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Abstract Balance impairment is a common symptom of Parkinson’s disease 
(PD), suggesting the reclassification of the PD to a tetrad: rest tremor, rigidity, 
bradykinesia, and balance impairment. Falling is the most evident symptom of 
inadequate balance. Falls are expected to be twice as likely in individuals with 
PD compared to age-matched controls, and PD has a fourfold increased risk of 
hip fractures compared to age-matched controls. Balance is crucial for walking 
and, as a result, influences the performance of various daily activities around the 
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home and community. This chapter is designed around the four postural domains to 
give researchers a framework for assessing balance control in Parkinson’s disease 
patients: (1) postural transitions; (2) reactive response; (3) quiet and prolonged 
standing; and (4) dynamic balance during walking. 

Keywords Freezing of gait · Anticipatory postural adjustments · Reactive 
response · Standing · Walking 

3.1 Introduction 

Parkinson’s disease (PD) is a neurodegenerative and progressive disorder of 
dopaminergic neurons in the substantia nigra, and the presence of intracellular 
neural inclusions in the dorsal motor nucleus of the vagus nerve, olfactory bulb, 
and locus coeruleus, which result in different symptoms, both motor and non-
motor (Hawkes et al. 2010; Jellinger 2003). PD is characterized as a prolonged 
and irreversible pathological process, tending to appear in middle age, and can 
be divided into six stages according to disease progression (for a review, see Del 
Tredici and Braak 2016). In the initial phase, PD first affects the peripheral nervous 
system, the autonomic nervous system, and/or the central nervous system (dorsal 
motor nucleus of the vagus nerve); in stage 2, it spreads to raphe (serotoninergic) 
and locus coeruleus (noradrenergic) neurons; in stage 3, it affects the substantia 
nigra (dopaminergic) and the pedunculopontine nuclei (cholinergic, gabaergic, 
and glutamatergic), also affecting the spinal cord and amygdala; in stage 4, the 
thalamus and temporal lobe may be affected; in stage 5, sensory association areas 
and prefrontal regions are affected; and in the final stage, the primary motor and 
sensory areas are also affected (Mancini et al. 2019). Another form of classification 
used in clinical practice divides PD into five stages (V) according to the degree of 
motor impairment: (I) unilateral disease, usually with minimal or no functional 
impairment; (II) bilateral disease, without balance impairment; (III) mild-to-
moderate bilateral disease, some postural instability, physically independent; (IV) 
severe disability, still able to stand upright unaided; (V) needs a wheelchair or bed, 
physically dependent (Hoehn and Yahr 1967). 

The clinical diagnosis of PD is made from motor symptoms associated with 
bradykinesia and non-motor symptoms such as mood disorders, cognitive impair-
ment, olfactory impairment, autonomic function disorders, and/or sleep disorders 
(Kehagia et al. 2013). The common motor symptoms of PD include bradyki-
nesia and/or akinesia, joint stiffness, resting tremors, postural instability, and 
gait disorders (Jankovic 2008). In the early stages, motor symptoms tend to be 
asymmetrical, predominantly affecting one side of the body (Kalia and Lang 2015). 
However, with the progression of the disease, this impairment becomes bilateral, 
negatively interfering with the individuals’ daily activities, quality of life, and motor 
independence (Hoehn and Yahr 1967). Figure 3.1 shows the balance dysfunction in 
individuals with Parkinson’s disease than in neurologically healthy individuals.



3 Postural Control in Parkinson’s Disease 37

Fig. 3.1 Balance dysfunction in individuals with Parkinson’s disease than in neurologically 
healthy individuals. The red color indicates worse indices for PD. The up arrow indicates an 
increase, while the down arrow indicates a decrease. The horizontal black stroke indicates that 
there is no difference. APA anticipatory postural adjustments 

Freezing of gait (FoG) is a common symptom in PD that further affects gait, 
increasing the risk of falling and worsening the quality of life and functional 
independence of individuals with this symptom. Often, individuals report the 
sensation of their feet being stuck to the ground, despite the intention to take the 
step and continue walking. Usually, FoG is a transient and short-lived episode. It 
can be triggered in different situations, such as at the beginning of the movement, 
approaching the final destination of the gait, during the turn, and when passing 
through narrow places or obstacles. Still, it can also occur for no reason. The 
FoG can be classified according to its behavioral manifestation associated with the 
movement of the legs in FoG with short and fast steps; FoG with alternating leg 
tremor; and akinetic FoG when there is no movement in the legs (Schaafsma et 
al. 2003; Thompson and Marsden 1995). In addition, individuals with FoG have 
greater postural instability (Bekkers et al. 2017), more severe motor and cognitive 
symptoms, longer duration of the disease, and use a higher dose of antiparkinsonian 
medication (Lord et al. 2020). When analyzing prospective studies that followed 
individuals with PD from the early stages, a meta-analysis by Gao et al. (2020) 
showed that gait disorders could predict the development of FoG. In addition, this 
same study showed that non-motor factors, such as depression and anxiety, cognitive 
impairment, and lower educational level, can also be considered risk factors for the 
development of BC, but with limited evidence in the literature.
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One of the main drug treatments for PD is the dopaminergic replacement from 
the administration of levodopa, the immediate dopamine precursor capable of 
crossing the blood-brain barrier and entering the brain. Once in the brain, levodopa 
quickly converts to dopamine through simple enzymatic reactions. Dopaminergic 
replacement therapy is composed of two main components. The first is characterized 
by short-lived effects (about a few hours), related to the concentration of circulating 
dopamine. The second is characterized by long-lasting effects (about days to weeks), 
related to neural plasticity induced by dopaminergic signaling (Albin and Leventhal 
2017). However, no evidence demonstrates a decrease in disease progression with 
conventionally used drug treatment (Tarazi et al. 2014). 

