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Abstract

People with Parkinson’s disease (PD) suffer from progressive impairment in their mobility.

Locomotor and balance dysfunction that impairs mobility in PD is an important cause of physical

and psychosocial disability. The recognition and evaluation of balance dysfunction by the clinician

is an essential component of managing PD. In this review, we describe a framework for

understanding balance dysfunction in PD to help clinicians recognize patients that are at risk for

falling and impaired mobility.
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Introduction

Falls in the elderly and in people with Parkinson’s disease (PD) have a multifactorial

causation but balance impairment is a major contributor to this important problem.1 Falls

and impaired mobility are frequent sources of disability and impact quality of life in

individuals affected by PD. The resultant loss of independence and the costs of injuries

significantly add to the healthcare expenditure associated with PD.2 Thus, the evaluation and
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early recognition of balance dysfunction by the clinician is an essential component of

managing PD.

Balance control and postural control are often used interchangeably. Postural control aligns

the body with respect to gravity, the support surface and the visual environment and

stabilizes the center of mass (CoM) of the body relative to its base of support during daily

activities.3

In this review, we describe a framework for understanding balance dysfunction in PD. As

shown in Figure 1, balance dysfunction can be characterized by 4 main postural control

systems: 1) balance during quiet stance, 2) reactive postural adjustments to external

perturbations, 3) anticipatory postural adjustments in preparation for voluntary movements,

4) dynamic balance during movements such as walking. We also summarize the effects of

cognitive dysfunction, levodopa and DBS on postural stability in PD.

Balance during quite stance

Postural alignment

In order to achieve postural control, the body must be oriented with respect to gravity, the

support surface, the environment and the task at hand.3 As PD progresses, patients stand

with an increasingly narrow stance, stooped posture with rounding of the shoulders and

flexion of the hips and knees, reflecting increased flexor tone.4 This classic stooped posture

is the most common postural deformity observed in individuals with PD. Interestingly, when

healthy people voluntarily assume this flexed posture, their postural stability especially in

the backwards direction becomes impaired.56 The etiology of the postural misalignment in

PD is not clear. Background muscle tone is larger than normal in people with PD, especially

in flexor muscles, which could contribute to their flexed posture.4 A tilted or inaccurate

internal representation of verticality could also result in postural alignment that is not

aligned with gravity.3 This altered sense of verticality may relate to impaired proprioception

and affect the position of the body center of mass over the base of support, making patients

more vulnerable to falls.78 In addition to the characteristic flexed posture, up to one third of

PD patients have deformities of their neck or trunk that may include camptocormia,

anterocollis, Pisa syndrome and scoliosis.9–12 As reviewed by Doherty et al, many etiologies

may exist for these more marked trunk abnormalities. Unpublished data from our laboratory

indicates that abnormal postural alignment need not signify abnormal balance or postural

responses.

Sway

During quiet stance, the center of mass is located within a base of support defined by the

feet. However, the body is not entirely still, there is continuous movement of the center of

mass termed “postural sway”. Postural sway represents a state of complex sensorimotor

control loops that contribute to balance control.13

Sway can be measured by a force plate, that detects fluctuations of the center of pressure

(CoP), or by accelerometers that detect fluctuations of the body center of mass (CoM).14
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The variation in sway can be characterized by a number of variables such as sway area,

velocity, frequency and maximum direction of sway.15

Depending on the size of the base of support, more or less postural sway can be tolerated.

For example, less sway of the body CoM is tolerated when attempting to balance on one foot

compared to standing with two feet far apart. Sway during quiet stance is increased with

aging and more so in elderly people who fall.16 Sway is also increased in various

neurological disease affecting sensory and motor systems including multiple sclerosis,17

cerebellar disease,18 peripheral neuropathies19 and stroke.20 Increased sway, particularly in

the medio-lateral direction is associated with falls in a number of conditions, including

PD.21–23

Postural sway can be abnormal in persons with PD, long before clinically evident balance

impairment and prior to taking levodopa.14,24,25 In PD, postural sway tends to be of higher

velocity, higher frequency, and larger in the lateral direction than in normal controls.

