/10.6084/m9.figshare.19182020.v1.

ORCID

Megan Rose Readman ‘2 https://orcid.org/0000-0002-5259-7887
Trevor |. Crawford ‘© https://otcid.org/0000-0001-5928-7307
Sally A. Linkenanger © https://otcid.org/0000-0002-6056-0187
Judith Bek (© https://otcid.org/0000-0003-3926-1788

Ellen Poliakaff © https://otcid.org/0000-0003-4975-7787

REFERENCES

Abbruzzese, G., Avanzino, L., Marchese, R., & Pelosin, E. (2015). Action observation and motor imagery: Innovative cognitive
tools in the rehabilitation of Parkinson's disease. Parkinson's Disease, 2015, 1-9. https://doi.org/10.1155/2015/124214

Agid, Y. (1991). Parkinson's disease: Pathophysiology. The Lancet, 337(8753), 1321-1324.

Agostini, F., Pezzi, L., Paoloni, M., Insabella, R., Attanasi, C., Bernetti, A., Saggini R., Mangone M., Paolucci T. (2021). Motor
imagery: A resource in the fatigue rehabilitation for return-to-work in multiple sclerosis patients—A mini systematic
review. Frontiers in Neurology, 12, 1132. https://doi.org/10.3389/fneur.2021.696276

Armstrong, S., Sale, M. V., & Cunnington, R. (2018). Neural oscillations and the initiation of voluntary movement. Frontiers in
Psychology, 9, 2509. https://doi.org/10.3389/fpsyg.2018.02509

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects modeling with crossed random effects for subjects and
items. Journal of Memory and Language, 59(4), 390—412. https://doi.org/10.1016/j.jm1.2007.12.005

Bates, D., Michler, M., Bolker, B., & Walker, S. (2014). Fitting linear mixed-effects models using Ime4. arXiv preprint
arXiv:1406.5823. https://doi.org/10.18637/jss.v067.i01

Bek, J., Gowen, E., Vogt, S., Crawford, T. J., & Poliakoff, E. (2019). Combined action observation and motor imagery influences
hand movement amplitude in Parkinson's disease. Parkinsonism & Related Disorders, 61, 126—131. https://doi.org/10.1016/j.
parkreldis.2018.11.001

Bek, J., Gowen, E., Vogt, S., Crawford, T. J., & Poliakoff, E. (2021). Action observation and imitation in Parkinson's disease:
The influence of biological and non-biological stimuli. Nexropsychologia, 150, 107690.

Bek, J., Humphries, S., Poliakoff, E., & Brady, N. (2022). Mental rotation of hands and objects in ageing and Parkinson's dis-
ease: Implications for understanding motor imagery. Experimental Brain Research, 1-14,1991-2004. https://doi.org/10.1007/
s00221-022-06389-5

Berardelli, A., Rothwell, J. C., Thompson, P. D., & Hallett, M. (2001). Pathophysiology of bradykinesia in Parkinson's disease.
Brain, 124(11), 2131-2146. https://doi.org/10.1093/brain/124.11.2131

Breckenridge, J. D., Ginn, K. A., Wallwork, S. B., & McAuley, J. H. (2019). Do people with chronic musculoskeletal pain have
impaired motor imagery? A meta-analytical systematic review of the left/right judgment task. The Journal of Pain, 20(2),
119-132. https://doi.org/10.1016/j.jpain.2018.07.004

Brown, R. G., & Marsden, C. D. (1988). Internal versus external cues and the control of attention in Parkinson's disease. Brain,
111(2), 323-345. https://doi.org/10.1093/brain/111.2.323

Caligiore, D., Mustile, M., Spalletta, G., & Baldassarre, G. (2017). Action observation and motor imagery for rehabilitation in
Parkinson's disease: A systematic review and an integrative hypothesis. Neuroscience & Biobehavioral Reviews, 72, 210-222.
https://doi.org/10.1016/j.neubiorev.2016.11.005

Chaudhuri, K. R., & Ondo, W. G. (2011). Handbook of movement disorders. Springer Science & Business Media.