Increased levodopa concentration in the body produces acute motor responses, 
such as reduced bradykinesia, rigidity, resting tremor, and greater movement 
vigor (Albin and Leventhal 2017). This fluctuating motor response dependent on 
medication administration is called the ON–OFF phenomenon, characterized by an 
improvement in the motor pattern in the presence of the medication (ON state) and 
motor worsening with the decrease in the blood concentration of the medication 
(OFF state). The motor response to drug treatment occurs due to short-term and 
long-term effects. However, as the disease progresses, the response to long-term 
effects decreases, and short-term effects become more important in the treatment 
(Nutt et al. 1997, 2002). In addition, studies show that continued treatment can 
induce side effects leading to the development of motor fluctuations, involuntary, 
dyskinetic movements, and acceleration of dementia (Bastide et al. 2015; Tarazi et 
al. 2014). 

The postural control system must be able to regulate balance in unstable 
situations and, on the other hand, must be versatile enough to allow rapid movement 
initiation. Perhaps the postural control system performs the most obvious task of 
maintaining the bipedal upright posture. Still, this system also acts during walking, 
for example. As a result, individuals with PD frequently experience balance issues. 
Because of this, some medical professionals have proposed that the PD triad of 
rest tremor, stiffness, and bradykinesia be changed to a tetrad, adding balance 
impairment as a fourth symptom. This observation suggests that decreased balance 
is a key component of Parkinson’s disease. Nearly all PD individuals will experience 
balance issues at some point during the disease, and balance control will deteriorate 
as the disease advances, the doctor may anticipate with confidence. 

3.2 Freezing of Gait 

Freezing of gait (FoG) is a unique and disabling clinical phenomenon characterized 
by “brief, episodic absence or marked reduction of forward progression of the 
feet despite the intention to walk” (Nutt et al. 2011). This definition includes the 
three subtypes of FoG: a patient who suddenly becomes unable to start walking 
or to move forward, with a start hesitation; a complete absence of movement 
(akinesia); or a shuffling gait with small steps (Bloem et al. 2004). Some possible
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hypotheses on the pathogenesis of FoG are the abnormal coupling of posture with 
gait (Jacobs et al. 2009a, b), impaired gait rhythmicity and gait cycle coordination 
(Plotnik and Hausdorff 2008), or impairment in movement automaticity (Hallett 
2008; Vandenbossche et al. 2012). FoG is triggered by postural transitions, such 
as gait initiation, turning, narrow passages, obstacle crossing, or approaching a 
destination (Nutt et al. 2011). Freezing episodes are often described as “the feeling 
that the feet are being glued to the floor” while the center of mass continues to 
move forward, resulting that FoG being one the most common reasons for falls in 
individuals with PD (Michalowska et al. 2005). The physiological mechanisms that 
trigger FoG have not yet been fully elucidated, and there are several hypotheses in 
the literature based on the different FoG phenotypes (Gao et al. 2020; Nieuwboer 
and Giladi 2013). Two models are worth mentioning: (a) threshold model (Plotnik 
et al. 2012) and (b) interference model (Lewis and Barker 2009). The first model 
is based on the gait disturbances presented by individuals with FoG (i.e., decreased 
stride amplitude, impaired gait coordination, and increased stride time variability). 
This model assumes that when these gait disturbances accumulate to a certain 
threshold, a point of motor breakdown triggers the FoG. Thus, according to the 
authors of the model, by improving the gait of individuals with PD, it is possible 
to reduce the propensity to FoG (Plotnik et al. 2012). The second model is based 
on the competitive and complementary relationship between the motor, cognitive, 
and limbic circuits through the basal ganglia, which is responsible for integrating 
information from different sensory inputs and coordinating an efficient functional 
response (Lewis and Barker 2009). The authors of this model suggest that the 
simultaneous processing of cognitive and/or limbic information during motor tasks 
would overload a system already affected by the dopaminergic deficit. This overload 
would result in the inactivation of the pedunculopontine nucleus (PPN), responsible 
for regulating the functional motor response, thus serving as trigger-to-trigger 
FoG episodes. Furthermore, the authors add that this overload can be reversed by 
inducing the focus of attention of the individual with PD to a single external sensory 
cue (a line on the floor or an obstacle to be overcome), thus reducing the number 
of sensory inputs and stimulating the PPN again. It is worth mentioning that the 
models proposed in the literature are not exclusive and the understanding of the 
possible physiological mechanisms that trigger FoG can help in treatment strategies, 
pharmacological or not. 

