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Freezing of gait: moving forward on a mysterious 
clinical phenomenon 
John G Nutt, Bastiaan R Bloem, Nir Giladi, Mark Hallett, Fay B Horak, Alice Nieuwboer

Freezing of gait (FoG) is a unique and disabling clinical phenomenon characterised by brief episodes of inability to 
step or by extremely short steps that typically occur on initiating gait or on turning while walking. Patients with FoG, 
which is a feature of parkinsonian syndromes, show variability in gait metrics between FoG episodes and a substantial 
reduction in step length with frequent trembling of the legs during FoG episodes. Physiological, functional imaging, 
and clinical–pathological studies point to disturbances in frontal cortical regions, the basal ganglia, and the midbrain 
locomotor region as the probable origins of FoG. Medications, deep brain stimulation, and rehabilitation techniques 
can alleviate symptoms of FoG in some patients, but these treatments lack effi  cacy in patients with advanced FoG. A 
better understanding of the phenomenon is needed to aid the development of eff ective therapeutic strategies.

Introduction 
Freezing of gait (FoG) is an often dramatic, episodic gait 
pattern that is common in advanced Parkinson’s disease 
(PD), other parkinsonian syndromes, and microvascular 
ischaemic lesions.1–3 FoG highly impairs mobility, causes 
falls,4,5 and reduces quality of life.6,7 The pathogenesis of 
FoG is not understood and empirical treatments are of 
poor effi  cacy. For these reasons, FoG is an important 
clinical problem. It is also a challenge to our 
understanding of the physiology of normal locomotion 
in humans and the pathogenesis of gait disorders in 
patients. 

In this Review, we describe the clinical features of and 
therapeutic approaches to FoG, discuss the physiology of 
locomotion in animals and humans, and consider 
hypotheses for the pathogenesis of FoG. This material is 
drawn, in part, from presentations and discussions at an 
international workshop (Freezing of gait: from clinical 
phenomena to basic mechanisms of gait and balance) on 
FoG held in February, 2010.

Clinical features 
Although classic FoG is easily recognised, to defi ne the 
phenomenon precisely is surprisingly diffi  cult. The 
defi nition accepted at the 2010 workshop of clinicians 
and scientists interested in FoG was “brief, episodic 
absence or marked reduction of forward progression of 
the feet despite the intention to walk.”8,9 This defi nition 
includes episodes in which the patient cannot initiate 
gait (“start hesitation”) and arrests in forward progression 
during walking (“turn” and “destination” hesitation), as 
well as episodes of shuffl  ing forward with steps that are 
millimetres to a couple of centimetres in length. The 
notion of FoG as an episodic phenomenon is important 
because it suggests transient disruptions of locomotor 
circuitry. Most commonly, FoG lasts a couple of seconds, 
but episodes can occasionally exceed 30 s.10 Rarely, FoG 
seems to be almost continuous, such that the patient is 
unable to generate any steps that are long enough to 
provide useful ambulation. 

Several important features can accompany FoG: (1) 
the foot or toe does not leave the ground or only barely 

clears the support surface; (2) alternate trembling of the 
legs occurs at a frequency of 3–8 Hz;11–13 (3) hastening, or 
an increase in cadence with a decrease in step length, 
often precedes FoG;14 (4) a subjective feeling of the feet 
being glued to the fl oor accompanies episodes of 
freezing; (5) FoG is commonly precipitated or relieved 
by various cues; and (6) FoG can be asymmetrical, 
aff ecting mainly one foot or being elicited more easily 
by turning in one direction.

If one or more of these associated features is universal 
to all episodes of FoG, they could provide important 
clues to its pathogenesis. Alternatively, some of these 
features could help with identifi cation of diff erent forms 
of the disease; that is, FoG might not be a single clinical 
phenomenon but represent several diff erent syndromes 
with diff erent underlying mechanisms. Along this line 
of reasoning and on the basis of clinical fi ndings, three 
diff erent patterns have been suggested: (1) trembling in 
place: alternating tremor of the legs (knees); (2) shuffl  ing 
forward: very short, shuffl  ing steps; and (3) complete 
akinesia: no movement of the limbs or trunk, but this 
pattern is uncommon.10 The bottom line is that the 
clinical and physiological heterogeneity of FoG prohibits 
a universally accepted defi nition.

The likelihood that FoG will occur depends on the 
situation. It most commonly occurs when a person is 
starting to walk, turning, passing through narrow 
passages, or approaching a destination such as a chair. 
Although less likely, FoG can also occur while walking 
straight ahead in open spaces. Environmental infl uences, 
along with emotional and cognitive situations, can have 
striking eff ects on FoG. Circumstances that precipitate 
FoG include approaching doorways, dual-tasking, 
distractions, crowded places, and being under time 
pressure. Circumstances that ameliorate FoG include 
emotion, excitement, auditory cueing at the proper pace, 
targets for stepping, and climbing stairs.15 One notion that 
might tie the precipitating and ameliorating features 
together is their eff ect on the patient’s attention. Conditions 
that distract the patient from walking will promote FoG 
and those that focus attention on stepping will reduce it, 
consistent with a cortical take-over of impaired subcortical 
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control of gait.16 An unanswered question is whether the 
conditions that precipitate and ameliorate FoG are 
important clues to its pathogenesis or whether they 
indicate com pensatory mechanisms used by the brain to 
overcome a more fundamental dysfunction causing FoG.

Festination while walking is defi ned clinically as a 
tendency to move forward with increasingly rapid, but 
ever smaller steps, associated with the centre of gravity 
falling forward over the stepping feet.8 James Parkinson 
was fascinated by festination. He described how the 
patient with PD was “thrown on the toes and forepart of 
the feet; being, at the same time irresistibly impelled to 
take much quicker and shorter steps …”17 The relation 
between festination and FoG is an important issue. If 
festination precedes most interruptions of ongoing gait, 
FoG could be viewed as a more general phenomenon of 
interruption of other motor tasks, such as repetitive hand 
movements or speech, in which similar events are also 
seen. However, it is diffi  cult to incorporate festination 
into the problem of gait initiation (start hesitation) 
encountered by most patients with FoG. Alternatively, 
festination might be another episodic, but separate, gait 
disturbance frequently present in patients with FoG.

Patients with PD are typically divided into those with 
and without FoG. However, neither history-taking from 
the patient and caregiver18 nor physical examination15,19 
can reliably determine whether a patient has FoG. In fact, 
the question is not only whether this simple grouping is 
feasible in practice and in scientifi c studies, but whether 
this division portrays the true nature of FoG. Perhaps it is 
better to score patients along a continuous spectrum of 
freezing severity, ranging from no freezing at all at one 
end, to severe FoG at the other end.15 To complicate 
matters, results from studies20,21 showed that healthy 
people could have brief episodes of alternate leg trembling 
with delayed step initiation resembling FoG if they had to 
wait for instructions about which leg to step with. 

