
Bond University
Research Repository

Interrelations between cognitive dysfunction and motor symptoms of Parkinson's disease:
Behavioral and neural studies

Moustafa, Ahmed A.; Chakravarthy, Srinivasa; Phillips, Joseph R.; Crouse, Jacob J.; Gupta,
Ankur; Frank, Michael J.; Hall, Julie M.; Jahanshahi, Marjan
Published in:
Reviews in the Neurosciences

DOI:
10.1515/revneuro-2015-0070

Licence:
Other

Link to output in Bond University research repository.

Recommended citation(APA):
Moustafa, A. A., Chakravarthy, S., Phillips, J. R., Crouse, J. J., Gupta, A., Frank, M. J., Hall, J. M., & Jahanshahi,
M. (2016). Interrelations between cognitive dysfunction and motor symptoms of Parkinson's disease: Behavioral
and neural studies. Reviews in the Neurosciences, 27(5), 535-548. https://doi.org/10.1515/revneuro-2015-0070

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

For more information, or if you believe that this document breaches copyright, please contact the Bond University research repository
coordinator.

Download date: 24 May 2023

https://doi.org/10.1515/revneuro-2015-0070
https://research.bond.edu.au/en/publications/3b8d205e-5b2a-456f-973d-e2967bb62c73
https://doi.org/10.1515/revneuro-2015-0070


Rev. Neurosci. 2016; 27(5): 535–548

*Corresponding author: Ahmed A. Moustafa, School of Social 
Sciences and Psychology and Marcs Institute for Brain and 
Behaviour, Western Sydney University, Sydney, New South Wales 
2214, Australia, e-mail: a.moustafa@westernsydney.edu.au; and 
Department of Veterans Affairs, New Jersey Health Care System, 
East Orange, NJ 07018, USA 
Srinivasa Chakravarthy and Ankur Gupta: Department of 
Biotechnology, Indian Institute of Technology, Madras, Chennai 
600 036, India
Joseph R. Phillips, Jacob J. Crouse and Julie M. Hall: School of Social 
Sciences and Psychology, Western Sydney University, Sydney, New 
South Wales, Australia
Michael J. Frank: Department of Cognitive, Linguistic Sciences and 
Psychological Sciences, Brown Institute for Brain Science, Brown 
University, Providence, RI 02912, USA
Marjan Jahanshahi: Cognitive Motor Neuroscience Group and 
Unit of Functional Neurosurgery, Sobell Department of Motor 
Neuroscience and Movement Disorders, UCL Institute of Neurology, 
The National Hospital for Neurology and Neurosurgery, London, 
WC1N 3BG, UK

Ahmed A. Moustafa*, Srinivasa Chakravarthy, Joseph R. Phillips, Jacob J. Crouse, 
Ankur Gupta, Michael J. Frank, Julie M. Hall and Marjan Jahanshahi

Interrelations between cognitive dysfunction 
and motor symptoms of Parkinson’s disease: 
behavioral and neural studies

DOI 10.1515/revneuro-2015-0070
Received December 15, 2015; accepted February 21, 2016; previously 
published online March 16, 2016

Abstract: Parkinson’s disease (PD) is characterized by a 
range of motor symptoms. Besides the cardinal symptoms 
(tremor, bradykinesia/akinesia, and rigidity), PD patients 
also show other motor deficits, including gait disturbance, 
speech deficits, and impaired handwriting. However, 
along with these key motor symptoms, PD patients also 
experience cognitive deficits in attention, executive func-
tion, working memory, and learning. Recent evidence sug-
gests that these motor and cognitive deficits of PD are not 
completely dissociable, as aspects of cognitive dysfunc-
tion can impact motor performance in PD. In this article, 
we provide a review of behavioral and neural studies on 
the associations between motor symptoms and cognitive 
deficits in PD, specifically akinesia/bradykinesia, tremor, 
gait, handwriting, precision grip, and speech production. 
This review paves the way for providing a framework for 
understanding how treatment of cognitive dysfunction, 
for example cognitive rehabilitation programs, may in 
turn influence the motor symptoms of PD.

Keywords: akinesia; bradykinesia; cognitive dysfunction; 
cognitive training; freezing of gait; grip force; Parkinson’s 
disease; postural instability; tremor.