Although closing the eyes while standing quietly increases sway in most people, postural

sway with eyes closed is significantly different between patients with PD and age-matched

controls.14,24

Standing balance is commonly thought to be an automatic process, largely independent of

cortical control. However, performing another cognitive or motor task while standing, so

called “dual-tasking,” increases postural sway area and velocity, especially in patients with

PD.26This observation indicates that higher cortical function is important in maintaining

balance even when standing quietly.27,26

Treatment with levodopa increases postural sway in patients with advanced PD.28 Some of

the increase in sway may be attributed to levodopa-induced dyskinesia.29 Levodopa-induced

dyskinesia may, in fact, be part of the reason that PD patients fall when “ON.”30

Pallidotomy or deep brain stimulation (DBS) with electrodes targeting the globus pallidus

interna (GPi) decreases sway, whereas more variable effects on sway are reported for

electrodes in the subthalamic nucleus (STN) (Figure 2).31,25,32

Sensory weighting

The ability to maintain a stable upright stance depends upon a complex integration of

somatosensory, vestibular and visual stimuli with motor, premotor, and brainstem systems.

In a healthy person, the somatosensory system contributes 70% to control of postural sway,

whereas the vestibular and visual systems contribute 20% and 10% respectively.33 Sensory

re-weighting is an adaptive process that changes dependence upon different sources of

sensory input when the environmental conditions change. For example, when standing on an

unstable surface with eyes closed, healthy individuals’ vestibular systems can contribute

100% to control postural sway.33 Although they generally have no problem standing with

eyes closed, individuals with severe PD often have difficulty standing on an unstable surface

with eyes closed.23 However, this does not necessarily mean that they have difficulty using

vestibular information for balance.23 Instead, this may indicate an inability to rapidly change

sensory weighting for different situations.34,35 In addition, people with PD have difficulty

recognizing small changes in surface orientation which suggests reduced proprioception.36
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Limits of Stability

The biomechanically determined limits of stability during stance are the maximal

displacement of the body center of mass (CoM) in various directions without falling or

having to take a step. The extent to which a person can lean toward these biomechanical

limits of stability is also affected by the person’s confidence in their ability to return their

CoM over their base of support. In PD, these perceived limits of stability are reduced,

especially in the forward direction, and movement to the limits of stability are slower.37 The

slowness of leaning may be related to fear of falling during this leaning task.38 Levodopa

increases the perceived limits of stability and the speed with which they are reached.37

Dynamic limits of stability during walking take into account both the relative position and

the velocity of the body center of mass over its base of support.39 Patients with PD actually

fall faster than control subjects in response to an external perturbation; their body CoM gets

closer to their limits of stability before they reverse CoM displacement with their reactive

postural responses.40

Reactive (Automatic) Postural Adjustments

Reactive postural adjustments are movements to recover balance in response to an external

perturbation of the body’s CoM. At times, the postural response to a perturbation may be

due to a perception of instability rather than to actual disequilibrium.41 Reactive postural

adjustments involving corrective stepping movements are tested by the pull test used in the

Unified Parkinson’s Disease Rating Scale (UPDRS) or by the Push and Release test.42

Postural Strategies

Balance recovery can be achieved by various combinations of arm, hip, knee and ankle

movements. In this review, we focus on three main strategies: 1) The ankle strategy consists

of movement about the ankles starting with the distal muscles: tibialis anterior (in response

to backward tilt) or gastrocnemius (in response to forward tilt). The ankle strategy is

effective to regain upright stability when a person is on a firm surface and the perturbations

are small.43 2) The hip strategy, which consists of quick movements about the hips and use

of the arms to achieve upright balance, is a more conservative strategy that is commonly

used by elderly subjects or in situations with a more precarious support surface. 3) The

stepping strategy consists of taking a quick step to place the leg under the falling CoM, is

usually accompanied by arm movements, and is the strategy that is used to recover from a

large perturbation. Until recently, it was believed that stepping is used when the “in place”

strategies above are not sufficient to regain upright balance.3 We now understand that

stepping can occur early, when disturbances are small and before limits of stability have

been reached. This strategy is also often accompanied by a reaching strategy, in which the

arms make contact with a support surface to increase the base of support.44 The ankle and