FoG in PD is associated with disease severity and longer 
levodopa treatment2,3, although it can be seen early in the 
course of the disease and in untreated patients.22 Despite 
its relation to disease severity, FoG does not correlate with 
the cardinal features of parkinsonism: tremor, 
bradykinesia, or rigidity.22,23 This should not be surprising 
since FoG occurs in syndromes without parkinsonism,24 
or can be the fi rst presenting feature in parkinsonism. 
FoG does correlate with other midline signs, speech 
disturbance, and postural instability,22 and with cognitive 
decline, particularly executive dys function.25–27 Within 
executive dysfunction, set-shifting and confl ict resolution 
are particularly impaired in PD patients with FoG.26,28 
Visual abnormalities, depression, and anxiety are also 
more frequent in patients with FoG.22,27,29,30

Physiological characteristics
Continuous gait abnormalities 
Gait abnormalities are present between freezing episodes 
in patients with FoG. Locomotion in such patients is 

characterised by increased variability of step timing,31 
disordered bilateral coordination,31,32 and a reduction of 
stride amplitude.33 Patients with FoG also increase their 
cadence to abnormally high rates during a turn compared 
with patients without FoG and healthy individuals.34,35 
These continuous gait and turning defi cits are unrelated 
to disease severity or asymmetry,33,35,36 but are related to 
postural instability,37 suggesting that FoG and postural 
instability are in some way connected.4,5,8 The high risk of 
falling in patients with FoG might therefore result not 
only from FoG itself, but from the associated balance 
impairments. These gait and turning abnormalities are 
more pronounced in patients with PD when the 
dopaminergic drug eff ects are at their nadir (the patient is 
in the off  state), implicating a dopaminergic contribution 
to FoG in PD.37 This non-episodic or continuous gait 
defi cit (which aff ects the timing, scaling, and coordination 
of stepping) might culminate in FoG. This notion is 
supported by studies in which the spatiotemporal demands 
on gait were experimentally manipulated. Patients with 
FoG have more diffi  culty in adjusting their step length to 
a fast metronome beat than do those without FoG and, at 
higher frequencies, FoG might be induced in patients 
predisposed to FoG.38,39 Similarly, imposing very short 
stride lengths elicits a ‘sequence eff ect’: a step-by-step 
regression of amplitude that can lead to FoG in patients 
with PD who are predisposed to the phenomenon.33 The 
induction of an asymmetrical stepping pattern, such as 
that required during 180° turns, also leads to FoG, possibly 
as a result of a shorter step length required by the inner 
foot of the turning arc.10,13,15,35 Finally, in patients with PD 
who were treated with deep brain stimulation, a 50% 
reduction of subthalamic nucleus stimulation contralateral 
to the leg with the longer step length reduced FoG, 
presumably by induction of a more symmetrical gait.40 
However, it should be noted that the interlimb 
incoordination in patients is not limited to the legs—it is 
also present in the arms.41

Episodic abnormalities 
When a patient is walking forward, the physiological 
events immediately preceding and during an episode of 
FoG are characterised by one or more of the following 
features: (1) a profound and incremental decrease in 
stride length;33,42 (2) highly reduced joint ranges in the 
hip, knee, and ankle;42 (3) disordered temporal control 
of gait cycles, which is diffi  cult to distinguish from 
festinating steps;14,43 and (4) high-frequency alternate 
trembling-like leg movements (fi gure 1). Spectral 
analysis of these high-frequency leg oscillations shows 
that various abnormal power peaks occur in the 
frequency bands of 3–8 Hz.11,12,13,19 The complexity and 
unevenness of the energy spectrum aff ected cannot be 
explained by tremor. These leg oscillations are so 
common in episodes of FoG that they have been used to 
detect this phenomenon with ambulatory monitoring.13,44 
An important implication of these leg or knee 
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oscillations is that FoG is usually not just akinesia—
movement exists but it does not produce the desired 
goal of walking.12 

Electromyographic analysis of episodes of FoG 
confi rms the presence of abnormal activity,11 but also 
suggests that these episodes cannot be explained by 
increased co-contraction of lower-limb muscles or by 
tremor.11,43 Although highly variable patterns of muscle 
activation occur, the reciprocal activation of agonists 
and antagonists is preserved in most cases, but the 
onset and termination of muscle activation might be 
premature.11 Furthermore, electromyographic profi les 
of leg muscles immediately before an episode of 
FoG show hastening and decreasing bursts of 
gastrocnemius activity.43 

With the exceptions noted above, capturing FoG in the 
laboratory has generally been diffi  cult, so few physiological 
recordings of start hesitation and freezing during walking 
exist. However, new methods to induce FoG in the 
laboratory18,45 and ambulatory devices for capturing FoG13 
should soon expand its physiological characterisation.

Freezing in other motor tasks 
Freezing is not restricted to locomotion. Motor blocks 
have been reported to occur in alternating repetitive 
movements of the fi ngers46,47 and during speech.48 The 
kinematic patterns of upper-limb freezing resemble 
those of FoG and their severity correlates with the 
severity of FoG (fi gure 2).47 The high-frequency 
components and gradual reduction in amplitude of 
fi nger fl exion during the episode of freezing are features 
that overlap with FoG (fi gure 2).47 These fi ndings suggest 
that some types of FoG might be related to a general 
motor defi cit aff ecting the timing–amplitude control in 
diff erent movement eff ectors and are not restricted to 
the locomotor network. 

Locomotion and balance circuits
Freezing during walking involves either or both of two 
concomitant motor control processes: balance and 
locomotion. Balance controls postural (axial) tone, giving 
stability to the upright stance and allowing rhythmic 
movement of the legs to propel the person through the 
environment. Balance and locomotion are not just motor 
systems; the aff erent systems that provide sensory 
feedback to the balance and locomotor generators are 
also crucial to normal function. Thus, disruption in many 
areas of the CNS could be responsible for FoG.

The basic pattern of locomotion—that is, the rhythmical 
movement of the legs—is generated in the spinal cord. 
Central pattern generators for locomotion are networks 
of neurons that, in humans, seem to be dispersed over 
several spinal segments.49 FoG could be caused by 
disrupted descending control of these spinal networks.

A hierarchy of supraspinal regions sends descending 
control signals to the spinal central pattern generators to 
modify the stereotyped locomotor pattern generated by 
these networks (fi gure 3). This supraspinal control is 
necessary for initiating gait, turning, stopping, avoiding 
obstacles, and otherwise adapting locomotion to the 
person’s goals—the same situations that tend to induce 
FoG. The most important supraspinal regions involved 
in locomotion are the pontomedullary reticular formation, 
the mesencephalic locomotor region (MLR), the basal 
ganglia, and frontal cortical regions. 