Introduction
Parkinson’s disease (PD) is a degenerative neurological 
condition that affects 1–2% of the population (Kish et al., 
1988). PD manifests when 60–80% of the dopaminergic 
neurons within the substantia nigra pars compacta (SNc) 
are degenerated, initially disrupting midbrain regions 
such as the thalamus and subthalamic nucleus, basal 
ganglia, globus pallidus, nucleus basalis of Meynert, and 
substantia nigra. This disruption is then echoed through-
out various cortical areas, such as the prefrontal cortex, 
supplementary and primary motor cortices, as well as 
the cerebellum. These cortical regions are viewed as 
being responsible for the cardinal motor symptoms of PD, 
including bradykinesia, resting tremor, rigidity, gait dis-
turbance, and postural instability (Jankovic and Tolosa, 
2007; Lees et al., 2009). While these symptoms are salient 
characteristics of PD, there are many underlying cognitive 
deficits that are not so visible. These include disturbances 
to memory, executive function, visuospatial perception, 
and language (Weintraub and Burn, 2011). Each of these 
functions is influenced by the basal ganglia (Monchi 
et  al., 2000; Cameron et  al., 2010; Macoir et  al., 2013; 
Caproni et  al., 2014). The basal ganglia are connected 
with cortical regions via a complex network of parallel 
circuits. Five basal ganglia-thalamocortical loops have 
been recognized, comprising a motor, oculomotor, dorso-
lateral prefrontal, lateral orbitofrontal, and anterior cin-
gulate circuit. Each basal ganglia-thalamocorticol circuit 
receives inputs from these cortical regions and traverses 
specific regions of the basal ganglia and thalamus nuclei 
and projecting back to the cortex (Alexander et al., 1986). 
The operation of these circuits as fully segregated parallel 
loops has been challenged (Joel and Weiner, 1997), with 
more recent evidence supporting a degree of integration 
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of information across the basal ganglia-thalamocortical 
circuits (Haynes and Haber, 2013), allowing for interaction 
between the motor and cognitive circuits. The integration 
of these two circuits suggests that damage to one would 
manifest in both cognitive and motor deficits. It also sug-
gests that treatment of cognitive deficits alongside physi-
cal therapy would be highly beneficial for the patient. 
Additionally, anatomical studies show that there are 
additional open loops (i.e. loops in which the afferent and 
efferent cortical areas of the basal ganglia are different) 
(Joel and Weiner, 1997; Graybiel, 1998). Computational 
models have been incorporating such open loops (Amos, 
2000; Djurfeldt et al., 2001). Further, besides the frontal 
cortex, the occipital cortex (Seger, 2013) and medial tem-
poral cortex (Middleton and Strick, 1996) also receive pro-
jections from the basal ganglia. It has been suggested that 
basal ganglia projections to these areas support visual 
and memory processes (Middleton and Strick, 1996; Seger, 
2013). Basal ganglia projections to the prefrontal cortex 
has been suggested to play a role in working memory 
(Moustafa and Maida, 2007; Moustafa et al., 2008).

Indeed, a strong relationship between motor and cog-
nitive processes is evident. For example, different corti-
cal areas play a role in the cognitive processes that guide 
movement, including motor planning and goal-based 
motor processes (Matsumoto et al., 2003; Mushiake et al., 
2006; Riggeal et al., 2007; Colman et al., 2009; Smulders 
et al., 2012; Wylie et al., 2012). Various studies in healthy 
individuals suggest a strong relationship between motor 
and cognitive processes (Matsumoto et al., 2003;  Mushiake 
et  al., 2006; Riggeal et  al., 2007; Colman et  al., 2009; 
Smulders et al., 2012; Wylie et al., 2012). However, while 
some studies have found clear links between motor and 
cognitive measures (Shine et al., 2013d; Schneider et al., 
2015), these data suggest that the primary motor symp-
toms and cognitive deficits of PD are associated with the 
different clinical course of the illness. However, the inter-
relationships among motor and cognitive processes in PD 
are not well characterized. As an example, the prefrontal 
cortex is important for the maintenance of information 
(e.g. goals) in working memory, which aids production 
of motor responses, including hand and eye movements 
(Ohbayashi et  al., 2003; Moustafa et  al., 2013a). Indeed, 
locomotive dysfunction in the elderly is associated with 
brain volume changes (Kostic et al., 2012; Tessitore et al., 
2012) and aberrant neural activity (Matsui et  al., 2005) 
within the prefrontal cortex, suggesting a potential rela-
tionship between working memory and locomotion in PD. 
The dorsolateral prefrontal loop also plays a key role in 
motivation (Lawrence et al., 1998). So it is not surprising 
that some PD patients experience motivational disorders 

(Aarsland et al., 2009). Motivation places a value on per-
ceived goals, so low motivation levels would affect goal-
directed behaviors, which may exacerbate several PD 
symptoms, such as bradykinesia and gait impairments, 
which are discussed in the following sections. To our 
knowledge, the effect of motivation on these motor pro-
cesses has not been studied in PD.

Currently, while the presence of the core motor symp-
toms remains essential for diagnosis, many PD patients 
demonstrate marked cognitive impairment even at the 
time of first presentation (Foltynie et  al., 2004). Deficits 
across various cognitive domains including attention, 
working memory, and executive function have been 
described and tend to worsen with disease progression in 
tremor-dominant and akinesia-dominant (also known as 
akineto-rigid or non-tremor dominant) phenotypes and 
young-onset and rapid disease progression subgroups 
(Zetusky and Jankovic, 1985; Jankovic et al., 1990; Rajput, 
1993; Schiess et al., 2000; Lewis et al., 2005; Zaidel et al., 
2009; Mure et al., 2011; Poletti et al., 2011b; Schillaci et al., 
2011; Lee et al., 2012; Moustafa and Poletti, 2013). Patients 
in the akinesia-dominant subgroup experience a more 
rapid disease progression compared to tremor-dominant 
patients (Louis et  al., 1999; Eggers et  al., 2012). Impor-
tantly, compared to tremor-dominant patients, patients 
with severe akinesia are more likely to experience severe 
cognitive impairments or even dementia (Aarsland et al., 
2003; Williams-Gray et  al., 2007b; Poletti et  al., 2011a, 
2012).