Choe, B. Y., Park, ]. W., Lee, K. S, Son, B. C., Kim, M. C., Kim, B. S., Suh, T. S, Lee, H. K., & Shinn, K. S. (1998). Neuronal
laterality in Parkinson's disease with unilateral symptom by in vivo 1H magnetic resonance spectroscopy. Investigative
Radiology, 33(8), 450—455.

Conson, M., Trojano, L., Vitale, C., Mazzarella, E., Allocca, R., Barone, P., Grossi, D., & Santangelo, G. (2014). The role of em-
bodied simulation in mental transformation of whole-body images: Evidence from Parkinson's disease. Human Movement
Science, 33, 343—353. https://doi.org/10.1016/j.humov.2013.10.006

Crawford, P. I, 111, & Zimmerman, E. E. (2011). Differentiation and diagnosis of tremor. Awmerican Family Physician, 8§3(6), 697-702.

UOIPUOD PUe SLLB | 8L} 885 *[2202/0T//T] uo ARigiauliuo A|Im ‘Ariqiay L AiseAIN Jxsedue Ag £622T dul/TTTT 0T/10pw00 &) Al jpuluo gnuoAsdsda//:sdny Wwoiy papeoiumoq ‘0 '€59987LT

Roym:

35UB0 1T SUOLULLIOD AAIES.ID 3|qedt|dde ayy Aq pauseAch ae sapie YO ‘88N JO S3|nJ 1oy ARiqiauliuQ AS[IMm uo


https://doi.org/10.6084/m9.figshare.19182020.v1
https://doi.org/10.6084/m9.figshare.19182020.v1
https://orcid.org/0000-0002-5259-7887
https://orcid.org/0000-0002-5259-7887
https://orcid.org/0000-0001-5928-7307
https://orcid.org/0000-0001-5928-7307
https://orcid.org/0000-0002-6056-0187
https://orcid.org/0000-0002-6056-0187
https://orcid.org/0000-0003-3926-1788
https://orcid.org/0000-0003-3926-1788
https://orcid.org/0000-0003-4975-7787
https://orcid.org/0000-0003-4975-7787
https://doi.org/10.1155/2015/124214
https://doi.org/10.3389/fneur.2021.696276
https://doi.org/10.3389/fpsyg.2018.02509
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.parkreldis.2018.11.001
https://doi.org/10.1016/j.parkreldis.2018.11.001
https://doi.org/10.1007/s00221-022-06389-5
https://doi.org/10.1007/s00221-022-06389-5
https://doi.org/10.1093/brain/124.11.2131
https://doi.org/10.1016/j.jpain.2018.07.004
https://doi.org/10.1093/brain/111.2.323
https://doi.org/10.1016/j.neubiorev.2016.11.005
https://doi.org/10.1016/j.humov.2013.10.006

PARKINSON’S BRADYKINESIA AND MOTOR IMAGERY | 1

Cuomo, G., Maglianella, V., Ghanbari Ghooshchy, S., Zoccolotti, P., Martelli, M., Paolucci, S., Morone, G., & losa, M. (2022).
Motor imagery and gait control in Parkinson's disease: Techniques and new perspectives in neurorchabilitation. Exper?
Review of Neurotherapentics, 22(1), 43=51. https://doi.org/10.1080/14737175.2022.2018301

De Bellis, F., Trojano, L., Errico, D., Grossi, D., & Conson, M. (2017). Whose hand is this? Differential responses of right and
left extrastriate body areas to visual images of self and others' hands. Cognitive, Affective, & Behavioral Neuroscience, 17(4),
826—837. https://doi.org/10.3758/s13415-017-0514-z

Decety, J., Jeannerod, M., & Prablanc, C. (1989). The timing of mentally represented actions. Bebavionral Brain Research, 34(1-2),
35-42. https://doi.org/10.1016/S0166-4328(89)80088-9

Dechent, P., Merboldt, K. D., & Frahm, J. (2004). Is the human primary motor cortex involved in motor imagery? Cognitive Brain
Research, 19(2), 138—144. https://doi.org/10.1016/j.cogbrainres.2003.11.012