Co-existing postural impairments may affect the occurrence and severity of 
FoG. FoG and postural instability are interconnected (Coelho et al. 2021; Peterson 
et al. 2020), can affect one another behaviorally, and may share a neural basis 
(for a review, see Bekkers et al. 2018a). The most prevalent FoG-related postural 
deficits comprised weight-shifting impairments and insufficient scaling and timing 
of postural responses, which were especially evident when impending postural 
alterations when time limitations were present. A negative cycle of coupled and 
more severe postural impairments will likely exacerbate postural instability in 
individuals with FoG. Consequently, the deficits in large-scale brain networks 
associated with FoG may concurrently impact postural stability.
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Fig. 3.2 Balance dysfunction in individuals with Parkinson’s disease with freezing of gait 
(freezers) than without freezing of gait (nonfreezers). The red color indicates worse indices for 
the freezers. The up arrow indicates an increase, while the down arrow indicates a decrease. The 
question mark indicates that the studies are controversial. APA anticipatory postural adjustments 

Individuals with FoG (freezers) have worse performance on clinical balance tests 
(Bekkers et al. 2017), more frequent episodes of falls and near-falls (Gazibara et 
al. 2017), slower and longer duration of anticipatory postural adjustments (APA) 
(Schlenstedt et al. 2018), smaller step length in automatic postural responses (APR) 
(Smulders et al. 2014), poorer flexed postural alignment, smaller voluntary limits 
of stability that could reflect poorer proprioception (de Souza Fortaleza et al. 
2017), and worst variability and coordination of stepping during walking (Weiss 
et al. 2015) when compared to individuals without FoG (nonfreezers) (Fig. 3.2). 
A recent review showed that freezers have worse performance on clinical scales 
that assess domains of balance and gait, such as stability limits, APR, APA, 
and sensory orientation (Bekkers et al. 2017). Specifically, during quiet stance, 
Pelykh et al. (2015) showed reduced time-to-boundary and more regular postural 
sway, as observed by lower sample entropy and lower adaptability of the postural 
sway in freezers. As a certain amount of dynamic irregularity is considered a 
highly automatized functioning of postural control systems (Donker et al. 2007), 
it can be assumed that postural control in quiet standing in freezers needs more 
attention since it may explain the risk of falling in these patients. When analyzing 
postural responses after a sudden perturbation, the reactive postural control between 
freezers and nonfreezers is similar (Bekkers et al. 2018b). Given the similarity of
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postural responses, the authors hypothesize that reactive postural control seems to 
affect different mechanisms than those governing FoG. However, this hypothesis 
remains speculative and has not been directly assessed. Although freezers had 
smaller mediolateral APA during self-initiated gait without start hesitation, trials 
with freezing showed larger mediolateral APA when compared to nonfreezers 
(Schlenstedt et al. 2018). Schlenstedt et al. found a positive correlation between 
the size of mediolateral APA and the New Freezing of Gait Questionnaire (NFoG-
Q), and a start hesitation in FoG is not caused by an inability to weight shifting 
when preparing gait. Therefore, postural instability is behaviorally exacerbated by 
FoG and vice versa (Bekkers et al. 2018a). 

Freezers were shown to have impairments in circuitries involving the frontal 
cortex (for a review, see Fonoff et al. 2019). Studies have shown that freezers 
have altered supraspinal locomotor neural networks, including the frontal motor 
regions (supplementary motor area, presupplementary motor area, and primary 
motor cortices) and subcortical areas (basal ganglia, pontomedullary reticular 
formation, and mesencephalic and cerebellar locomotor region) (Butler et al. 2017; 
Ehgoetz Martens et al. 2018; Fling et al. 2013; Gilat et al. 2015; Peterson et al. 
2014; Shine et al. 2013b). Resting-state functional magnetic resonance findings 
pointed to a decreased activity in the premotor (PM) and orbitofrontal cortex 
(Gallardo et al. 2018; Matsui et al.  2005) and increased functional connectivity 
between supplementary motor area (SMA) and areas known to be involved in gait 
initiation such as cerebellar (CLR) and mesencephalic (MLR) locomotor regions 
(Fling et al. 2014), which was positively correlated to FoG severity. Such an 
increase in the SMA and locomotor centers connectivity might indicate a greater 
influence of cognitive processing on gait initiation. The activity of the frontal 
cortex, including SMA, becomes higher during motor arrests, compared to PD 
without FoG (Maidan et al. 2016; Shine et al. 2013a; Vercruysse et al. 2014). 
Freezers showed decreased structural and functional connectivity between SMA 
and subthalamic nucleus (STN), the hyperdirect pathway that modulates response 
inhibition (Fling et al. 2013, 2014). Accordingly, FoG has been associated with 
cognitive function impairments, especially inhibitory control (Cohen et al. 2014). 
Decreased connectivity between the dorsolateral prefrontal cortex, a key region 
involved in the process of response inhibition, with basal ganglia (Shine et al. 2013c) 
and its correlation with the frequency of FoG supports the notion that there is a 
decoupling between inhibition control with movement. Furthermore, findings in a 
resting state functional magnetic resonance imaging demonstrate higher functional 
connectivity between areas that process sensory information (middle temporal 
gyrus) and emotion (amygdala) with MLR and basal ganglia, respectively (Gilat et 
al. 2018; Wang et al. 2016), and increased insula activation during FoG (Shine et al. 
2013a). All this evidence shows the influence of cognition, sensory, and emotional 
processing in the pathophysiology of FoG.
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3.3 Anticipatory Postural Adjustments During Step 
Initiation 