The brainstem reticular formation is composed of 
many nuclei and is the origin of several descending 
pathways to the spinal cord.50 The medullary reticular 
formation sends an important glutamatergic facilitatory 
pathway to the spinal central pattern generators.51 
Other excitatory pathways arise from the median raphe 
and parapyramidal region serotonergic neurons, locus 
coeruleus noradrenergic neurons, and lateral 
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Figure 1: Illustration of FoG in a patient with Parkinson’s disease
The tracing shows the angular displacement of the knees (% maximum knee angle) measured with an eight-camera Vicon optical motion capture system during a 
gait trial with FoG. The gait cycles before the freezing episode show a progressive decrement of step length as indicated by the dashed arrows. During the episode of 
FoG, irregular, rapid knee trembling is apparent. FoG=freezing of gait. 
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hypo thalamus dopaminergic neurons.51 The serotonergic 
neurons from the parapyramidal region are particularly 
important because they are among the fi rst to stimulate 
locomotion during development and are also active 
during locomotion in adult animals.51 Serotonergic 
antagonists reduce or abolish locomotor patterns in 
rodents, but the contribution of serotonergic pathways to 
FoG in humans is unknown.51 

Descending inhibitory infl uences from the medullary 
reticular formation are also important for postural tone 
and stability. Activity in this inhibitory pathway is 
modulated by cholinergic input from the pedunculo-
pontine nucleus (PPN). The stimulation of PPN 
cholinergic neurons induces atonia in decerebrate cats.50,52 

The MLR is a region of the midbrain that, when 
stimulated, increases postural tone and induces 
stepping, or even running, in the decerebrate cat.53 
Coordination between anticipatory postural adjustments 
and stepping probably occurs in the MLR as well, 
because the activity of some MLR neurons is correlated 
with both postural and stepping movements.54,55 

The major nuclei of the MLR are the PPN pars compacta 
(PPNc) and PPN pars dissipata (PPNd), the cuneiform 
nucleus, and the subcuneiform nucleus. The PPNc is 
mainly cholinergic, whereas the PPNd includes 
cholinergic, glutamatergic, GABAergic, and even 
noradrenergic and dopaminergic neurons. The PPN 
provides descending inputs to the pontomedullary 
reticular formation and to the spinal cord. It is also 
connected rostrally to the basal ganglia and the 
thalamus.56,57 Which of these nuclei is actually the MLR is 
debated. Recordings from humans show that there is a 
modulation of activity in subcuneiform neurons with 
mimicked locomotion.58 The cholinergic neurons of the 
PPN are particularly important for gait, as shown by 
several observations: (1) more degeneration of cholinergic 

neurons in patients with PD who have impaired balance; 
(2) balance defi cits in 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP)-treated monkeys with a loss of 
cholinergic neurons; and (3) posture and gait 
abnormalities induced in monkeys with cholinergic 
lesions in the PPN.59

Corticostriatal activity, facilitated by striatal dopamine, 
is important in determining which motor programmes 
are active at any point in time. Brainstem motor 
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Figure 2: Example of freezing during repetitive fi nger movement 
The angular displacement of alternating right and left fi nger fl exion (% maximum fl exion angle) measured with potentiometers placed on the fi ngers is shown 
during a trial with upper-limb freezing. The disturbance of the regular motion preceding the freezing episodes is characterised by amplitude regression as indicated by 
the dashed arrows. During the episode, irregular fi nger trembling is apparent.
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Figure 3: CNS circuitry controlling locomotion and balance 
5-HT=serotonin. ACh=acetylcholine. CN=cuneiform nucleus. CPG=central 
pattern generator. DA=dopamine. Glu=glutamate. MLR=mesencephalic 
locomotor region. NA=noradrenaline. PPN=pedunculopontine nucleus. 
PMRF=pontomedullary reticular formation. SCN=subcuneiform nucleus.
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programmes are usually suppressed by tonic inhibition 
from the basal ganglia and excited by direct cortical 
input.60 The activation of selected motor programmes 
follows the integration of cognitive, sensory, and limbic 
cortical inputs to the striatum and consequent 
disinhibition of the appropriate brainstem motor 
systems.60–62 The basal ganglia output to the MLR is 
largely via the globus pallidus interna (GPi) in humans,56,57 
mediated by GABAergic neurons that tonically inhibit 
the MLR. Direct injections of GABAergic antagonists 
into the MLR can initiate locomotion.60,62 Facilitation of 
the corticostriatal input by dopamine is critically 
important because dopaminergic replacement reduces 
FoG in patients with PD.10 

The frontal cortex projects heavily to the brainstem 
reticular nuclei and the striatum, and is important for 
both postural control and locomotion.63 Although a 

decerebrate cat can walk on a treadmill, its locomotion 
is stereotyped, showing no adaption to the environment 
or to the animal’s goals. Under normal circumstances, 
neurons in the primary motor area, the premotor cortex, 
and the supplementary motor area fi re in relation to 
stepping and postural adjustments.64,65 These cortical 
neurons, which project directly to the pontomedullary 
reticular formation and the spinal cord,64 are envisioned 
as excitatory, balancing the inhibitory infl uences of the 
basal ganglia.60 Clinicians recognise the particular 
importance of the frontal cortex and the basal ganglia in 
higher level gait disorders that often include FoG.66 
However, other cortical areas are also important in the 
control of gait, as shown by the eff ects of emotion and 
sensory inputs on walking in people with FoG. 

Neuroimaging of walking
The importance of the balance and locomotor network 
identifi ed physiologically has been supported by 
functional imaging studies in man during actual or 
imagined walking. The table summarises the brain areas 
activated during normal gait. 

Functional imaging has also been used to compare 
patterns of activation between healthy people and patients 
with PD. Using SPECT to compare patients with PD to 
age-matched controls, researchers found less activity in the 
left medial frontal area, the right precuneus, and the left 
cerebellar hemisphere, and increased activity in the left 
temporal cortex, the right insula, the left cingulate cortex, 
and the cerebellar vermis during walking.67 Transverse 
lines on the walking surface, which are known to improve 
walking in patients with FoG, led to increased activation of 
the lateral premotor cortex, suggesting the importance of 
compensatory mechanisms to initiate and maintain 
walking in patients with PD.72 Similarly, SPECT scanning 
during walking in patients with gait disturbances attributed 
to small vessel disease (vascular parkinsonism) showed 
relative underactivation of the supplementary motor area, 
the thalamus, and the basal ganglia, with relative 
overactivation of the premotor cortex.73 A comparison of 
fMRI activation during imagined walking in patients with 
PD and matched controls showed less activation in the 
superior parietal lobule and the anterior cingulate cortex of 
patients.74 When the patients were divided into those with 
and without FoG, patients with FoG showed more 
activation in the posterior mid-mesencephalon than those 
without, with a trend to decreased activity in the mesial 
frontal and posterior parietal cortices.74 Structural changes 
in the midbrain—specifi cally, decreased grey matter in a 
part of the MLR—have also been suggested in patients 
with FoG.74 Additionally, diff usion tensor imaging points to 
decreased connectivity between the PPN and the 
cerebellum in patients with PD and FoG.75 

Clinical–pathological correlations
Although structural lesions or pathological processes 
rarely aff ect precisely a region of interest, relatively focal 

Number of 
participants

Paradigm Technique

Brainstem

MLR 10 Walked on a treadmill at 13 m/min to simulate the 
hypokinetic speed of patients with Parkinson’s disease

SPECT67

MLR 16 Walked on the fl oor at a comfortable speed of 
66 m/min

FDG-PET68

MLR 26 Imagined standing, walking, and running while lying 
supine in an MRI scanner

fMRI69

MLR 15 Imagined walking at normal and faster than normal 
gait speeds

fMRI59

Cerebellum

Vermis ·· See above for details of study paradigms and numbers 
of participants

SPECT,67 
FDG-PET,68 
fMRI59,69

Basal ganglia

Striatum and 
pallidum

·· See details above SPECT,67,70 
fMRI68,69

Cortex

Supplementary 
motor area

8 Walked on a treadmill at 17 m/min NIRS71

Supplementary 
motor area

·· See details above SPECT,67 
fMRI59,68,69

Lateral premotor 
cortex

·· See details above SPECT67

Medial primary 
sensorimotor cortex

·· See details above SPECT,67 
FDG-PET,68 
NIRS71

Cingulate cortex ·· See details above SPECT,66 
fMRI67,68

Parahippocampal 
cortex

·· See details above FDG-PET,67 
fMRI67,68

Superior parietal 
lobe (cuneus and 
precuneus)

·· See details above SPECT,66 
FDG-PET,67 
fMRI67,68 

Occipital cortex ·· ·· fMRI67,68

FDG-PET=fl uorodexoyglucose PET. fMRI=functional MRI. NIRS=near-infrared spectroscopy. MLR=mesencephalic 
locomotor region. 