Defebvre, L., Bourriez, J. L., Destee, A., & Guieu, J. D. (1996). Movement related desynchronisation pattern preceding volun-
tary movement in untreated Parkinson's disease. Journal of Neurology, Neurosurgery & Psychiatry, 60(3), 307-312. https://doi.
org/10.1136/janp.60.3.307

Dominey, P., Decety, J., Broussolle, E., Chazot, G., & Jeannerod, M. (1995). Motor imagery of a lateralized sequen-
tial task is asymmetrically slowed in hemi-Parkinson's patients. Newropsychologia, 33(6), 727-741. https://doi.
org/10.1016/0028-3932(95)00008-Q

Driskell, J. E., Copper, C., & Moran, A. (1994). Does mental practice enhance performance? Journal of Applied Psychology, 79(4),
481-492. https://doi.org/10.1037/0021-9010.79.4.481

Ehrlichman, H., & Barrett, ]. (1983). Right hemispheric specialization for mental imagery: A review of the evidence. Brain and
Cognition, 2(1), 55-76. https://doi.org/10.1016/0278-2626(83)90029-5

Fahn, S., Elton, R. L., & Members of the UPDRS Development Committee (1987). Unified Parkinson's disease rating scale. In
S. Fahn, C. D. Marsden, D. B. Calne, & M. Goldstein (Eds.), Recent developments in Parkinson's disease (Nol. 2, pp. 153-164).
Macmillan Health Care Information.

Goetz, C. G, Tilley, B. C., Shaftman, S. R., Stebbins, G. T., Fahn, S., Martinez-Martin, P., Poewe, W., Sampaio, C., Stern,
M. B., Dodel, R., Dubois, B., Holloway, R., Jankovic, J., Kulisevsky, J., Lang, A. E., Lees, A., Leurgans, S., LeWitt,
P., Nyenhuis, D., ... Movement Disorder Society UPDRS Revision Task Force. (2008). Movement Disorder Society-
sponsored revision of the unified Parkinson's disease rating scale (MDS-UPDRS): Scale presentation and clinimet-
ric testing results. Movement Disorders: Official Journal of the Movement Disorder Society, 23(15), 2129-2170. https://doi.
org/10.1002/mds.22340

Grafton, S. T., Arbib, M. A, Fadiga, L., & Rizzolatti, G. (1996). Localization of grasp representations in humans by positron
emission tomography. Experimental Brain Research, 112(1), 103—111. https://doi.org/10.1007/BF00227183

Greenland, J. C., Williams-Gray, C. H., & Barker, R. A. (2019). The clinical heterogeneity of Parkinson's disease and its thera-
peutic implications. Exropean Journal of Neuroscience, 49(3), 328-338. https://doi.org/10.1111/ejn.14094

Hardwick, R. M., Caspers, S., Eickhoff, S. B., & Swinnen, S. P. (2018). Neural correlates of action: Comparing meta-analyses
of imagery, observation, and execution. Newroscience & Biobehavioral Reviews, 94, 31-44. https://doi.org/10.1016/j.neubi
orev.2018.08.003

Helmich, R. C., Aarts, E., de Lange, F. P., Bloem, B. R., & Toni, I. (2009). Increased dependence of action selection on re-
cent motor history in Parkinson's disease. Journal of Neuroscience, 29(19), 6105—6113. https://doi.org/10.1523/J]NEUR
OSCI1.0704-09.2009

Helmich, R. C., Bloem, B. R., & Toni, I. (2012). Motor imagery evokes increased somatosensory activity in Parkinson's disease
patients with tremor. Human Brain Mapping, 33(8), 1763—1779. https://doi.org/10.1002/hbm.21318

Helmich, R. C., de Lange, F. P., Bloem, B. R., & Toni, I. (2007). Cerebral compensation during motor imagery in Parkinson's
disease. Neuropsychologia, 45(10), 2201-2215. https://doi.org/10.1016/j.neuropsychologia.2007.02.024

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. Newrorehabilitation and Neural Repair, 25(2), 168—177. https://
doi.org/10.1177/1545968310370750