The anatomy of the neural circuitry gone awry in PD 
is summarized here, to serve as a reference point to be 
consulted throughout the following review. To begin with, 
the cortex, including primary motor cortex; ventral and 
dorsal premotor cortex; supplementary motor areas; and 
rostral, dorsal, and ventral cingulate areas, have one-way 
excitatory glutamatergic effects with the putamen, brain-
stem, and spinal cord, as well as a bidirectional excitatory 
relationship with the thalamus. The direct pathway of the 
putamen, which has an inhibitory GABAergic connection 
with the internal segment of the globus pallidus and sub-
stantia nigra pars reticulata, receives glutamatergic exci-
tation from the SNc and thalamus. The indirect pathway 
of the putamen has an inhibitory GABAergic effect on 
the external segment of the globus pallidus, which itself 
goes on to inhibit the internal segment of the globus pal-
lidus and substantia nigra pars reticulata. The subtha-
lamic nucleus is inhibited by this indirect pathway of the 
putamen but in turn sends excitatory signals back to the 
external segment of the globus pallidus, as well as to the 
cortex, internal segment of the globus pallidus, substan-
tia nigra pars reticulata, and pedunculopontine nucleus 
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(PPN), which itself finally excites the brainstem and 
spinal cord and bidirectionally inhibits the thalamus and 
its subcomponents (DeLong and Wichmann, 2007).

This review addresses cognitive-motor relationships 
in PD, describing how specific changes in cognitive func-
tion are associated with changes in motor performance. 
We aim to achieve this by highlighting the specific aspects 
of the motor symptoms in PD that are associated with cog-
nitive deficits and suggest that they may have a common 
pathophysiology.

Akinesia/bradykinesia
Akinesia and bradykinesia are considered among the 
primary motor features in PD. These symptoms are char-
acterized by difficulty initiating movements, poverty of 
action, slowness of movements, a lack of spontaneous 
movement (such as swinging of the arms during walking, 
automatic blinking, changes of facial expression, or ges-
turing during speech) as well as sequential movements, 
which are affected due to difficulties in transitions 
between subcomponents of movement (Berardelli et  al., 
2001). Studies have found that PD patients with akinesia 
have more dopamine loss in the basal ganglia than do 
PD patients with predominant tremor symptoms (Schil-
laci et  al., 2011), with basal ganglia dysfunction consid-
ered to be the neural mechanism underlying bradykinesia 
symptoms (Berardelli et al., 2001). Dopamine is excitatory 
on the direct (“Go”) pathway, which facilitates respond-
ing, whereas it is inhibitory on the indirect (“No Go”) 
pathway, suppressing a response (Frank and O’Reilly, 
2006). A reduction in dopamine levels in PD therefore 
results in difficulty initiating movements and slowness 
of movements. Notably, computational and mechanistic 
models suggest that the source of akinesia involves hyper-
excitability of striatal neurons originating in the indirect 
pathway leading to suppression of movement (Wiecki and 
Frank, 2010; Collins and Frank, 2014). In addition, cholin-
ergic neurotransmission plays a critical role in controlling 
voluntary movement. As dopamine levels in the striatum 
decrease, cholinergic levels increase, suggesting that an 
imbalance of these neurotransmitters may underlie the 
motor symptoms of PD (Zhao-Shea et al., 2010).

Associations with cognitive dysfunction

Dopamine plays not only a crucial role in motor function; 
it also substantially influences a diversity of cognitive 

processes. Therefore, it is not surprising that akinesia-
dominant PD patients often show a more severe pattern 
of cognitive or executive dysfunction (Jankovic et  al., 
1990; Vakil and Herishanu-Naaman, 1998; Lewis et  al., 
2005; Burn et al., 2006; Lyros et al., 2008; Oh et al., 2009; 
Domellof et  al., 2011). For example, studies have shown 
an association between akinesia and poor performance 
on tests of executive function that are dopamine depend-
ent, such as probabilistic learning tasks (Moustafa et al., 
2013b). This pattern was also present in other studies in 
which PD patients with predominant tremor were less 
impaired than akinesia-dominant PD s at performing 
procedural learning tasks, including the Tower of Hanoi 
task (Vakil and Herishanu-Naaman, 1998), as well as on 
working memory (Domellof et al., 2011; Poletti et al., 2012) 
and set shifting (Domellof et al., 2011, 2013; Poletti et al., 
2012; Moustafa et al., 2013a). Akinesia-dominant patients 
were also more likely to experience bradyphrenia (slow-
ness of thinking and information processing) (Rafal et al., 
1984; Berardelli et al., 2001), suggesting more widespread 
cognitive disturbance than in the tremor-dominant type of 
PD.