Table: Brain areas activated during actual and imagined walking, compared with resting state, in 
healthy participants
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lesions suggest that the midbrain, the globus pallidus, 
the subthalamic region, and the supplementary motor 
area are involved in FoG. More diff use disease processes 
implicate the frontal lobe and the basal ganglia (panel). 
These clinical fi ndings provide further evidence for the 
importance of regions involved in the locomotor and 
postural networks highlighted in the physiological and 
neuroimaging sections of this Review.

Hypotheses for pathogenesis 
We review fi ve promising, not necessarily exclusive, 
hypotheses on the pathogenesis of FoG, organised from 
the most peripheral (central pattern generators in the 
spinal cord) to the most central (the frontal lobe). 

Abnormal gait pattern generation 
Impaired gait rhythmicity, and gait cycle coordination, 
even in the absence of clinically apparent FoG, could be 
due to abnormal output from the central pattern 
generators of the spinal cord. 8,13,37 The sequence eff ect of 
a progressive shortening of step length before freezing 
episodes33 is another form of spatial–temporal 
incoordination, suggesting disrupted pattern generation. 
Disordered supraspinal facilitation might hinder the 
smooth running of central pattern generators, resulting 
in high-frequency oscillations in both the lower and 
upper limbs during freezing episodes.11,12,47 These 
abnormalities could indicate a generalised problem with 
the coordination of rhythmic movement, because people 
with FoG are more likely to have gait incoordination 
between episodes of the phenomenon,31,32,36 and during 
bilateral, upper-extremity, antiphase tapping.47 

A problem with central drive and automaticity of 
movement 
As skilled movements such as gait and posture become 
learned, they become automatic and require less 
attention. Implicit learning and automatic task 
performance is impaired in people with PD and might 
be more aff ected in patients with FoG.89 Impairment in 
automaticity would explain why freezing occurs more 
often during the performance of another task such as 
talking or using a cell phone while walking.35 
Additionally, step initiation is usually internally 
generated and therefore more dependent on the basal 
ganglia than when externally generated by visual or 
auditory stimuli.89 Loss of automaticity would also 
explain why patients with FoG benefi t so much from 
external cues to drive their stepping pattern.16 Thus, 
FoG could result from disruption of the basal ganglia–
supplementary motor area loop for self-initiated 
movement, with walking becoming dependent on 
external cues that compensate via the cerebellum–
dorsal premotor cortex to maintain a central drive for 
locomotion. Increased activity in the MLR of patients 
with FoG might also off er a compensatory drive to 
maintain gait in the face of dysfunction in the basal 

ganglia–supplementary motor area loop.74 An alternative 
hypothesis of abnormal central drive proposes that FoG 
is triggered by episodically induced cross-talk of 
complementary, yet competing, basal ganglia inputs 
from motor, cognitive, and limbic cortical areas.90 In 
this model, momentary synchronous fi ring in the 
output nuclei of the basal ganglia leads to increased 
inhibition in brainstem locomotor areas and 
consequently to FoG. To overcome an episode of FoG, 
the patient focuses on alternative, goal-directed 
behaviour to reset basal ganglia output.

Abnormal coupling of posture with gait 
Stepping necessitates anticipatory postural adjustments 
to sequentially shift the body weight laterally and forward 
before the step. The hypothesis that FoG is caused by a 
problem in coupling these adjustments with stepping 
comes from the observation that the knee trembling that 
occurs in patients during FoG episodes resembles 
alternating, repeated anticipatory postural adjustments 
(fi gure 4).45 These repetitive adjustments suggest that 
basal ganglia mechanisms for preparing a motor 
programme in advance of step initiation might be 
disrupted. Healthy controls make two, but not more, 
anticipatory postural adjustments before step initiation 
when the stepping leg is not defi ned until just before the 
step, suggesting that the trembling of the knees in FoG 

Panel: Clinical–anatomical correlations—brain regions 
aff ected by various disease processes that have been 
associated with freezing of gait

Midbrain 
• Pontomesencephalic junction haemorrhage76

• Midbrain infarcts77,78

Subthalamic region
• Deep brain stimulation of the subthalamic nucleus79,80

Globus pallidus 
• Carbon monoxide81,82

• Pallidal degeneration83

• Pallidotomy84

Basal ganglia 
• Parkinson’s disease2

• MSA, PSP, CBD, DLB1

Supplementary motor area 
• Infarct85

• Tumor86

• Focal atrophy86

Frontal lobe
• Normal pressure hydrocephalus1 
• Vascular parkinsonism1,87,88

MSA=multiple system atrophy. PSP=progressive supranuclear palsy. CBD=corticobasal 
degeneration. DLB=dementia with Lewy bodies.
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might be a compensation for impaired advance coupling 
of posture with gait.21 The breakdown in coupling between 
posture preparation by the supplementary motor area 
and step initiation by the motor cortex might occur in the 
pontomedullary reticular formation, where posture and 
gait are coordinated.54 

A perceptual malfunction
The well known problem of patients freezing when 
attempting to walk through a doorway suggests a problem 
with perceptual processing of the environment for 
navigation. In fact, perceptual processing of 
environmental constraints results in a slowing of gait in 
proportion to the width of the doorway in healthy 
participants.91 Patients with PD and FoG decrease their 
gait speed and stride length to a much greater degree as a 
doorway is approached, suggesting an exaggerated 
response to action-relevant visual information for gait 
that could explain FoG.92,93 However, the ability to 
perceptually judge doorway width while sitting was not 
diff erent between patients with FoG and healthy 
controls.92 Thus, no evidence exists to support the 
hypothesis that a simple visual-perceptual processing 
defi cit can explain the phenomenon. Defi cits in complex 
online planning of locomotor adaptation based on 
changes in the environment need further investigation.

A consequence of frontal executive dysfunction
Executive dysfunction—that is, set-shifting, attention, 
problem solving, and response inhibition—are impaired 
in people with PD who have FoG compared with those 
without.25,26,94 FoG frequently occurs when turns or 
obstacle avoidance require a switch in motor programmes. 
This ability to change motor programmes quickly is 

thought to involve basal ganglia processing of information 
from complementary, but competing, motor, cognitive, 
and limbic inputs.90 Similarly, FoG is more likely during 
challenging walking tasks that require more attention, 
problem solving, and inhibition of inappropriate 
responses, as well as set-shifting, which is again consistent 
with a role for executive dysfunction in FoG.74 However, as 
not all PD patients with executive dysfunction show FoG, 
further refi nement of this hypothesis is needed. 