Hsieh, S., Schubert, S., Hoon, C., Mioshi, E., & Hodges, J. R. (2013). Validation of the Addenbrooke's cognitive examination 111
in frontotemporal dementia and Alzheimer's disease. Dementia and Geriatric Cognitive Disorders, 36(3—4), 242—250. https://
doi.org/10.1159/000351671

Humphries, S., Holler, J., Crawford, T. J., Herrera, E., & Poliakoff, E. (2016). A third-person perspective on co-speech action
gestures in Parkinson's disease. Cortex, 78, 44—54. https://doi.org/10.1016/j.cortex.2016.02.009

Incel, N. A., Ceceli, E., Durukan, P. B., Erdem, H. R., & Yorgancioglu, Z. R. (2002). Grip strength: Effect of hand dominance.
Singapore Medical Journal, 43(5), 234-237.

Isaac, A., Marks, D. F., & Russell, D. G. (1986). An instrument for assessing imagery of movement: The Vividness of Movement
Imagery Questionnaire (VMIQ). Journal of mental Imagery, 10(4), 23-30.

Jeannerod, M. (1994). The representing brain: Neural correlates of motor intention and imagery. Bebavioral and Brain Sciences,
17(2), 187-202. https://doi.org/10.1017/S0140525X00034026

Jeannerod, M. (1995). Mental imagery in the motor context. Neuropsychologia, 33(11), 1419-1432. https://doi.
org/10.1016/0028-3932(95)00073-C

Jeannerod, M. (2001). Neural simulation of action: A unifying mechanism for motor cognition. Nexurolmage, 14(1), S103—S109.
https://doi.org/10.1006/nimg.2001.0832

UOIPUOD PUe SLLB | 8L} 885 *[2202/0T//T] uo ARigiauliuo A|Im ‘Ariqiay L AiseAIN Jxsedue Ag £622T dul/TTTT 0T/10pw00 &) Al jpuluo gnuoAsdsda//:sdny Wwoiy papeoiumoq ‘0 '€59987LT

Roym:

35UB0 1T SUOLULLIOD AAIES.ID 3|qedt|dde ayy Aq pauseAch ae sapie YO ‘88N JO S3|nJ 1oy ARiqiauliuQ AS[IMm uo


https://doi.org/10.1080/14737175.2022.2018301
https://doi.org/10.3758/s13415-017-0514-z
https://doi.org/10.1016/S0166-4328(89)80088-9
https://doi.org/10.1016/j.cogbrainres.2003.11.012
https://doi.org/10.1136/jnnp.60.3.307
https://doi.org/10.1136/jnnp.60.3.307
https://doi.org/10.1016/0028-3932(95)00008-Q
https://doi.org/10.1016/0028-3932(95)00008-Q
https://doi.org/10.1037/0021-9010.79.4.481
https://doi.org/10.1016/0278-2626(83)90029-5
https://doi.org/10.1002/mds.22340
https://doi.org/10.1002/mds.22340
https://doi.org/10.1007/BF00227183
https://doi.org/10.1111/ejn.14094
https://doi.org/10.1016/j.neubiorev.2018.08.003
https://doi.org/10.1016/j.neubiorev.2018.08.003
https://doi.org/10.1523/JNEUROSCI.0704-09.2009
https://doi.org/10.1523/JNEUROSCI.0704-09.2009
https://doi.org/10.1002/hbm.21318
https://doi.org/10.1016/j.neuropsychologia.2007.02.024
https://doi.org/10.1177/1545968310370750
https://doi.org/10.1177/1545968310370750
https://doi.org/10.1159/000351671
https://doi.org/10.1159/000351671
https://doi.org/10.1016/j.cortex.2016.02.009
https://doi.org/10.1017/S0140525X00034026
https://doi.org/10.1016/0028-3932(95)00073-C
https://doi.org/10.1016/0028-3932(95)00073-C
https://doi.org/10.1006/nimg.2001.0832

12 | READMAN ET AL.