Specifically, in non-medicated PD patients, reduced 
levels of dopamine impair learning from positive feed-
back, while facilitating learning from negative feed-
back (Wiecki and Frank, 2010; Collins and Frank, 2014). 
In patients on dopaminergic medication, the opposite 
occurs: dopamine replacement therapy facilitates learn-
ing from positive feedback, but patients are impaired at 
learning from negative feedback because the medication 
blocks the effect of normal dopamine dips (Wiecki and 
Frank, 2010; Collins and Frank, 2014). In addition, D2 
receptor blockade results in progressively worse motor 
performance due to a learning process dissociable from 
the direct performance effects of DA blockade (Wiecki 
et al., 2009; Beeler et al., 2012).

Working memory and executive functions required 
for set shifting, for example those involved in the Wis-
consin Card Sorting and the Trail Making Test, are often 
impaired in PD patients with the akinesia dominant 
subtype (Domellof et al., 2011, 2013; Poletti et al., 2012; 
Moustafa et  al., 2013a). Working memory impairment 
in PD may be due to a lack of appropriate regulation 
of the gating mechanism of the basal ganglia, impair-
ing information processing in the frontostriatal system 
(Frank et al., 2001). Similar to reinforcement learning, 
“Go” and “No Go” signals can facilitate and suppress 
the updating of information into prefrontal working 
memory representations (O’Reilly and Frank, 2006). 
Thus, the basal ganglia is assumed to operate as a 
gating mechanism to modulate information updates to 
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the prefrontal cortex (Frank et  al., 2001; O’Reilly and 
Frank, 2006).

Furthermore, set-shifting deficits in non-medicated 
PD patients are also consistent with an inability to update a 
new attentional set, while medicated patients show atten-
tional shifting deficits when having to ignore distractors 
that had previously been task relevant (Moustafa et  al., 
2008). It has been suggested that set-shifting abnormali-
ties may result from a paroxysmal over-excitation within 
the output nuclei of the basal ganglia circuitry (Lewis and 
Barker, 2009). Thus, akinesia/bradykinesia, as well as 
certain cognitive deficits in PD, is likely due to dopamine 
depletion within the basal ganglia, possibly impairing an 
optimal basal ganglia output selection.

Moreover, tests of working memory and attention 
have robust correlations with cortical cholinergic activ-
ity. Cholinergic system degeneration and dysfunction are 
significant contributors to cognitive impairment in PD 
(Pagano et  al., 2015). Cognitive deficits caused by pre-
frontal dopaminergic changes in PD are likely to be aug-
mented by a cholinergic component (Bohnen and Albin, 
2011). Furthermore, the akinesia phenotype is also associ-
ated with the development of dementia. Again, basal fore-
brain cholinergic system degeneration appears early in PD 
and worsens coincident with the appearance of dementia 
(Bohnen and Albin, 2011; Gratwicke et al., 2015a).

Non-tremor-dominant PD patients display more severe 
cognitive and executive dysfunction than do patients with 
tremor-dominant PD. This is likely due to the more severe 
degradation of dopamine and choline systems in these 
patients as cognitive and executive function has a strong 
reliance on these two systems (Bohnen and Albin, 2011; 
Moustafa et al., 2013b; Pagano et al., 2015).

Tremor
The neural substrates underlying the development of 
tremor in PD are still unclear. However, tremor has been 
associated with cerebellar, thalamic, and subthalamic 
nucleus abnormalities (Kassubek et  al., 2002; Probst-
Cousin et al., 2003; Weinberger et al., 2009; Zaidel et al., 
2009; Mure et al., 2011; Helmich et al., 2012). It has also 
been suggested that cerebellar activation in PD patients 
during movement is a compensation mechanism for 
corticostriatal motor circuit under-activation (Yu et  al., 
2007; Wu and Hallett, 2013). In addition, Rosenberg-Katz 
et  al. (2013) found that PD patients with tremor show a 
lower mean loss of grey matter in the pre-supplementary 
and primary motor areas than in non-tremor patients. A 

few studies argue that tremor is dopamine independent 
(Benamer et  al., 2000, 2003; Pirker et  al., 2002; Spiegel 
et al., 2007).

Associations with cognitive dysfunction

Patients with the tremor-dominant subtype of PD are less 
often cognitively affected in comparison to akinesia-dom-
inant patients. Several studies have shown that tremor is 
not associated with impaired cognitive function (Lewis 
et  al., 2005; Elgh et  al., 2009; Hall et  al., 2014). Indeed, 
the frontostriatal pathways, which play a key role in 
cognitive deficits in PD, are relatively spared in patients 
with predominantly tremor symptoms (Lewis et al., 2005; 
 Williams-Gray et al., 2007a,b).

Gait impairment
Gait impairment and postural instability are hallmarks 
of PD. Patients with PD have reduced stride length and 
walking speed while double support duration and cadence 
rate are increased (Morris et al., 1998). During later stages 
of the disease, patients may also experience freezing 
of gait (FOG) (Lewis and Barker, 2009), wherein their 
walking motion ceases, often leading to falls (Rudzinska 
et  al., 2013). Postural instability is also known to cause 
falls in many patients (Koller et  al., 1989). PD patients 
may display clinical features of postural instability that 
are evident during quiet, undisturbed stance, such as 
poor anticipatory postural responses, abnormal postural 
sway, and inadequately organized automatic postural 
reactions. Performing voluntary actions, such as leaning, 
may reveal reduced limits of stability. Additional deficits 
may be evident upon disequilibrium, including slower 
compensatory stepping reactions, direction-specific 
instability, and incorrectly directed protective arm move-
ments (Horak et al., 2005; Mancini et al., 2008; Grimber-
gen et al., 2009; Rocchi et al., 2012). Gait impairment and 
postural instability are more common among PD patients 
with rapid disease progression (Jankovic et al., 1990), as 
well as in advanced-stage rather than early-stage PD (Kim 
et al., 2013).