Assessment and treatment
Episodes of FoG are often rare or absent in the clinic, so 
histories or questionnaires are often better indicators 
than clinical observations of the presence and severity of 
the phenomenon. However, FoG episodes can be 
mistaken for akinesia related to the off  state, or the 
episodes can be so brief that they are ignored by the 
patient and family members. The revised unifi ed 
Parkinson’s disease rating scale includes items related to 
FoG severity,95 but they have not been specifi cally validated 
for the assessment of FoG. Two validated questionnaires 
for this assessment are the original FOG-Q96 and the New 
FOG-Q.18 A newly developed severity score for FoG, based 
on observations of gait during circumstances that trigger 
the phenomenon, has a high inter-rater and re-test 
reliability, but might not refl ect FoG during daily 
activities.97 Methods for the objective recording of 
locomotion and the identifi cation of these episodes with 
inertial sensors on the legs or trunk are currently being 
explored and might allow in future the assessment of 
FoG over long periods of time at home.13,19,44 

FoG in PD occurs more frequently, but not exclusively, in 
the off  state.10 Therefore, manipulation of levodopa to keep 
the patient in the on state for more of the time is the most 
common treatment to reduce the occurrence of FoG. 
However, occasionally, FoG is made worse by levodopa,98 
and in this case lowering dopaminergic stimulation might 
alleviate the symptoms. Monoamine oxidase type-B 
inhibitors have been associated with a decreased likelihood 
of developing FoG in a large randomised, controlled 
study,22 but they rarely reduce freezing once it has 
developed. Similarly, studies of dopaminergic agonists 
have shown that FoG is more common in the patients 
receiving agonists than in those receiving placebos,99 but 
withdrawing dopaminergic agonists rarely improves FoG. 
Other drugs, such as amantadine, L-threo-dihydroxy-
phenylserine, selective serotonin reuptake inhibitors, 
serotonin–noradrenaline reuptake inhibitors, methyl-
phenidate, and botulinum toxin injections in leg muscles 
have been reported to be helpful for patients with FoG in 
open-label studies or anecdotal reports.100 

Rehabilitation approaches to FoG have received much 
attention in the last decade. Attentional strategies and 
cueing are used by patients successfully to overcome 
FoG16,101,102 and can be modestly eff ective in the home.103,104 
A cane with a laser light visual cue also had a modest 
eff ect in people with FoG.105 A device that can be used to 
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Figure 4: Knee trembling when attempting to initiate a step in a patient with Parkinson’s disease and 
freezing of gait 
The vertical forces, measured with force plates under each foot, shows repeated lateral weight shifting and 
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detect episodes of the phenomenon and activate rhythmic 
auditory stimulation is under investigation.44 Other 
rehabilitative strategies include group exercise106 and 
treadmill training with auditory and visual cues.107 

Deep brain stimulation of the subthalamic nucleus can 
alleviate symptoms of FoG, especially in the off  state.79,108 
However, in a subgroup of patients with PD, FoG was 
induced by deep brain stimulation of the subthalamic 
nucleus.79 Reducing the frequency of stimulation has also 
been reported to reduce FoG in some patients.109 The use 
of deep brain stimulation of the PPN for FoG is under 
investigation; initial open-label results were positive 
although subsequent reports have been less promising.110 

Conclusions 
The big mysteries about FoG remain. The fi rst mystery 
concerns the events that occur during episodes of FoG. 
Are there universal features in all episodes regardless of 
the varied clinical patterns10 and diseases1 producing 
FoG? Alternatively, are we pulling together several 
clinically similar but physiologically distinct phenomena? 
Most electro myographic or force-plate recordings of FoG 
episodes do not show absent movement as suggested by 
the term ‘freezing’. Rapid movements of the legs occur 
without forward progression, the so-called trembling 
knees. Understanding what these movements represent 
is important in understanding the pathogenesis of FoG. 
Finally, is FoG the same physiological phenomenon as 
freezing in hand movements47 or during speech?48 
Alternatively, does the necessity of coupling locomotion 
with postural control make FoG diff erent? These 
questions might be answered soon by new and more 
reliable methods to induce FoG, and with better 
technology to measure the clinical phenomenon.

A second mystery is how much of the phenomenology 
of FoG represents compensatory mechanisms as opposed 
to the actual causes of FoG. For example, the infl uences 
of various stimuli that can precipitate FoG or reduce the 
phenomenon might be acting via cortical mechanisms 
that are compensatory mechanisms needed for walking 
when automatic walking fails. The critical question might 

be, why does automatic walking fail rather than, why do 
doorways precipitate FoG?

Another mystery is the role of the frontal lobe and the 
basal ganglia in the engagement and modulation of the 
brainstem postural and locomotor circuits that underlie 
walking. Although it would be premature to draw any 
fi nal conclusions, the fundamental disturbances in FoG 
do seem to come from frontal dysfunction produced by 
abnormal output from diseased basal ganglia, frontal 
disorders, or disconnection of the frontal lobes from 
subcortical and brainstem nuclei, coupled with a 
dysfunctional MLR caused by intrinsic degeneration or 
abnormal input from striatal and cortical areas. 

Contributors
All authors contributed to the organisation of the meeting programme 

and the selection of invited speakers for the Freezing of gait: from clinical 

phenomena to basic mechanisms of gait and balance workshop. JGN 

obtained the funding for the meeting. All authors wrote specifi c sections 

of the report, which were subsequently synthesised into one draft by JGN. 

All authors reviewed and critiqued subsequent versions of the report. 

Freezing of gait workshop attendees
Speakers—Q Almeida (Wilfrid Laurier University, Waterloo, ON, 

Canada); A Bastian (Johns Hopkins School of Medicine, Baltimore, MD, 

USA); B Bloem (Radboud University Medical Center, Nijmegen, 

Netherlands); B Day (Institute of Neurology, University College London, 

London, UK); N Giladi (Tel Aviv Sourasky Medical Center, Tel Aviv, 

Israel); S Grillner (Karolinska Institutet, Stockholm, Sweden); M Hallett 

(NINDS-NIH, Bethesda, MD, USA); J M Hausdorff  (Tel Aviv Sourasky 

Medical Center, Tel Aviv, Israel); F Horak (Oregon Health & Science 

University, Portland, OR, USA); R Iansek (Kingston Centre Southern 

Health, Victoria, Australia); L Jordan (University of Manitoba Winnipeg, 

MB, Canada); R Lemon (Institute of Neurology, University College 

London, London, UK); S Lewis (University of Sydney, Sydney, Australia); 

J Masdeu (NINDS-NIH, Bethesda, MD, USA); M Morris (University of 

Melbourne, Melbourne, Victoria, Australia); A Nieuwboer (Katholieke 

Universiteit Leuven, Heverlee, Belgium); J Nutt (Oregon Health & 

Science University, Portland, OR, USA); M Plotnik (Tel Aviv Sourasky 

Medical Centre, Tel Aviv, Israel); P Strick (School of Medicine, University 

of Pittsburgh, Pittsburg, PA, USA); K Takakusaki (Asahikawa Medical 

College, Asahikawa, Japan). 