During the step initiation (SI), the nervous system organizes a series of anticipatory 
postural adjustments (APAs), preparing the body for the disturbances caused by 
voluntary movement. Postural instability rapidly rises during SI as the base of 
support shifts and the center of mass (CoM) travels forward and outside the latter. 
Before foot-off, the initial stage of the SI process can be thought of as a forward fall 
that needs to be stopped but is essential for further forward body movement. These 
APAs are important because they release the load on the swing leg, establishing 
the conditions necessary for the step. Healthy subjects always behave in a rather 
stereotypical manner before SI. The CoM is properly shifted to the support leg to 
start a step, releasing the movement leg. Initially, there is a short shift from the center 
of mass to the moving leg, then the force is directed to the support leg (Breniere 
et al. 1987). As the first displacement of the CoM is toward the movement leg, 
inhibitory control mechanisms are required to direct the force–displacement toward 
the supporting leg. For example, if the objective is to initiate the step with the right 
leg, initially, the CoM is shifted to the right leg. This movement is inhibited and 
redirected to the left leg, which will serve as a support, allowing the release of the 
right leg. This change in body weight causes the center of pressure (CoP) to move 
backward and toward the swing leg. The CoP is then seen to move first toward the 
stance leg and subsequently forward. Toe-off of the swing leg happens right before 
the forward CoP displacement, while the heel-off happens at the beginning of the 
second phase of the CoP displacement (i.e., with a lateral shift toward the stance 
leg) (Breniere and Do 1991; Delval et al.  2005). The CoM lies outside the base of 
support during the single support phase of SI (when the subject lifts the swing leg 
off the ground), which causes the body to be imbalanced. The CoM fall must be 
stopped for movement to continue and prevent the body from falling to the ground. 
Before the swing limb leg makes contact with the ground, healthy adults’ ankle 
plantar flexors are activated to produce this braking action (Welter et al. 2007). 

In individuals with PD (Fig. 3.3), different APA disturbances are observed, 
causing an abnormal coupling between posture and the motor program of APAs 
(Cohen et al. 2017; Hass et al.  2005; Mancini et al. 2009; Schlenstedt et al. 2018): 
bradykinetic and hypokinetic APAs, with the mediolateral and anteroposterior 
CoP changes are longer and weaker; pure akinesia, extended delays between the 
commencement of the APA and the onset of the step; and multiple APAs. The 
onset of these anomalies in PD can be quite early. Untreated early-to-moderate PD 
(Carpinella et al. 2007; Mancini et al. 2009) has been associated with a lower lateral, 
but not backward, APA magnitude, suggesting that the pathology of the disease 
may specifically affect how the legs are loaded and unloaded. Later in the disease, 
individuals with PD experience bradykinetic lateral and backward APAs. It is still 
controversial whether APAs are smaller or larger than normally associated with 
freezing of gait (Schlenstedt et al. 2018). Four out of eight studies reported smaller
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Fig. 3.3 Anticipatory 
postural adjustment (APA) 
before step initiation. (a) 
Three phases of step 
initiation: quiet stance, 
weight transfer to the 
contralateral leg, and step. 
The red line shows 
mediolateral force amplitude 
during the APA, and the 
dashed line shows the forward 
displacement of the reflective 
marker attached to the ankle 
during the step. The shaded 
area indicates the APA. (b) 
Result of the average lateral 
force of the freezers, 
nonfreezers, and healthy 

APA amplitudes and three with a longer duration in freezers than nonfreezers (for a 
review, see Bekkers et al. 2018a). 