Gait disorders and postural instability respond poorly 
to dopaminergic drugs, which suggest that they are caused 
by non-dopaminergic lesions (Karachi et al., 2010). It has 
been shown that gait and posture are under the control of 
cholinergic neurons of the PPN (Lee et al., 2000), which is 
part of a pathway involved in the initiation, acceleration, 
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deceleration, and termination of locomotion. This 
pathway is under the control of the deep cerebellar and 
basal ganglia nuclei, particularly via inputs from the 
medial globus pallidus, substantia nigra pars reticulata, 
and subthalamic nucleus (Lee et al., 2000). In addition, 
there is accumulating evidence that implicates the basal 
ganglia nuclei in the performance of “automatic” behav-
iors, which walking normally is, and the dysfunction of 
the basal ganglia in PD is proposed to interfere with auto-
matic execution of walking, which is then performed in a 
goal-directed fashion (Redgrave et al., 2010).

Thus, tasks such as walking, which are automated 
in healthy individuals, require focused attention in PD 
patients. Aberrant neural activity (Matsui et  al., 2005) 
and brain volume changes (Kostic et al., 2012; Tessitore 
et  al., 2012) within the prefrontal cortex, an area that 
is also important for the maintenance of information 
(e.g. goals) in working memory (Ohbayashi et al., 2003; 
Moustafa et  al., 2013a), also play a key role in locomo-
tor dysfunction. Further, functional decoupling of goal-
directed frontostriatal systems might be responsible for 
triggering episodes of FOG. This impaired coupling would 
lead to the loss of inhibitory influence over the output 
structures of the basal ganglia (Pahapill and Lozano, 
2000; Lewis and Barker, 2009; Shine et al., 2013b), poten-
tially leading to decreased activity within in areas of the 
mesencephalic locomotor region that coordinate gait 
(Pahapill and Lozano, 2000). This phenomenon might 
be triggered through dopaminergic depletion in the stri-
atum and over-activity within the subthalamic nucleus. 
In addition, the inconsistent effects of dopaminergic 
therapy on stability in PD have led some researchers to 
suggest that the postural and balance deficits in PD may 
result from lesions to both dopaminergic and non-dopa-
minergic nuclei (Bloem et al., 1996; Rocchi et al., 2002; 
Grimbergen et al., 2009).

Associations with cognitive dysfunction

For both the pervasive and paroxysmal gait impairments 
in PD, there are robust and consistent links with impair-
ments in cognition. Since gait dysfunction, postural 
instability, and akinesia are characteristics of PD often 
associated with the non-tremor-dominant phenotype 
(Lewis et al., 2005), associations with the aforementioned 
cholinergic cognitive dysfunction and development of 
dementia also apply to gait dysfunction in PD. In addition, 
a clear example of shared mechanisms is the difficulty 
that PD patients experience with walking while perform-
ing a concurrent cognitive task. For example, in healthy 

participants, studies found that texting while walking can 
impact gait (Schabrun et  al., 2014) and overall walking 
performance (Demura and Uchiyama, 2009), possibly 
due to affecting attentional performance (Woollacott and 
Shumway-Cook, 2002). This effect is more prominent 
in patients with moderate PD, as their walking becomes 
impaired during simultaneous performance of a simple 
goal-directed secondary motor task (e.g. “walk and talk”) 
(Bond and Morris, 2000). With the addition of a more cog-
nitively demanding secondary task, larger variations in 
the gait parameters of PD patients are observed ( Hausdorff 
et  al., 2003), perhaps uncovering an underlying impair-
ment in the allocation of or limitation of attentional 
resources or in neuronal efficiency. In healthy adults, dual 
tasking is attention demanding too, but healthy individ-
uals tend to give priority to postural tasks. PD patients, 
however, adopt a “posture second” approach, increasing 
the risk of falls (Bloem et al., 2001).

There is also growing evidence of a striking association 
between FOG and executive dysfunction (Amboni et  al., 
2008; Naismith et al., 2010; Shine et al., 2013e; Hall et al., 
2014; Walton et al., 2014). During clinical assessment, the 
addition of a cognitive task, such as counting out loud in 
multiples of seven while walking along a standardized 
track, can severely exacerbate the frequency and sever-
ity of freezing (Yogev et al., 2005; Ricciardi et al., 2014). 
Other studies have found that walking dysfunction in PD 
is related to difficulty in resolving response interference 
produced by distractors (Plotnik et al., 2011; Vandenbos-
sche et al., 2011). Interestingly, individuals with freezing 
also suffer from similar deficits in cognitive tasks that 
require multiple shifts between cognitive sets (Naismith 
et al., 2010; Shine et al., 2012; Hall et al., 2014), suggesting 
that the pathophysiological mechanisms underlying FOG 
may reflect impairments in cognitive processing under 
temporal pressure (Shine et  al., 2013c). An explanation 
for the concurrence of cognitive and ambulatory deficits 
in PD may lie in impaired compensatory processes within 
the brain. The loss of automatic function would necessar-
ily force an individual to use more cognitive architecture 
to accomplish what would otherwise be routine tasks 
(such as walking), thereby decreasing the individuals’ 
capacity to flexibly deal with changes in their surround-
ing environment.