hip strategies have very short, 100 ms latencies, whereas the stepping strategy latency is

longer (approximately 250 ms) and is more affected by voluntary intervention.44

Although the latency of ankle strategy postural responses is normal in PD, maximum force

is reached more slowly and is reduced, especially when a subject is “OFF”.40 This

bradykinetic postural response causes the CoM to be returned to within the limits of stability
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more slowly or not at all, putting the individual at risk for falls. Abnormal muscle activation

with excessive co-contraction and short duration bursting is associated with these weak

postural responses.40,45

Stepping responses for postural correction are late and smaller than normal in PD, as can be

seen during the backward pull test of the UPDRS or push and release test.42,46 The

protective steps in individuals with PD may not be large enough to arrest the movement of

the CoM; thus requiring further steps producing propulsion (if the CoM is displaced

forward) or retropulsion (if the CoM is displaced backwards). Whereas healthy individuals

produce a compensatory step with no or one anticipatory postural response, PD subjects,

especially those with freezing of gait, often have several anticipatory postural adjustments

before stepping.46 This delays the step, is associated with “trembling of the knees” and

increases their risk of falls.47 Similar to voluntary steps, the size of automatically triggered,

protective stepping responses are improved by visual cues.48

Adaptation of Postural Responses

Postural responses rapidly adapt to changes in the support surface.49 For example, if a

person is standing on a large, firm support surface, an ankle strategy is used to correct for

perturbations of the center of mass. If the subject then switches to stand on a narrow support

surface, the person immediately adopts a hip strategy because the ankle strategy is

ineffective with a narrow base of support. Individuals with PD, however, not only have

difficulty switching between strategies, but are also not able to appropriately scale the size

their postural responses to the size of the perturbations.34,50,40. The inflexibility of postural

responses when the biomechanical conditions change may reflect an important role of the

basal ganglia that is disturbed in PD.34,51

Dual-tasking impairs postural responses and thereby balance recovery, especially in older

people with neurological disorders like PD.52 The effects of dual-tasking appear to be on the

later phases of in-place responses, reducing the generation of peak forces required for

stabilization of the body.53 Dual-tasking also impairs stepping to regain balance (Table 1).54

Reactive postural adjustments have a variable responses to levodopa; in some studies they

are slightly improved55 and in other studies they may be significantly worsened.56 This

variability in response to levodopa may depend upon the severity of PD in the study

populations (Table 1). The effects of DBS on postural responses are also variable. In a

recent study, reactive postural adjustments in the “OFF” medication/off DBS condition 6

months after surgery were worse than the OFF medication state before surgery for patients

with electrodes in the STN; whereas electrodes placed in the GPi did not worsen reactive

postural adjustment.55 These effects of DBS on reactive postural adjustments may be part of

the reason that falls are increased after DBS in some reports (Figure 3).57,58

Anticipatory Postural Adjustments

Anticipatory postural adjustments (APA) are postural movements that precede voluntary

actions when upright, such as raising an arm or taking a step. The APA, in preparation for

stepping, moves the body CoM off of the stepping leg and then forward to allow the other
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leg to be un-weighted so that it can step. APAs function to preserve balance in anticipation

of internally-generated perturbations and assist in force generation for the voluntary

movement, e.g.; when opening a heavy door.

In PD, the magnitude of the APAs for self-initiated walking is reduced, resulting in longer

latencies or time until the stepping foot leaves the ground (Figure 4).59 A lateral postural

assist reverses this delay in the APA and the step.60 Sensory cueing, leading to externally-

initiated gait, increases the magnitude of the APA and allows the swing leg to leave the

support surface more quickly.61 Levodopa also increases the size of APA.61 DBS in either

the STN or GPi decrease the size of APAs after surgery, compared to before surgery (Table

1).62

Individuals with PD who have freezing of gait (FoG) are generally not actually frozen