The motor program for SI must change when the motor task’s parameters change. 
APA is generated according to the context and inhibited if the support is directed to 
an inappropriate place (Cohen et al. 2011, 2017). Patients with PD seem to have 
difficulty releasing the step after it has been previously inhibited, which is further 
evidence of changes in the inhibitory control of step initiation present in patients 
with PD. Recent research has shown that SI of the healthy (Stins and Beek 2011) 
and PD (Lagravinese et al. 2018; Naugle et al. 2012) individuals are influenced by 
the valence of emotional inputs, suggesting that the limbic system may be involved 
in SI. 

APA ranges from the participation of cortical and subcortical structures (Jacobs 
and Horak 2007; Yiou et al. 2017) to afferent signals that also emerge in the 
spinal cord, where they are modulated. Some important regions of the brain have
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been described as essential to initiate gait, such as mesencephalic, subthalamic, 
and cerebellar locomotor regions (Takakusaki 2017) in the subcortical level and 
premotor (PM) and supplementary motor area (SMA) (de Lima-Pardini et al. 2020; 
Jacobs et al. 2009a, b; Takakusaki 2017) in the cortical level. These cortical areas 
act in a feedforward control, projecting to the corticospinal tract (CST) (He et 
al. 1995) and having substantial connections with subcortical locomotor regions 
through cortico-reticular tracts. PM and SMA modulate step initiation by sending 
information on the required muscle tone to prepare the body for stepping according 
to the context via cortico-reticular and reticular spinal tracts (Keizer and Kuypers 
1989). In parallel, SMA and PM contribute to the output from CST that elicit 
voluntary motor commands. Therefore, there are two important systems involved 
in gait initiation: one, comprising cortical and subcortical levels, that prepares the 
body by adjusting the muscle tone properly, and the other, that cortically modulates 
the voluntary movement of the leg. Given the challenge of shifting from an upright 
stance with both feet on the ground to a more unstable condition of moving the 
body forward, these two systems must be coupled to elicit a correct muscle tone 
background during the forward movement of the leg. When these systems work 
properly, gait initiation is characterized by an initial backward movement toward 
the moving leg, then to the support leg. The numerous connections between the 
basal ganglia and the supplementary motor area, and the premotor area, both of 
which are implicated in movement preparation (Massion 1992; Nakano et al. 2000; 
Schlenstedt et al. 2017), or with the peduncular pontine nucleus in the brainstem, 
which is implicated in locomotion initiation, may explain why APAs are impaired 
in PD (Pahapill and Lozano 2000). Changes in the basal ganglia, which slow down 
the sequential execution of the preparation and stepping task’s subcomponents, 
may also cause gait beginning issues in PD patients. Additionally, spinal control 
mechanisms are involved in SI and are important in executing motor commands 
(Fling et al. 2013; Honeine et al. 2016). Lira et al. (2020) show that loss of 
presynaptic inhibition (i.e., facilitation) during deficient APAs in the freezers may 
be due to FoG. Their results support the notion that lack of central inhibition of 
stance posture to allow stepping to commence is reflected in a loss of presynaptic 
inhibition in freezers, which is associated with more FoG severity. During the APA, 
only freezers showed facilitation rather than inhibition. This conclusion may be 
explained by three different aberrant changes in the processes underpinning the FoG 
in Parkinson’s disease: abnormal proprioceptive inputs, abnormal supraspinal motor 
commands, or a mix of both abnormalities (i.e., deficits in sensorimotor integration). 

3.4 Reactive Response 

Smaller than normal strength postural responses are the most evident abnormality 
of postural responses to external perturbations in PD. PD is linked to less stability 
in response to perturbations in all directions, but the difference is greatest in the 
backward direction (Carpenter et al. 2004). Postural response latencies are normal in
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individuals with PD despite the slowness to produce force and lower peak forces of 
postural responses, especially as the disease advances with increased bradykinesia 
and more falls. These findings also show that bradykinesia and akinesia significantly 
impact the rate of development and maximal muscular torque exerted by postural 
reactions (Horak et al. 1996). 

Patients with Parkinson’s disease also exhibit abnormal muscle activation pat-
terns in response to postural responses (Horak et al. 1992). For example, when 
using a feet-in-place ankle strategy, control subjects and subjects with Parkinson’s 
disease activate a distal to proximal pattern of muscle activation. Contrary to control 
subjects, individuals with PD frequently add short bursts of muscular activation in 
muscles that are antagonistic to one another, causing coactivation that would stiffen 
joints. However, antagonist muscle activation stops when people with Parkinson’s 
disease take levodopa medication. As a result, postural response muscle activation 
temporal patterns resemble normal, and joints are less rigid, even though levodopa 
does not increase the magnitude of postural responses to normal levels. 

When responding to large forward perturbations, the body uses its hip, trunk, and 
knee joints and its ankle joint motion to restore equilibrium quickly. Individuals with 
PD keep their joints rigid, whereas control patients flex the hips/trunk in response 
to sideways perturbations and the knees in reaction to backward perturbations 
(Horak et al. 2005). Due to this rigidity, the same disturbances result in higher body 
displacements. 