Locomotive dysfunction is due to aberrant neural 
activity (Matsui et  al., 2005) and brain volume changes 
(Kostic et al., 2012; Tessitore et al., 2012) within the pre-
frontal cortex, an area that is also important for the main-
tenance of information (e.g. goals) in working memory 
(Ohbayashi et  al., 2003; Moustafa et  al., 2013a). Addi-
tionally, the nucleus basalis of Meynert is located in the 



540      A.A. Moustafa et al.: Cognitive and motor symptoms in Parkinsonism

forebrain, and its cholinergic neurons are known loci 
of degeneration in PD (for reviews, see Gratwicke et  al., 
2015a,b), with more severe cholinergic loss being associ-
ated with cognitive impairment. In PD, neuropathology 
in the nucleus basalis of Meynert leads to impairment of 
both arousal and selective attention, thus mediating some 
components of cognitive dysfunction and dementia.

In sum, there are at least two main cognitive deficits 
involved in gait impairments. The first is damage to the 
basal ganglia, which results in impairment to “automatic 
process,” such as movement. This results in PD patients 
requiring more attentional resources to initiate and 
maintain the walking motion and postural stability. Gait 
impairment is much more common in akinesia/bradykin-
esia-dominant PD patients, implying that they also suffer 
the same severe cognitive and executive dysfunction. This 
limitation on their attentional resources, combined with 
the increased load required for walking, results in the gait 
impairments and freezing observed in this group of PD 
patients.

Handwriting
Handwriting involves the coordination of finger move-
ments as well as integration of sensory input to guide suc-
cessful motor output. Evidence suggests that handwriting 
can be used as an early detection tool for PD (Rosenblum 
et al., 2013), as PD patients typically exhibit a diminutive 
form of handwriting known as micrographia. In an early 
study on PD micrographia, McLennan et al. (1972) found 
that it is present in a large proportion of PD patients and 
is dissociable from other PD motor symptoms includ-
ing tremor and rigidity. In PD, micrographia may be an 
example of a motor decrement where amplitude is lost 
with repetitive movements. In addition to micrographia, 
handwriting in PD is characterized by a jagged contour 
and sharp fluctuations in velocity and acceleration pro-
files (Van Gemmert et  al., 1999; Teulings et  al., 2002). 
Aspects of handwriting including stroke size, peak accel-
eration, stroke duration, ratio between mean and stand-
ard deviation of stroke length, or duration have been used 
for PD diagnostics (Teulings and Stelmach, 1991; Phillips 
et  al., 1993). Compared to healthy controls, PD patients 
were found to exhibit increased movement time, reduced 
maximum and minimum values of magnitude of pen 
velocity, and more velocity inversions.

Studies found that inhibition of the supplementary 
cortex has been shown to improve handwriting in PD 
(Randhawa et  al., 2013). Dopaminergic treatment in PD 

patients resulted in marked improvements of the kin-
ematics of handwriting movements (Tucha et  al., 2006). 
Indeed, through computational modeling, reducing DA 
levels to the basal ganglia, substantia nigra, and globus 
pallidus external pathways also leads to a reduction in 
letter size, as seen in PD (Gangadhar et  al., 2008; for a 
review, see Helie et al., 2013).

Associations with cognitive dysfunction

In daily life, during handwriting, mental load is often 
present, such as simultaneous calculations or memory 
recall. Similar to walking, it was found that handwriting 
relies on cognitive processing (Thomassen and  Teulings, 
1985) and is sensitive to the availability of cognitive 
resources. For example, it was found that PD patients 
took significantly longer to write while dual tasking 
(Van Gemmert et al., 1998). However, with the provision 
of external cues (e.g. lines for writing), the symptoms of 
micrographia in PD were lessened (Oliveira et al., 1997). It 
is suggested that in PD patients who experience difficul-
ties with performing automatic movements such as hand-
writing, adding a secondary task may increase mental 
load, causing a reduction in writing size, because the 
writing task must then be performed in a more automated 
manner to free resources to fulfill the requirements of the 
concurrently performed secondary task (Van Gemmert 
et al., 1998).

In PD, small handwriting was found to correlate with 
disease severity, motor abnormalities, as well as cognitive 
impairment as measured by the Mini-Mental State Exami-
nation (Wagle Shukla et al., 2012). While writing relies on 
sequential motor processing, that is the coordination of 
different fingers (Catalan et al., 1999), to our knowledge, 
no study has tested the relationship between these two 
domains in PD. However, it is not known whether this 
deficit is an example of a more general deficit in dual 
tasking and task switching and how it is affected by dopa-
minergic medication.