(akinetic) but rather exhibit “trembling of the knees” that resembles multiple APAs in

preparation for stepping.63,64,65,66,47 The knee trembling is the basis for speculation that

there may be a problem with coupling the APA with a voluntary movement (a step).47 There

is much evidence that the postural adjustments that precede voluntary movements are

programmed separately and attached to the voluntary movement later in the process of

carrying out the movement.67 When walking, the normal frequency of leg movements is

about 1 HZ; whereas trembling movements of the knees occurs at 3 HZ or greater. This

trembling, when captured with accelerometers on the legs, is a method to quantify

freezing.66,68,69

Dynamic Balance during Walking

Walking poses a large challenge to balance as it requires appropriate foot placement and

axial control of lateral and forward stability to control a constantly shifting CoM. With each

step, the CoM is not only shifting from side to side to successively un-weight alternate legs,

but it is also moving forward beyond the anterior limits of stability.70 This forward

instability is arrested by a step that is placed in front of the CoM to keep a person from

falling forward. A failure to take a large enough step to arrest the forward movement of the

CoM requires additional steps to maintain balance. If the succeeding steps are too small to

arrest the forward movement of the CoM, festination or propulsion occurs. If this occurs on

backing up, it is termed retropulsion. Propulsion and retropulsion are a frequent cause of

falls in advanced PD.

Similar to a person’s perceived limits of stability while standing, gait speed may be a self-

imposed compensatory measure related to the balance confidence a person feels while

walking.71 Gait speed decreases with age and has been shown to correlate with falls.72 But

this slowing may be appropriate; even a healthy, young person slows their gait if walking

under conditions where balance is threatened, such as on a slippery floor.

In patients with PD, gait speed is decreased, stride length shortened and double support time

(time with both feet on the ground) is increased whereas cadence (steps per minute) remains

unchanged and at times, increased.73,74 These changes in gait may reflect bradykinesia, poor

balance or fear of falling (FoF) as the patient compensates to prevent falls.71 Reduced trunk

rotation and reduced and asymmetrical arm swing are some of the earliest signs of gait
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dysfunction in untreated PD.75 Lack of arm swing, itself, could impair dynamic balance

while walking.76 The challenges to balance during walking are increased by turning or

walking around obstacles. Even in the early stages of PD, individuals have turning deficits.

Turns are executed more slowly and with multiple steps.75,77,78 The slowing of turns while

walking is often where the first abnormalities of gait in PD become apparent in the clinic.

Gait variability is the stride-to-stride variation in stride length, stride time, double support

time or step width, measured as the standard deviation or coefficient of variation of the

average for each measure.79,80,81 Increased gait variability is associated with falls in the

elderly and in PD, suggesting it may result from foot placements needed to correct

perturbations to balance.82,83 Gait variability is independent of fear of falling and may, in

fact, be the best predictor of falls in the elderly.71 It is speculated that variability in stride

length and stride time may reflect dysfunction of locomotor pattern generators; and that

variability in double-support time and width of steps reflect neural balance circuits.79,84

Dual-tasking increases gait variability in older adults and this is particularly marked for

elderly with cognitive impairment.83 In PD subjects, dual-tasking decreases gait speed and

increases gait variability.85 (Figure 5) Interestingly, this increase (worsening) in variability

correlates with impaired executive dysfunction and not with memory impairment in PD

subjects.85

Both levodopa and DBS increase gait speed.78,86,87 Levodopa also reduces gait variability,

presumably enhancing dynamic stability.88,89 DBS in the STN plus levodopa further

reduced gait variability.90,87 The reduction in gait variability with DBS is in contrast to the

observed increase in falling associated with DBS in some studies.57

Cognitive Function for Balance and Gait

For balance control to be functional in complex daily activities, balance systems need to be

modulated by higher cortical centers to adapt posture to the changing environment and goals

of a person. This dependence of balance upon cortical control and attention is evident by the

degradation of performance of all balance systems with dual tasking (Table 1). For example,

asking a patient with PD to maintain their balance while performing serial 7s, increases their

postural sway, impairs their postural responses, reduces their anticipatory postural

adjustments, and increases their gait variability and slowing.91 The greater impairment of

balance control while dual-tasking in PD suggests automatic control is reduced so more

conscious attention is required.53

Executive function is increasingly recognized as important for balance control and

locomotion.92,93 These studies suggest that the medial frontal cortex may play an important

role in inhibiting inappropriate postural motor behavior and promoting set-switching which

is essential to postural responses. The observation that cortical function is important to

balance opens another potential therapeutic window. Preliminary evidence indicates that

elderly people can improve measures of balance with various forms of cognitive

therapy.94,52,95
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Fear of falling (FoF) occurs more frequently in PD than healthy individuals of similar age,

leads to activity restriction and significantly impacts quality of life.96,97 In healthy people