Lack of protective arm reaching reflexes to postural perturbations may also be 
caused by rigidity of joint mobility and decreased kinesthesia. When their postural 
stability is disturbed, healthy participants respond quickly and automatically, flexing 
or extending and abducting their shoulders. Hence, their arms lead their trunks 
and are likely to fall to the ground if their postural adjustments are ineffective. 
However, despite the PD’s much earlier beginning of deltoid muscle responses, 
this did not provide any practical protection since the PD’s arm motions were 
irregularly oriented, slower moving, and had smaller peak displacements (Carpenter 
et al. 2004). 

3.5 Quiet Standing 

For balance, the postural control system needs information about the relative 
positions of body segments and the magnitude of forces acting on the body. Simply 
put, the task of the postural control system is to maintain the horizontal projection 
of the individual’s CoM within the base of support defined by the area of the base of 
the feet during static upright posture. Stability is achieved by generating moments 
of force on the joints of the body to counteract the effect of gravity or any other 
disturbance in a continuous and dynamic process during the permanence of a certain 
posture. For balance regulation, the system needs information about the relative 
positions of body segments and the magnitude of forces acting on the body. For this, 
the body can use three sensors: somatosensory, visual, and vestibular. These sensors
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act in a complex, integrated, redundant, and differentiated way for each disturbance 
on the human body. The passive properties of the musculoskeletal system, especially 
the rigidity of biological structures, also play an important role in maintaining 
balance. The control of postural balance in a person is highly affected by the nature 
of the task, the environmental conditions, and the sensory information available. 
Body sway during upright posture is usually investigated using a force plate, a 
measuring instrument on which subjects remain standing during the experiments. 
The most common variable to analyze this oscillation is the position of the center of 
pressure (CoP), the point of application of the resultant forces acting on the support 
surface. The displacement of the CoP represents a sum of the actions of the postural 
control system and the force of gravity. 

Sway is also increased in many neurological diseases impacting sensory and/or 
motor systems. Postural control during quiet standing is controversial in individuals 
with PD. While some studies show that postural sway can be abnormal before 
levodopa administration (Mancini et al. 2011) and even in the prodromal period 
(Maetzler and Hausdorff 2012), other studies show that it is similar to normal 
(Bronte-Stewart et al. 2002), at least at the earlier stages (Frenklach et al. 2009). 
The increased mediolateral sway in PD has been a more persistent result (Mitchell 
et al. 1995), associated with a history of falls (Visser et al. 2008). It is still unclear 
what the underlying mechanisms involved in freezing of gait (FoG) and postural 
control are. Quiet standing is largely similar between freezers and nonfreezeres, but 
the susceptibility for backward postural instability in people with FoG increases (for 
a review, see Bekkers et al. 2018a). 

Individuals with severe PD frequently suffer from standing on unstable surfaces 
(Frenklach et al. 2009), which suggests reduced proprioception (Bronstein et al. 
1990). In addition, there is growing evidence that the basal ganglia are related to 
reduced tactile discrimination (Tagliabue et al. 2009), suggesting that supraspinal 
circuits could be responsible for abnormal sensory integration for postural control 
in PD. 

Patients with PD, whether in the ON or OFF state, exhibit an initially rigid 
strategy independent of the conditions of their surface support, changing gradually 
over time and with several repeats (Horak et al. 1992). This rigidity also explains 
why PD patients frequently experience less improvement than anticipated with 
manual assistance and find it challenging to benefit from canes and walkers without 
extensive training. 

3.6 Prolonged Standing 

Daily activities like waiting in line or talking to someone usually involve standing 
for a long time (more than a few minutes). In working conditions as well as in activ-
ities of daily living, some people remain standing for a long time, mostly confined 
to a small area. In the natural standing posture, people usually adopt asymmetrical 
postures and change their body position periodically while maintaining a relatively
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fixed body posture. The continuous, slow, low-amplitude oscillation is commonly 
interrupted by postural changes characterized by rapid and wide-ranging movements 
(Duarte et al. 2000). These postural changes are thought to be performed to alleviate 
the discomfort caused by psychological (tension, mental stress, and decreased 
motivation and concentration) and physiological factors (increase of venous pooling 
in the lower extremities, occlusion of blood flow, vertigo, muscular fatigue, and 
increased joint pressure) (Cavanagh et al. 1987; Edwards 1988; Kraemer et al. 
2000). In this sense, during prolonged standing, postural shifts and an increase in 
body sway are considered effective responses of the postural control system to carry 
out the activity with the least amount of effort. Less postural changes and sway areas 
are conservative strategies (de Freitas et al. 2009). Aging reduces the adaptability of 
postural control, resulting in fewer postural shifts and, as a result, less body sway 
(Duarte and Sternad 2008). Even though standing still for a long period is a common 
task in people’s daily lives, it can present a high degree of difficulty for those with 
balance deficits, such as individuals with PD. Moretto et al. (2021) compared the 
postural control during the prolonged posture of individuals with PD to healthy 
individuals. Their results show that individuals with PD reduced body sway (smaller 
sway area), faster sway, and postural control complexity compared with the control 
group during prolonged standing. These results indicate impaired adaptation and 
a lack of postural control to produce a sufficient response in individuals with PD 
during prolonged standing. Faster sway during prolonged standing in Parkinson’s 
disease is an aging effect, implying a decline in neural processing and delayed 
muscle activation, which affects feedback and feedforward control and reduces 
sway. 