Judge, J., & Stirling, J. (2003). Fine motor skill performance in left-and right-handers: Evidence of an advantage for
left-handers. Laterality: Asymmetries of Body, Brain and Cognition, 8(4), 297-306. https://doi.org/10.1080/1357650034
2000022a

Kraeutner, S. N., Eppler, S. N., Stratas, A., & Bow, S. G. (2020). Generate maintain manipulate? Exploring the mul-
tidimensional nature of motor imagery. Psychology of Sport and Exercise, 48, 101673. https://doi.org/10.1016/j.psych
sport.2020.101673

Lang, A. E., & Lozano, A. M. (1998). Parkinson's disease. New England Journal of Medicine, 339(16), 1130-1143.

Lebon, F., Horn, U, Domin, M., & Lotze, M. (2018). Motor imagery training: Kinesthetic imagery strategy and inferior parietal
f MRI activation. Human Brain Mapping, 39(4), 1805-1813. https://doi.org/10.1002/hbm.23956

Lin,S. C., Lin, K. J., Hsiao, T., Hsich, C. ]., Lin, W. Y., Lu, C.S., Wey, S. P, Yen, T. C., Kung, M. P., & Weng, Y. H. (2014). In vivo
detection of monoaminergic degeneration in early Parkinson disease by 18F-9-fluoropropyl-(+)-dihydrotetrabenzazine
PET. Journal of Nuclear Medicine, 55(1), 73=79. https://doi.org/10.2967/jnumed.113.121897

Lorant, J., & Nicolas, A. (2004). Validation de la traduction francaise du Movement Imagery Questionnaire-Revised (MIQ-R).
Movement Sport Sciences, 3, 57—68. https://doi.org/10.1037/h0087213

Lotze, M., & Halsband, U. (2006). Motor imagery. Journal of Physiology-paris, 99(4—6), 386—395. https://doi.org/10.1016/j.jphys
paris.2006.03.012

Malouin, F., Richards, C. L., Jackson, P. L., Lafleur, M. ., Durand, A., & Doyon, J. (2007). The kinesthetic and visual imagery
questionnaire (KVIQ) for assessing motor imagery in persons with physical disabilities: A reliability and construct validity
study. Journal of Neurologic Physical Therapy, 31(1), 20-29. https://doi.org/10.1097/01.NPT.0000260567.24122.64

Matsuo, M., Iso, N., Fujiwara, K., Moriuchi, T., Tanaka, G., Honda, S., Matsuda, D., & Higashi, T. (2020). Cerebral haemody-
namics during motor imagery of self-feeding with chopsticks: Differences between dominant and non-dominant hand.
Somatosensory & Motor Tesearch, 37(1), 6-13. https://doi.org/10.1080/08990220.2019.169904 4

McAvinue, L. P., & Robertson, I. H. (2008). Measuring motor imagery ability: A review. European Journal of Cognitive Psychology,
20(2), 232-251. https://doi.org/10.1080/09541440701394624

Milner, A. D. (1986). Chronometric analysis in neuropsychology. Neuropsychologia, 24, 115-128. https://doi.
org/10.1016/0028-3932(86)90045-X

Monaco, M. R. L., Laudisio, A., Fusco, D., Vetrano, D. L., Ricciardi, D., Zuccala, G., & Silveri, M. C. (2018). Laterality in
Parkinson's disease may predict motor and visual imagery abilities. Functional Neurology, 33(2), 105-111.

Monaco, S., Malfatti, G., Culham, ]. C., Cattaneo, L., & Turella, L. (2020). Decoding motor imagery and action planning in the
early visual cortex: Overlapping but distinct neural mechanisms. Nexrolmage, 218, 116981. https://doi.org/10.1016/j.neuro
image.2020.116981

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia, 9(1), 97-113.
https://doi.org/10.1016/0028-3932(71)90067-4

Parsons, L. M. (1987a). Imagined spatial transformations of one's hands and feet. Cognitive Psychology, 19(2), 178—241. https://doi.
org/10.1016/0010-0285(87)90011-9

Parsons, L. M. (1987b). Imagined spatial transformation of one's body. Journal of Experimental Psychology Geneneral., 116, 172—191.
doi:10.1037/0096-3445.116.2.172