A possible mechanism explaining this reduction in 
the size of handwriting in PD patients may be deficits in 
action-perception loops or changes in sensory feedback 
(e.g. visual or proprioceptive). Indeed, PD patients show 
a discrepancy between visual and kinesthetic feedback 
(Teulings et  al., 2002). This may be due to a degenera-
tion of DA neurons in the nigro-striatal pathway, which 
may lead to impairment in scaling the size (amplitude) 
of movements (Contreras-Vidal and Stelmach, 1995; 
 Contreras-Vidal et  al., 1995). Despite the linguistic com-
ponent of writing, the association between cognition and 



A.A. Moustafa et al.: Cognitive and motor symptoms in Parkinsonism      541

motor performance is unclear for micrographia. However, 
importantly, the impact of optimal response selection 
of the basal ganglia that influences many cognitive and 
motor performances is also apparent in handwriting.

A number of studies have examined the role of feed-
back in handwriting. Since complex movement emerges 
out of perception-action interactions, changes in sensory 
feedback (e.g. visual or proprioceptive) are likely to intro-
duce corresponding changes in motor output, such as 
in handwriting. Teulings et  al. (2002) controlled visual 
feedback for healthy controls and early-stage PD patients 
such that only vertical gain of handwriting was altered, 
while leaving horizontal gain intact. Both healthy con-
trols and PD patients showed gradual adaptation that 
compensated for distorted visual feedback. Another study 
on the effect of delayed visual feedback on handwriting 
found that most PD patients learned to adjust to feedback 
delay analogous to healthy controls (Smith and Fucetola, 
1995). Of the five patients who participated in the study, 
only one who suffered from micrographia exhibited dif-
ficulty in adapting to delayed feedback, suggesting the 
further studies employing a large sample of PD patients 
with micrographia are needed to investigate the nature of 
sensory feedback and micrographia.

In sum, similar to posture and gait, impairments in 
handwriting in PD patients may be partly due to poor dual 
task control. However, there may also be an impairment 
of sequential motor processing that can contribute to 
handwriting deficits in PD patients, but more research is 
needed to confirm or refute this link.

Precision grip
Precision grip (PG) is defined as a grip formed by one 
finger (typically the index finger) and thumb to hold a 
small object (Napier, 1956). This form of grip enables us to 
make (Marzke, 1997; Susman, 1998) and dexterously use 
tools (Moyà-Solà et al., 1999; Ambrose, 2001; Young, 2003; 
Jones and Lederman, 2006).

Although sensorimotor control may seem to func-
tion independently of the cognitive system (Flanagan 
and Beltzner, 2000), various studies reveal an overlap 
between the motor areas for skilled movements, percep-
tual, and cognitive functions (Olivier et al., 2007; Grafton, 
2010). For example, significant influence of a word’s 
physical representation like apple or grape (Glover et al., 
2004) and numerical magnitude like numbers 1 or 9 
(Badets et al., 2007; Andres et al., 2008) affect grip motor 
control.

Associations with cognitive dysfunction

In concurrent motor and perceptual task performance, 
individuals show longer reaction times, delayed and less 
accurate grip size adjustment, and impaired perpetual 
task performance. This indicates that motor and percep-
tual systems share overlapping attentional resources 
(Hesse and Deubel, 2011; Hesse et al., 2012). The addition 
of a delay to an occluded target dual-task increases the 
grip aperture, showing that motor, visual processing, and 
memory utilize similar resources (Singhal et  al., 2007). 
While attention, visual processing, memory, and motor 
processing employ overlapping resources, only limited 
aspects of PG are affected in a PG-lift task with increased 
cognitive load. Using a task involving PG-lift task and a 
complex visual search combined with counting, it was 
found that a longer preload phase, a higher peak and 
static grip force, and a higher safety margin was employed 
in the combined motor-cognitive task compared to motor 
task alone (Guillery et  al., 2013). Therefore, the PG and 
cognitive tasks utilize similar resources for processing 
information.

Impairment in PG in PD has been attributed to two pos-
sible cognitive deficits, the first being poor sensory-motor 
coordination. There are multiple studies supporting a sen-
sorimotor impairment in PD patients (Shine et al., 2013a; 
Diaz-Hung et  al., 2014). Fellows et  al. (1998) have dem-
onstrated that this impairment is evident in PD patients 
due to excessive grip levels and delayed lifting actions. 
However, Gupta et al. (2013) suggest that the impairment 
may lie in risk-taking behaviors as part of impulse control 
disorders (Voon et al., 2011; Catalan et al., 2013) that are 
prevalent in approximately 36% of PD patients (Callesen 
et al., 2014). According to Gupta et al. (2013), an excessive 
grip is an indication of an increased “safety margin” to 
ensure the object does not fall. This effect is more salient 
in PD patients while off, than on, medication, indicat-
ing higher risk behavior, which is in line with research 
on the interrelationship between impulsivity and dopa-
mine medications (Catalan et al., 2013; Piray et al., 2014). 
Further research aimed at investigating sensory-motor 
coordination and impulsive behaviors would provide 
greater insight into the interaction of cognition and motor 
control and help identify which cognitive impairments 
affect PG.