3.7 Dynamic Balance During Walking 

The gait pattern altered by PD is one of the motor signs that most affect the quality 
of life of individuals with PD, with more than 50% of falls in these individuals 
occurring during gait (Lord et al. 2017). The gait of individuals with PD tends to 
be slower, characterized by narrow and short steps, flexed trunk, little or no arm 
swing, and slow and spasmodic turning (Mancini et al. 2019). When analyzing 
the spatiotemporal parameters of gait in individuals with PD compared to healthy 
individuals (Fig. 3.4), studies have shown decreased speed (Cheng et al. 2014; 
Mondal et al. 2019; Morris et al. 1999), increased number of steps (Mondal et 
al. 2019), decrease in step length (Cheng et al. 2014; Mondal et al. 2019), and 
stride length (Mondal et al. 2019); shorter duration of the swing phase and unipedal 
stance phase (Mondal et al. 2019); and longer duration of the double support phase 
(Mondal et al. 2019; Sofuwa et al. 2005). Galna et al. (2015) evaluated 16 gait 
parameters of individuals with PD in the early stages and identified that 12 were 
different between older adults with PD and neurologically healthy older adults. 
These differences are in the measures of step speed, step length, variability of swing 
phase duration, stance phase duration, stride duration, stride length, and stride width,
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Fig. 3.4 Subdivision of the gait cycle illustrating the differences in the spatiotemporal parameters 
of the gait of an individual with Parkinson’s disease to neurologically healthy individuals. The red 
color indicates worse indices for PD. The up arrow indicates an increase, while the down arrow 
indicates a decrease 

in stride duration time and stride phase duration, stance and asymmetry of step 
duration, and swing phase and stance phase. 

Regarding kinematic parameters of gait in PD, studies indicate a lower range of 
motion of the hips in the coronal plane and of the pelvic obliquity, lower range of 
flexion-extension of the knees with a high degree of flexion in the initial contact, and 
the stance phase; and greater ankle dorsiflexion during the stance phase, compared to 
healthy individuals (Pistacchi et al. 2017; Sale et al. 2013; Zanardi et al. 2021). Our 
group analyzed the joint angles of the lower limb of individuals with PD compared 
to healthy individuals (Fig. 3.5). Our results show greater differences in the distal 
joints to the proximal ones. Albani et al. (2014) found that individuals in the early 
stage of PD have lower ankle power during terminal stance compared to healthy 
individuals and a lower maximum dorsiflexion moment during the stance phase. 
Morris et al. (2005) found a significant reduction in range of motion in the sagittal 
plane of the hip, knee, and ankle joints, in addition to lower pelvic obliquity and 
rotation, and reduced hip abduction in individuals with PD compared to healthy 
older adults. 

Individuals with PD have deficits in gait at a constant speed (Hausdorff 2009), 
and in gait planning and modulation in challenging tasks (Rochester et al. 2014; 
Vitorio et al. 2010, 2013, 2014). This indicates that PD affects gait automation, 
defined as the ability of the nervous system to stably control gait with minimal 
use of attentional resources (Clark et al. 2014; Schneider and Shiffrin 1977). 
Furthermore, it is suggested that this deficiency in gait automation is responsible 
for increased variability in spatiotemporal gait parameters and greater activation of 
prefrontal cortical regions during locomotion of individuals with PD compared to
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Fig. 3.5 Angular kinematics during the gait of the Parkinson’s disease group in the ON medication 
(grey) and the age-matched healthy elderly control group (red). Mean and standard deviation of 
the angular displacement of the pelvis, hip, knee, and foot joints in the three joint axes of the most 
affected limb. The hatched areas indicate the difference between the groups 

their neurologically healthy peers (Hausdorff 2009; Maidan et al. 2016; Peterson 
and Horak 2016). 