Peterson, D. S., Pickett, K. A., & Earhart, G. M. (2012). Effects of levodopa on vividness of motor imagery in Parkinson disease.
Journal of Parkinson's Disease, 2(2), 127-133. https://doi.org/10.3233/JPD-2012-12077

Pickett, K. A., Peterson, D. S., & Earhart, G. M. (2012). Motor imagery of gait tasks in individuals with Parkinson disease. Journal
of Parkinson's Disease, 2(1), 19-22. https://doi.org/10.3233/JPD-2012-11045

Poliakoff, E. (2013). Representation of action in Parkinson's disease: Imagining, observing, and naming actions. Journal of
Neuropsychology, 7(2), 241-254. https://doi.org/10.1111/jnp.12005

Politis, M., Wu, K., Molloy, S., Bain, G. P., Chaudhuri, K. R., & Piccini, P. (2010). Parkinson's disease symptoms: The patient's
perspective. Movement Disorders, 25(11), 1646-1651. https://doi.org/10.1002/mds.23135

R Core Team (2021). R: A langnage and environment for statistical computing. R Foundation for Statistical Computing. https://www.R-
project.org/

Randhawa, B., Harris, S., & Boyd, L. A. (2010). The kinesthetic and visual imagery questionnaire is a reliable tool for individ-
uals with Parkinson disease. Journal of Neurologic Physical Therapy, 34(3), 161-167. https://doi.org/10.1097/NPT.0b013¢3181
elaa71

Roberts, R., Callow, N., Hardy, L., Markland, D., & Bringer, J. (2008). Movement imagery ability: Development and assessment
of a revised version of the vividness of movement imagery questionnaire. Journal of Sport and Exercise Psychology, 30(2), 200—
221. https://doi.org/10.1123/jsep.30.2.200

Saimpont, A., Malouin, F., Tousignant, B., & Jackson, P. L. (2015). Assessing motor imagery ability in younger and older adults
by combining measures of vividness, controllability and timing of motor imagery. Brain Research, 1597, 196-209. https://
doi.org/10.1016/j.brainres.2014.11.050

Saxe, R., Jamal, N., & Powell, L. (2006). My body or yours? The effect of visual perspective on cortical body representations.
Cerebral Cortex, 16(2), 178—182. https://doi.org/10.1093/cercor/bhi095

Scandola, M., Pietroni, G., Landuzzi, G., Polati, E., Schweiger, V., & Moro, V. (2021). Bodily illusions and motor imagery in
fibromyalgia. Frontiers in Human Neuroscience, 15. https://doi.org/10.3389/fnhum.2021.798912

UOIPUOD PUe SLLB | 8L} 885 *[2202/0T//T] uo ARigiauliuo A|Im ‘Ariqiay L AiseAIN Jxsedue Ag £622T dul/TTTT 0T/10pw00 &) Al jpuluo gnuoAsdsda//:sdny Wwoiy papeoiumoq ‘0 '€59987LT

Roym:

35UB0 1T SUOLULLIOD AAIES.ID 3|qedt|dde ayy Aq pauseAch ae sapie YO ‘88N JO S3|nJ 1oy ARiqiauliuQ AS[IMm uo