Speech problems
Most PD patients develop speech and voice disorders at 
some point during their illness (Ho et al., 1998), including 
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stuttering and difficulty initiating speech. Speech in 
PD is often hypophonic (i.e. hypokinetic, soft speech), 
monotonic (i.e. speech quality tends to be soft, hoarse, 
and monotonous), and/or festinating (i.e. excessively 
rapid, soft, poorly intelligible speech) (Jankovic, 2008). 
Dysarthria, which refers to slurred, slow, and difficult-
to-understand speech, is also common in PD. There are 
few studies investigating neural substrates of speech 
dysfunction in PD. In one study in PD, it was found that 
the basal ganglia plays a role in speech production and 
syntactic ability (Lieberman et al., 1992) as well as phone-
mic and semantic fluency test performance (Ellfolk et al., 
2014). One recent study found that bradykinesia affects 
the prosody of the patients’ speech (Azevedo et al., 2013), 
perhaps suggesting a link between speech production 
and dopamine in PD.

Associations with cognitive dysfunction

Studies have found that speech and cognitive processes 
are not necessarily dissociable (Altmann et  al., 2001; 
Wiseheart et  al., 2009). For example, prior studies have 
found a correlation between verbal and cognitive meas-
ures (Lieberman et  al., 1992). A recent review has also 
highlighted the relationship between speech production 
and cognitive measures in PD (Altmann and Troche, 2011). 
In PD, evidence suggests that both working memory and 
executive function processes affect speech production 
(Troche and Lori, 2012). Verb production also correlates 
with cognitive measures, such as working memory in PD 
(Colman et al., 2009).

Discussion
This review investigated the relationship between cog-
nitive processes and motor symptoms in PD, including 
akinesia/bradykinesia, tremor, rigidity, handwriting, 
and speech problems. Not surprisingly, cognitive impair-
ments in PD are strongly related to some motor symptoms 
more than others are. This might be due to some cognitive 
processes that rely on the integrity of the basal ganglia-
thalamocortical loops along with some motor operations, 
while others do not. In addition, as discussed above, 
there is evidence of an interaction between the cogni-
tive and motor loops in the basal ganglia, as opposed to 
each being fully segregated. For example, PD patients 
with the akinesia-dominant phenotype are more likely to 
suffer executive dysfunction, bradyphrenia (i.e. slowness 

of thinking and information processing), and dementia 
than those with the tremor-dominant phenotype. Tremors 
have been suggested to not be associated with cognitive 
dysfunction, with the frontostriatal pathways important 
for healthy cognition appearing relatively spared in those 
patients suffering predominantly from tremors. Gait dys-
function, which is often associated with akinesia in non-
tremor-dominant patients, also appears to be linked with 
cognitive dysfunction. Not only are attentional deficits 
during locomotion evident, but there is also mounting 
evidence of a strong association between the episodic 
symptom of FOG and executive dysfunction. The relation-
ship between cognitive and motor processes in PD is less 
clear for handwriting and speech. Given that both hand-
writing and speech have a linguistic component, the lack 
of a clear association with cognitive dysfunction in PD is 
somewhat surprising.

Focusing future studies on these weaker relationships 
may shed some light on the interaction of cognition and 
motor symptoms in PD. Such research might additionally 
attempt to investigate these cognitive-motor symptom 
relationships beginning at early, preclinical stages, at 
which symptoms are just evident, and follow the trajec-
tory of these unfolding impairments and the temporal 
and pathophysiological relationships to other symptoms. 
Another direction for research might be to attempt to break 
down motor processes into small component parts, to elu-
cidate what types of cognitive processes are involved at 
each part and how cognitive dysfunction might contribute 
to motor impairment. The unraveling of such cognitive-
motor associations is of importance as it may lead to the 
possibility of active interventions such as cognitive train-
ing programs for the treatment of motor impairments, 
including akinesia/bradykinesia, gait dysfunction, and 
FOG in PD patients and also older adults.

While the focus of this paper has been on the interac-
tion of cognition and motor function in PD, there is also 
evidence for motivational modulation of movement speed 
in PD from behavioral (Ballanger et al., 2006; Shiner et al., 
2012; Kojovic et al., 2014; MacDonald and Byblow, 2015) 
and imaging studies (Ballanger et  al., 2008). Regions of 
the cerebral cortex that are engaged in motivation, cogni-
tion, and sensorimotor control, as well as brainstem struc-
tures, feed into the striatum and the subthalamic nucleus, 
the principal input nuclei of the basal ganglia. This input 
is important for action selection in different motor and 
nonmotor domains by inhibiting irrelevant internal and 
external stimuli. Given the structural and functional simi-
larity in information processing across the partially seg-
regated motor, cognitive, and limbic circuits (Alexander 
et  al., 1986), some degree of interaction and integration 
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of information across circuits may occur (Joel and Weiner, 
1994; Haynes and Haber, 2013). Thus, at least for some of 
the motor symptoms of PD, an imbalance between neu-
rotransmitters such as dopamine and acetylcholine may 
underlie deficits with inhibiting irrelevant and selecting 
optimal responses by the basal ganglia (Aosaki et  al., 
2010), causing both motor and cognitive impairments.
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