Regarding the effect of the medication on the gait of individuals with PD, in 
general, during the ON state of the medication, the self-selected gait speed increases 
(Curtze et al. 2015; Mondal et al. 2019). However, during gait in the OFF state, 
individuals with PD show greater cortical activation when compared to healthy 
individuals (Stuart et al. 2019), which could be a possible explanation for the change 
in gait speed as an effect of medication. In a recent study, Orcioli-Silva et al. (2021) 
identified lower activation of the prefrontal cortex in subjects with PD in the OFF 
state during obstacle clearance compared to activation during unobstructed gait, 
an effect that was reversed after drug ingestion. On the other hand, the authors 
identified that individuals with PD in the ON state showed an increase in prefrontal 
cortex activation during gait with overcoming obstacles when compared with activa-
tion during unobstructed gait. Furthermore, it was identified that medication-related 
changes (i.e., ON–OFF) in posterior parietal cortex activation were associated with 
medication-related changes in step length for both walking conditions. These results 
suggest that dopaminergic medication may facilitate the recruitment of attentional-
executive resources from the prefrontal cortex in challenging situations (overcoming 
obstacles), in addition to increasing sensorimotor integration (increased activation 
of the posterior parietal cortex) during gait. Furthermore, Gilat et al. (2017) showed  
that individuals in the ON state of the medication show improvement in gait 
automaticity, with greater cerebellar activation at times of greater gait variability.
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Furthermore, their results showed a high correlation between attentional cortical 
participation and step time variability in the OFF state, without the same correlation 
occurring in the ON state. 

On the other hand, some authors argue that the increase in gait speed in the 
ON state may result not only from improved automatism but also increased task 
engagement from dopaminergic signaling in the perception of effort (Albin and 
Leventhal 2017). For example, Mazzoni et al. (2007) showed that individuals with 
PD, compared to healthy individuals, are more likely to move more slowly (lower 
motor vigor) when the energy demands of movement increase. That is, they present 
a possible alteration in the mechanism of perception of effort and reward to healthy 
individuals. On the other hand, Chong et al. (2015) showed that individuals with PD 
in the ON state were willing to invest more effort in a given task than individuals in 
the OFF state. The authors then concluded that medication motivated the behavior 
of individuals who chose to exert greater effort while performing the task. Thus, 
regardless of which dopaminergic signaling pathway acts (motor or motivational), 
there is a consensus in the literature that drug treatment can increase gait speed in 
individuals with PD. 

Despite the consensus in the literature about the improvement in gait speed in 
people with PD treated with levodopa, when specifically analyzing spatiotemporal 
parameters such as stride length, cadence, step initiation, step time, gait phases, 
among others, the results are not always consistent. For example, Curtze et al. 
(2015) showed that individuals increased stride speed and length in the ON state 
without influencing cadence, step initiation, double support time, and swing time. 
Mondal et al. (2019) showed that in the ON state, there was a decrease in the number 
of steps, an increase in step length, an increase in stride length, and a decrease 
in double support time. In the same study, the medication did not affect cadence, 
single-leg stance time, step time, cycle time, swing time, and base of support width. 
This variety of results makes it difficult to conclude anything about the effect of 
dopaminergic medication on spatiotemporal gait parameters. While Curtze et al. 
(2015) argued that levodopa improves gait without changing parameters related to 
its dynamic stability, Mondal et al. (2019) discussed that parameters related to gait 
rhythm are resistant to levodopa and parameters that require caloric expenditure 
(i.e., stride length) are sensitive to medication. 

The pathological substrates of gait impairments in PD are still not fully under-
stood. However, it is suggested that the degeneration of dopaminergic neurons in 
the substantia nigra with projection to the basal nuclei affects gait, as these brain 
structures are responsible, among other functions, for context-specific adaptation, 
motor coordination, body posture, and gait automation (Mancini et al. 2019). 
Furthermore, alterations in the cerebral cortex in the generation and propagation 
of neural rhythms have also been identified as involved in the locomotor deficits 
of individuals with PD (Arbuthnott and Garcia-Munoz 2009; Galna et al. 2015; la  
Fougere et al. 2010).



3 Postural Control in Parkinson’s Disease 51

3.8 Conclusion 

Poor balance control and postural instability are among the most incapacitating 
aspects of PD. Balance issues in PD go beyond simply being a symptom of 
motor failure. Balance issues in PD result from dysfunctions in the cognitive, 
emotional, sensory, and autonomic systems. The regulation of balance involves a 
wide variety of brain networks. The basal ganglia play four key functions: posture-
movement coupling, energization/scaling (vigor), automatization, and context-
dependent adaptability. Multiple components of balance regulation, such as standing 
balance, reactive postural responses, anticipatory postural changes before gait 
initiation, and dynamic balance during walking and turning, are all affected by PD: 

(a) FoG and falls go together frequently. More balance impairments are present in 
freezers than in nonfreezers, especially during dynamic balance during walking 
and anticipatory postural adjustments. 

(b) PD have delayed, hypometric, and rigid anticipatory postural adjustments 
before step initiations. 

(c) Although PD has normal onset latency, postural responses to external perturba-
tions are weak and slow. 

(d) Limits of stability are lowered, particularly in the forward motion. 
(e) The axial tone is higher than usual, and increased neck tone is associated with 

decreased functional movement. 
(f) Proprioception may be difficult for PD to integrate for standing balance swiftly. 
(g) Parkinsonian gait shows slow, shuffling, and variable steps. 
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