Discussants—P Conteras (University of Maryland, Baltimore, MD, USA); 

D Corcos (University of Illinois, Chicago, IL, USA); J Duysens (Radboud 

University Nijmegen Medical Center, Nijmegen, Netherlands); S Factor 

(Emory University School of Medicine, Atlanta, GA, USA); S Fahn 

(Columbia University, New York, NY, USA); J Frank (University of 

Windsor, Windsor, ON, Canada); T Hanakawa (National Institute of 

Neuroscience, Tokyo, Japan); C MacKinnon (Northwestern University, 

Chicago, IL, USA); S Moore (Mount Sinai School of Medicine, New York, 

NY, USA); Y Okuma (Juntendo University Shizuoka Hospital, Shizuoka, 

Japan); M Rogers (University of Maryland School of Medicine, Baltimore, 

MD, USA); P Thompson (The Royal Adelaide Hospital, Adelaide, SA, 

Australia); S Wise (Olschefskie Institute for the Neurobiology of 

Knowledge, Washington DC, USA).

Next generation—D Benninger (NINDS-NIH, Bethesda, MD, USA); 

R Cohen (Oregon Health & Science University, Portland, OR, USA); 

M Danoudis (University of Melbourne, Melbourne, Victoria, Australia); 

K Iseki (NINDS-NIH, Bethesda, MD, USA); J Jacobs (University of 

Vermont, Burlington, VT, USA); V Kelly (University of Washington, 

Seattle, WA, USA); I Meidan (Tel Aviv Sourasky Medical Center, Tel Aviv, 

Israel); A Mirelman (Tel Aviv Sourasky Medical Center, Tel Aviv, Israel); 

B Smith (Oregon Health & Science University, Portland, OR, USA); 

A Snijders (Radboud University, Nijmegen, Netherlands); J Spildooren 

(Katholieke Universiteit Leuven, Heverlee, Belgium); S Vercruysse 

(Katholieke Universiteit Leuven, Heverlee, Belgium).

Sponsors—W Galpern (NINDS-NIH, Bethesda, MD, USA); W G Chen 

(NINDS-NIH, Bethesda, MD, USA); D Chen (NIA-NIH, Bethesda, 

MD, USA).

Search strategy and selection criteria

References for this Review were identifi ed through searches 
of PubMed with the search terms “freezing of gait”, “gait 
ignition”, and “festinating gait”, between January, 1966 and 
April, 2011. We also identifi ed articles through searches of the 
authors’ own fi les and the bibliographies of pertinent articles. 
Only articles published in English were reviewed. The choice 
of articles to include in this Review was based on the quality 
of each study, the pertinence to the topics reviewed here, the 
general availability of the reference source, and the opinions 
of the six authors and the participants of the workshop 
Freezing of gait: from clinical phenomena to basic 
mechanisms of gait and balance.



742 www.thelancet.com/neurology   Vol 10   August 2011

Review

Confl icts of interest
In the past 3 years, JGN and the Oregon Health & Sciences University 

(OHSU) have received consulting fees from Xenoport, Impax Laboratories, 

Neurogen, Synosia, Neuroderm, Merck, Lilly/Medtronics, Elan, Addex, 

Lumbeck, Merz Pharmaceuticals, and SynAgile, and grants from the 

National Institutes of Health (NIH), the Veterans Administration, the 

National Parkinson Foundation, the Michael J Fox Foundation, the RJG 

Foundation, and Merck. In the past 3 years, BRB and the Radboud 

University Nijmegen Medical Centre have received consulting fees, travel 

funds, board membership fees, and grants from Boehringer Ingelheim, 

Teva, GlaxoSmithKline, Novartis, the Movement Disorder Society, the 

European Federation of Neurological Societies, Tijdschrift voor Neurolgie 

en Neurochiugie, the Netherlands Organisation for Scientifi c Research, 

the Michael J Fox Foundation, Prinses Beatrix Fonds, Stichting 

Internationaal Parkinson Fonds, and the van Alkemade-Keuls Foundation. 

In the past 3 years, NG and the Sackler School of Medicine, Tel Aviv 

University, have received board membership fees, consulting fees, 

speaking fees, travel fees, and grants from the Movement Disorder Society, 

Teva, UCB, Schwarz Pharma, Lundbeck, Eisai, Intec Pharma, 

GlaxoSmithKline, Solvay, Merz, Biogen, Neuroderm, the Michael J Fox 

Foundation, the National Parkinson Foundation, and the Israel Science 

Foundation. In the past 3 years, FBH and the OHSU have received 

speaker fees, board membership fees, and grants from the Hong Kong 

Polytechnical University, the APDM Inc OHSU Hospital Innovation Fund, 

and NIH. MH and AN declare that they have no confl icts of interest.

Acknowledgements
This Review is partly the product of presentations and discussions at an 

international workshop, held on Feb 24–25, 2010, in Washington DC, 

USA, to review the phenomenonology of freezing of gait (FoG), the 

physiology of locomotion and sites of dysfunction that could conceivably 

produce FoG, hypotheses for causes of FoG, and future directions. The 

invited participants were chosen for their basic or clinical research 

experience in locomotion and FoG. The workshop was organised and 

undertaken by the authors of the report. The meeting was supported by 

the Movement Disorder Society, National Institutes of Health (NIH) 

Grant 1R13NS67914-1, and unrestricted educational grants from Teva 

Pharmaceutical and Ipsen. We thank A Achterman and D Potts of 

Oregon Health & Science University, OR, USA, for their assistance in 

arranging the workshop and preparing the report.

References
1 Giladi N, Kao R, Fahn S. Freezing phenomenon in patients with 

parkinsonian syndromes. Mov Disord 1997; 12: 302–05.

2 Giladi N, Treves TA, Simon ES, et al. Freezing of gait in patients with 
advanced Parkinson’s disease. J Neural Transm 2001; 108: 53–61.

3 Macht M, Kaussner Y, Moller JC, et al. Predictors of freezing in 
Parkinson’s disease: a survey of 6,620 patients. Mov Disord 2007; 
22: 953–56.

4 Latt MD, Lord SR, Morris JG, Fung VS. Clinical and physiological 
assessments for elucidating falls risk in Parkinson’s disease. 
Mov Disord 2009; 24: 1280–89.

5 Kerr GK, Worringham CJ, Cole MH, Lacherez PF, Wood JM, 
Silburn PA. Predictors of future falls in Parkinson disease. 
Neurology 2010; 75: 116–24.

6 Moore O, Peretz C, Giladi N. Freezing of gait aff ects quality of life 
of peoples with Parkinson’s disease beyond its relationships with 
mobility and gait. Mov Disord 2007; 22: 2192–95.

7 Rahman S, Griffi  n HJ, Quinn NP, Jahanshahi M. Quality of life in 
Parkinson’s disease: the relative importance of the symptoms. 
Mov Disord 2008; 23: 1428–34.

8 Bloem BR, Hausdorff  JM, Visser JE, Giladi N. Falls and freezing of 
gait in Parkinson’s disease: a review of two interconnected, episodic 
phenomena. Mov Disord 2004; 19: 871–84.

9 Giladi N, Nieuwboer A. Understanding and treating freezing of gait 
in parkinsonism, proposed working defi nition, and setting the 
stage. Mov Disord 2008; 23 (suppl 2): S423–25.