FoF or a postural threat, such as standing on a high surface, results in reduced postural sway

area, increased sway frequency associated with increased muscle co-activation, reduced

anticipatory postural adjustments, and use of a hip, instead of an ankle strategy for postural

correction.98 FoF also changes gait patterns by slowing gait speed and increasing duration of

double support.99

Conclusion

Identifying patients that are at risk for falling is an essential component of managing PD.

Balance control, as examined by sway while standing quietly, responses to perturbations

while standing, anticipatory postural responses preceding step initiation and variability of

gait are abnormal in PD and have been linked to a propensity to fall.

Levodopa and DBS improve some measures of balance but worsen others. Medical and

surgical therapies may affect measures in opposing directions, violating the clinical rule that

levodopa predicts the response to DBS (Table 1). The differences in the effects of levodopa

and of DBS in STN and GPi suggest that balance is mediated by several distinct circuits and

is only partly under the control of dopaminergic influenced motor circuits. Exploring

stimulation in different sites in the CNS, such as the pedunculopontine nucleus, or

examining the effects of other neurotransmitter systems, such as the cholinergic system, are

important for furthering our knowledge of balance dysfunction in PD.
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Figure 1.
Framework for balance dysfunction. Summarized here are the four domains that contribute to postural stability including quiet

stance, reactive postural adjustments, anticipatory postural adjustments and dynamic balance.
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Figure 2.
Postural sway during quiet stance. A. Subject standing on a foreceplate that measures fluctuations of CoP (postural sway), B.

Health Control subject, C. Subject with early PD with large sway area prior to initiation of treatment, D. Subject before and after

DBS in the GPi, demonstrating a reduction in sway area following surgery, E. Subject before and after DBS in the STN,

showing no significant change following surgery. (St George, et al, 2011).
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Figure 3.
Reactive (Automatic) Postural Adjustment. Although the latency is normal, maximum force is reduced and reached more slowly

in subjects with PD, especially when OFF. A. Subject standing on forceplate that is translated forward, resulting in backwards

body displacement. B. Center of pressure (CoP) displacement associated with dorsiflexion torque in a healthy control subject. C.

CoP displacement in a subject with DBS in the GPi illustrates how levodopa and DBS surgery decrease postural response. D.

CoP displacement in subject with DBS in STN shows how postural response decreases significantly following surgery.
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Figure 4.
Lateral anticipatory Postural Adjustments (APA) in preparation for a voluntary step. A. Subject standing on a forceplate

stepping forward. B. Healthy control subject. C. Early, untreated PD shows smaller APA and longer latency before stepping foot

leaves the ground. D. Example of APA in subject with DBS in the GPi illustrates how levodopa increases APA but after DBS

surgery APA decreases, even with levodopa. E. Example of subject with DBS in STN shows how levodopa increases APA, but

APA decreases following surgery.
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Figure 5.
Swing time (as a % of gait cycle) series in a healthy control and in a PD patient under usual walking condition and dual task

condition (subtracting backward by 7s). Coefficient of variation (CV=SD/mean) is reported for each condition. (Adapted from

Yogev G. et al., European Journal of Neuroscience, 2005)
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Table 1

Influences of Levodopa (L-Dopa), DBS in the Subthalamic nucleus (STN) or Globus Pallidus Internus (GPi)

and Dual Taking on Balance Systems

L-Dopa DBS Dual
Tasking

STN GPi

Quiet Stance ↑↓ ↓ ↑ ↓

Reactive Postural Adjustments ↓ ↓ ↓ ↓

Anticipatory Postural Adjustments ↑ ↓ ↓ ↓

Dynamic Balance ↑ ↑ – ↓

Upward arrows indicate improvement in the balance system, downward arrows indicate worsening of balance and arrows in both directions
indicate that improvement and worsening can occur, depending upon stage of disease.
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