https://doi.org/10.1080/13576500342000022a
https://doi.org/10.1080/13576500342000022a
https://doi.org/10.1016/j.psychsport.2020.101673
https://doi.org/10.1016/j.psychsport.2020.101673
https://doi.org/10.1002/hbm.23956
https://doi.org/10.2967/jnumed.113.121897
https://doi.org/10.1037/h0087213
https://doi.org/10.1016/j.jphysparis.2006.03.012
https://doi.org/10.1016/j.jphysparis.2006.03.012
https://doi.org/10.1097/01.NPT.0000260567.24122.64
https://doi.org/10.1080/08990220.2019.1699044
https://doi.org/10.1080/09541440701394624
https://doi.org/10.1016/0028-3932(86)90045-X
https://doi.org/10.1016/0028-3932(86)90045-X
https://doi.org/10.1016/j.neuroimage.2020.116981
https://doi.org/10.1016/j.neuroimage.2020.116981
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0010-0285(87)90011-9
https://doi.org/10.1016/0010-0285(87)90011-9
https://doi.org/10.1037/0096-3445.116.2.172
https://doi.org/10.3233/JPD-2012-12077
https://doi.org/10.3233/JPD-2012-11045
https://doi.org/10.1111/jnp.12005
https://doi.org/10.1002/mds.23135
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1097/NPT.0b013e3181e1aa71
https://doi.org/10.1097/NPT.0b013e3181e1aa71
https://doi.org/10.1123/jsep.30.2.200
https://doi.org/10.1016/j.brainres.2014.11.050
https://doi.org/10.1016/j.brainres.2014.11.050
https://doi.org/10.1093/cercor/bhi095
https://doi.org/10.3389/fnhum.2021.798912

PARKINSON’S BRADYKINESIA AND MOTOR IMAGERY | 13

Scarpina, F., Cau, N., Cimolin, V., Galli, M., Priano, L., & Mauro, A. (2019). Defective tool embodiment in body representation
of individuals affected by Parkinson's disease: A preliminary study. Frontiers in Psychology, 9, 2489. https://doi.org/10.3389/
fpsyg.2018.02489

Schmidt, S., Jo, H. G., Wittmann, M., & Hinterberger, T. (2016). ‘Catching the waves’—slow cortical potentials as mod-
erator of voluntary action. Neuroscience and Biobebavionral Reviews, 68, 639—650. https://doi.org/10.1016/j.neubi
orev.2016.06.023

Schnitzler, A., Salenius, S., Salmelin, R., Jousmiki, V., & Hari, R. (1997). Involvement of primary motor cortex in motor imag-
ery: A neuromagnetic study. Nexrolmage, 6(3), 201-208. https://doi.org/10.1006/nimg.1997.0286

Singh, A. (2018). Oscillatory activity in the cortico-basal ganglia-thalamic neural circuits in Parkinson's disease. Eurgpean Jonrnal
of Neuroscience, 48(8), 2869—-2878. https://doi.org/10.1111/ejn.13853

Sirigu, A., Duhamel, J. R., Cohen, L., Pillon, B., Dubois, B., & Agid, Y. (1996). The mental representation of hand movements
after parietal cortex damage. Science, 273(5281), 1564—1568. https://doi.org/10.1126/science.273.5281.1564

Sveinbjornsdottir, S. (2016). The clinical symptoms of Parkinson's disease. Journal of Neurochemistry, 139, 318—324. https://doi.
org/10.1111/jnc.13691

Tamir, R., Dickstein, R., & Huberman, M. (2007). Integration of motor imagery and physical practice in group treatment applied
to subjects with Parkinson's disease. Newrorehabilitation and Neural Repair, 21(1), 68-75. https://doi.org/10.1177/1545968306
292608

Ter Horst, A. C., Van Lier, R., & Steenbergen, B. (2010). Mental rotation task of hands: Differential influence number of rota-
tional axes. Experimental Brain Research, 203(2), 347-354. https://doi.org/10.1007/s00221-010-2235-1

Toovey, B., Seiss, E., & Sterr, A. (2020). Functional equivalence revisited: Costs and benefits of priming action with motor
imagery and motor preparation. Journal of Experimental Psychology, 47(12), 1698—1716. https://doi.org/10.31234/osf.io/
y4udz

Toussaint, L., Tahej, P. K., Thibaut, ]. P., Possamai, C. A., & Badets, A. (2013). On the link between action planning and motor
imagery: A developmental study. Experimental Brain Research, 231(3), 331-339. https://doi.org/10.1007/s00221-013-3698-7

van Nuenen, B. F., Helmich, R. C., Buenen, N., van de Warrenburg, B. P., Bloem, B. R., & Toni, 1. (2012). Compensatory ac-
tivity in the extrastriate body area of Parkinson's disease patients. Journal of Neuroscience, 32(28), 9546-9553. https://doi.
org/10.1523/JNEUROSCI.0335-12.2012