10 Schaafsma JD, Balash Y, Gurevich T, Bartels AL, Hausdorff  JM, 
Giladi N. Characterization of freezing of gait subtypes and the 
response of each to levodopa in Parkinson’s disease. Eur J Neurol 
2003; 10: 391–98.

11 Yanagisawa N, Hayashi R, Mitoma H. Pathophysiology of frozen 
gait in Parkinsonism. Adv Neurol 2001; 87: 199–07.

12 Hausdorff  JM, Balash Y, Giladi N. Time series analysis of leg 
movements during freezing of gait in Parkinson’s diesease: 
akinesia, rhyme or reason? Physica A 2003; 321: 565–70.

13 Moore ST, MacDougall HG, Ondo WG. Ambulatory monitoring of 
freezing of gait in Parkinson’s disease. J Neurosci Methods 2008; 
167: 340–48.

14 Nieuwboer A, Dom R, De Weerdt W, Desloovere K, Fieuws S, 
Broens-Kaucsik E. Abnormalities of the spatiotemporal 
characteristics of gait at the onset of freezing in Parkinson’s disease. 
Mov Disord 2001; 16: 1066–75.

15 Snijders AH, Nijkrake MJ, Bakker M, Munneke M, Wind C, 
Bloem BR. Clinimetrics of freezing of gait. Mov Disord 2008; 
23 (suppl 2): S468–74.

16 Rahman S, Griffi  n HJ, Quinn NP, Jahanshahi M. The factors that 
induce or overcome freezing of gait in Parkinson’s disease. 
Behav Neurol 2008; 19: 127–36.

17 Parkinson J. As essay on the shaking palsy. London: Whittingham 
and Rowland, 1817.

18 Nieuwboer A, Rochester L, Herman T, et al. Reliability of the new 
freezing of gait questionnaire: agreement between patients with 
Parkinson’s disease and their carers. Gait Posture 2009; 30: 459–63.

19 Delval A, Snijders AH, Weerdesteyn V, et al. Objective detection of 
subtle freezing of gait episodes in Parkinson’s disease. Mov Disord 
2010; 25: 1684–93.

20 Jacobs JV, Horak FB. External postural perturbations induce 
multiple anticipatory postural adjustments when subjects cannot 
pre-select their stepping foot. Exp Brain Res 2007; 179: 29–42.

21 Cohen RG, Nutt JG, Horak FB. Errors in postural preparation lead 
to increased choice reaction times for step initiation in older adults. 
J Gerontol A Biol Sci Med Sci 2011; 66: 705–13.

22 Giladi N, McDermott MP, Przedborski S, et al. Freezing of gait in 
PD: Prospective assessment in the DATATOP cohort. Neurology 
2001; 56: 1712–21.

23 Bartels AL, Balash Y, Gurevich T, Schaafsma JD, Hausdorff  JM, 
Giladi N. Relationship between freezing of gait (FOG) and other 
features of Parkinson’s: FOG is not correlated with bradykinesia. 
J Clin Neurosci 2003; 10: 584–88.

24 Factor SA. The clinical spectrum of freezing of gait in atypical 
parkinsonism. Mov Disord 2008; 23 (suppl 2): S431–38.

25 Amboni M, Cozzolino A, Longo K, Picillo M, Barone P. Freezing of 
gait and executive functions in patients with Parkinson’s disease. 
Mov Disord 2008; 23: 395–400.

26 Naismith SL, Shine JM, Lewis SJ. The specifi c contributions of 
set-shifting to freezing of gait in Parkinson’s disease. Mov Disord 
2010; 25: 1000–04.

27 Giladi N, Hausdorff  JM. The role of mental function in the 
pathogenesis of freezing of gait in Parkinson’s disease. J Neurol Sci 
2006; 248: 173–76.

28 Vandenbossche J, Deroost N, Soetens E, et al. freezing of gait in 
Parkinson disease is associated with impaired confl ict resolution. 
Neurorehabil Neural Repair 2011; published online April 9. 
DOI:10.1177/1545968311403493.

29 Davidsdottir S, Cronin-Golomb A, Lee A. Visual and spatial 
symptoms in Parkinson’s disease. Vision Res 2005; 45: 1285–96.

30 Lieberman A. Are freezing of gait (FOG) and panic related? 
J Neurol Sci 2006; 248: 219–22.

31 Hausdorff  JM, Schaafsma JD, Balash Y, Bartels AL, Gurevich T, 
Giladi N. Impaired regulation of stride variability in Parkinson’s 
disease subjects with freezing of gait. Exp Brain Res 2003; 
149: 187–94.

32 Plotnik M, Giladi N, Hausdorff  JM. Bilateral coordination of 
walking and freezing of gait in Parkinson’s disease. Eur J Neurosci 
2008; 27: 1999–2006.

33 Chee R, Murphy A, Danoudis M, Georgiou-Karistianis N, Iansek R. 
Gait freezing in Parkinson’s disease and the stride length sequence 
eff ect interaction. Brain 2009; 132: 2151–60.

34 Willems AM, Nieuwboer A, Chavret F, et al. Turning in Parkinson’s 
disease patients and controls: the eff ect of auditory cues. Mov Disord 
2007; 22: 1871–78.

35 Spildooren J, Vercruysse S, Desloovere K, Vandenberghe W, 
Kerckhofs E, Nieuwboer A. Freezing of gait in Parkinson’s disease: 
The impact of dual-tasking and turning. Mov Disord 2010; 
25: 2563–70.



www.thelancet.com/neurology   Vol 10   August 2011 743

Review

36 Plotnik M, Giladi N, Balash Y, Peretz C, Hausdorff  JM. Is freezing 
of gait in Parkinson’s disease related to asymmetric motor function? 
Ann Neurol 2005; 57: 656–63.

37 Plotnik M, Hausdorff  JM. The role of gait rhythmicity and bilateral 
coordination of stepping in the pathophysiology of freezing of gait 
in Parkinson’s disease. Mov Disord 2008; 23 (suppl 2): S444–50.

38 Willems AM, Nieuwboer A, Chavret F, et al. The use of rhythmic 
auditory cues to infl uence gait in patients with Parkinson’s disease, 
the diff erential eff ect for freezers and non-freezers, an explorative 
study. Disabil Rehabil 2006; 28: 721–28.

39 Moreau C, Defebvre L, Bleuse S, et al. Externally provoked freezing 
of gait in open runways in advanced Parkinson’s disease results from 
motor and mental collapse. J Neural Transm 2008; 115: 1431–36.

40 Fasano A, Herzog J, Seifert E, et al. Modulation of gait coordination 
by subthalamic stimulation improves freezing of gait. Mov Disord 
2011; 26: 844–51.

41 Nanhoe-Mahabier W, Snijders AH, Delval A, et al. Walking patterns 
in Parkinson’s disease with and without freezing of gait. 
Neuroscience 2011; 182: 217–24.

42 Nieuwboer A, Fabienne C, Anne-Marie W, Kaat D. Does freezing in 
Parkinson’s disease change limb coordination? A kinematic 
analysis. J Neurol 2007; 254: 1268–77.