Verreyt, N., Nys, G. M., Santens, P., & Vingerhoets, G. (2011). Cognitive differences between patients with left-sided and right-
sided Parkinson's disease. A review. Neuropsychology Review, 21(4), 405—424. https://doi.org/10.1007/s11065-011-9182-x

Wang, J., Yang, Q. X., Sun, X., Vesek, J., Mosher, Z., Vasavada, M., Chu, J., Kanekar, S., Shivkumar, V., Venkiteswaran, K., &
Subramanian, T. (2015). MRI evaluation of asymmetry of nigrostriatal damage in the early stage of early-onset Parkinson's
disease. Parkinsonism & Related Disorders, 21(6), 590-596. https://doi.org/10.1016/j.parkreldis.2015.03.012

Zabicki, A., de Haas, B., Zentgraf, K., Stark, R., Munzert, J., & Kriiger, B. (2019). Subjective vividness of motor imagery
has a neural signature in human premotor and parietal cortex. Neurolmage, 197, 273—283. https://doi.org/10.1016/j.neuro
image.2019.04.073

Zimmermann-Schlatter, A., Schuster, C., Puhan, M. A., Sickierka, E., & Steurer, J. (2008). Efficacy of motor imagery in
post-stroke rehabilitation: A systematic review. Journal of Neuroengineering and Rehabilitation, 5(1), 1-10. https://doi.
org/10.1186/1743-0003-5-8

How to cite this article: Readman, M. R., Crawford, T. J., Linkenauger, S. A., Bek, J., &
Poliakoff, E. (2022). Motor imagery vividness and symptom severity in Parkinson's disease.
Journal of Neuropsychology, 00, 1-13. https://doi.org/10.1111/jnp.12293

UOIPUOD PUe SLLB | 8L} 885 *[2202/0T//T] uo ARigiauliuo A|Im ‘Ariqiay L AiseAIN Jxsedue Ag £622T dul/TTTT 0T/10pw00 &) Al jpuluo gnuoAsdsda//:sdny Wwoiy papeoiumoq ‘0 '€59987LT

Roym:

35UB0 1T SUOLULLIOD AAIES.ID 3|qedt|dde ayy Aq pauseAch ae sapie YO ‘88N JO S3|nJ 1oy ARiqiauliuQ AS[IMm uo


https://doi.org/10.3389/fpsyg.2018.02489
https://doi.org/10.3389/fpsyg.2018.02489
https://doi.org/10.1016/j.neubiorev.2016.06.023
https://doi.org/10.1016/j.neubiorev.2016.06.023
https://doi.org/10.1006/nimg.1997.0286
https://doi.org/10.1111/ejn.13853
https://doi.org/10.1126/science.273.5281.1564
https://doi.org/10.1111/jnc.13691
https://doi.org/10.1111/jnc.13691
https://doi.org/10.1177/1545968306292608
https://doi.org/10.1177/1545968306292608
https://doi.org/10.1007/s00221-010-2235-1
https://doi.org/10.31234/osf.io/y4udz
https://doi.org/10.31234/osf.io/y4udz
https://doi.org/10.1007/s00221-013-3698-7
https://doi.org/10.1523/JNEUROSCI.0335-12.2012
https://doi.org/10.1523/JNEUROSCI.0335-12.2012
https://doi.org/10.1007/s11065-011-9182-x
https://doi.org/10.1016/j.parkreldis.2015.03.012
https://doi.org/10.1016/j.neuroimage.2019.04.073
https://doi.org/10.1016/j.neuroimage.2019.04.073
https://doi.org/10.1186/1743-0003-5-8
https://doi.org/10.1186/1743-0003-5-8
https://doi.org/10.1111/jnp.12293

	Motor imagery vividness and symptom severity in Parkinson's disease
	Abstract
	INTRODUCTION
	METHODS
	Participants
	Procedure
	Data analysis

	RESULTS
	MI and motor symptoms
	Effects of modality and symptoms on overall MI
	Effects of modality and symptoms on side-­specific MI


	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