43 Nieuwboer A, Dom R, De Weerdt W, Desloovere K, Janssens L, 
Stijn V. Electromyographic profi les of gait prior to onset of freezing 
episodes in patients with Parkinson’s disease. Brain 2004; 
127: 1650–60.

44 Bachlin M, Plotnik M, Roggen D, Giladi N, Hausdorff  JM, 
Troster G. A wearable system to assist walking of Parkinson’s 
disease patients. Methods Inf Med 2010; 49: 88–95.

45 Jacobs JV, Nutt JG, Carlson-Kuhta P, Stephens M, Horak FB. Knee 
trembling during freezing of gait represents multiple anticipatory 
postural adjustments. Exp Neurol 2009; 215: 334–41.

46 Almeida Q J, Wishart LR, Lee TD. Bimanual coordination defi cits 
with Parkinson’s disease: the infl uence of movement speed and 
external cueing. Mov Disord 2002; 17: 30–37.

47 Nieuwboer A, Vercruysse S, Feys P, Levin O, Spildooren J, 
Swinnen S. Upper limb movement interruptions are correlated to 
freezing of gait in Parkinson’s disease. Eur J Neurosci 2009; 
29: 1422–30.

48 Moreau C, Ozsancak C, Blatt JL, Derambure P, Destee A, 
Defebvre L. Oral festination in Parkinson’s disease: biomechanical 
analysis and correlation with festination and freezing of gait. 
Mov Disord 2007; 22: 1503–06.

49 Guertin PA. The mammalian central pattern generator for 
locomotion. Brain Res Rev 2009; 62: 45–56.

50 Takakusaki K, Tomita N, Yano M. Substrates for normal gait and 
pathophysiology of gait disturbances with respect to the basal 
ganglia dysfunction. J Neurol 2008; 255 (suppl 4): 19–29.

51 Jordan LM, Liu J, Hedlund PB, Akay T, Pearson KG. Descending 
command systems for the initiation of locomotion in mammals. 
Brain Res Rev 2008; 57: 183–91.

52 Takakusaki K, Habaguchi T, Saitoh K, Kohyama J. Changes in the 
excitability of hindlimb motoneurons during muscular atonia 
induced by stimulating the pedunculopontine tegmental nucleus in 
cats. Neuroscience 2004; 124: 467–80.

53 Orlovsky GN, Shik ML. Control of locomotion: a neurophysiological 
analysis of the cat locomotor system. Int Rev Physiol 1976; 10: 281–17.

54 Schepens B, Stapley P, Drew T. Neurons in the pontomedullary 
reticular formation signal posture and movement both as an 
integrated behavior and independently. J Neurophysiol 2008; 
100: 2235–53.

55 Musienko PE, Zelenin PV, Lyalka VF, Orlovsky GN, Deliagina TG. 
Postural performance in decerebrated rabbit. Behav Brain Res 2008; 
190: 124–34.

56 Jenkinson N, Nandi D, Muthusamy K, et al. Anatomy, physiology, 
and pathophysiology of the pedunculopontine nucleus. Mov Disord 
2009; 24: 319–28.

57 Alam M, Schwabe K, Krauss JK. The pedunculopontine nucleus 
area: critical evaluation of interspecies diff erences relevant for its 
use as a target for deep brain stimulation. Brain 2011; 134: 11–23.

58 Piallat B, Chabardes S, Torres N, et al. Gait is associated with an 
increase in tonic fi ring of the sub-cuneiform nucleus neurons. 
Neuroscience 2009; 158: 1201–05.

59 Karachi C, Grabli D, Bernard FA, et al. Cholinergic mesencephalic 
neurons are involved in gait and postural disorders in Parkinson 
disease. J Clin Invest 2010; 120: 2745–54.

60 Takakusaki K. Forebrain control of locomotor behaviors. 
Brain Res Rev 2008; 57: 192–98.

61 Hikosaka O. GABAergic output of the basal ganglia. Prog Brain Res 
2007; 160: 209–26.

62 Grillner S, Wallen P, Saitoh K, Kozlov A, Robertson B. Neural bases 
of goal-directed locomotion in vertebrates—an overview. 
Brain Res Rev 2008; 57: 2–12.

63 Jacobs JV, Horak FB. Cortical control of postural responses. 
J Neural Transm 2007; 114: 1339–48.

64 Drew T, Prentice S, Schepens B. Cortical and brainstem control of 
locomotion. Prog Brain Res 2004; 143: 251–61.

65 Karayannidou A, Beloozerova IN, Zelenin PV, et al. Activity of 
pyramidal tract neurons in the cat during standing and walking on 
an inclined plane. J Physiol 2009; 587: 3795–811.

66 Elble RJ. Gait and dementia: moving beyond the notion of gait 
apraxia. J Neural Transm 2007; 114: 1253–58.

67 Hanakawa T, Katsumi Y, Fukuyama H, et al. Mechanisms 
underlying gait disturbance in Parkinson’s disease: a single photon 
emission computed tomography study. Brain 1999; 122: 1271–82.

68 la Fougere C, Zwergal A, Rominger A, et al. Real versus imagined 
locomotion: a [18F]-FDG PET-fMRI comparison. Neuroimage 2010; 
50: 1589–98.

69 Jahn K, Deutschlander A, Stephan T, et al. Imaging human 
supraspinal locomotor centers in brainstem and cerebellum. 
Neuroimage 2008; 39: 786–92.

70 Fukuyama H, Ouchi Y, Matsuzaki S, et al. Brain functional activity 
during gait in normal subjects: a SPECT study. Neurosci Lett 1997; 
228: 183–86.

71 Miyai I, Tanabe HC, Sase I, et al. Cortical mapping of gait in 
humans: a near-infrared spectroscopic topography study. 
Neuroimage 2001; 14: 1186–92.

72 Hanakawa T, Fukuyama H, Katsumi Y, Honda M, Shibasaki H. 
Enhanced lateral premotor activity during paradoxical gait in 
Parkinson’s disease. Ann Neurol 1999; 45: 329–36.

73 Iseki K, Hanakawa T, Hashikawa K, et al. Gait disturbance 
associated with white matter changes: a gait analysis and blood fl ow 
study. Neuroimage 2010; 49: 1659–66.

74 Snijders AH, Leunissen I, Bakker M, et al. Gait-related cerebral 
alterations in patients with Parkinson’s disease with freezing of 
gait. Brain 2011; 134: 59–72.

75 Schweder PM, Hansen PC, Green AL, Quaghebeur G, Stein J, 
Aziz TZ. Connectivity of the pedunculopontine nucleus in 
parkinsonian freezing of gait. Neuroreport 2010; 21: 914–16.

76 Masdeu JC, Alampur U, Cavaliere R, Tavoulareas G. Astasia and 
gait failure with damage of the pontomesencephalic locomotor 
region. Ann Neurol 1994; 35: 619–21.

77 Hathout GM, Bhidayasiri R. Midbrain ataxia: an introduction to the 
mesencephalic locomotor region and the pedunculopontine 
nucleus. AJR Am J Roentgenol 2005; 184: 953–56.

78 Kuo SH, Kenney C, Jankovic J. Bilateral pedunculopontine nuclei 
strokes presenting as freezing of gait. Mov Disord 2008; 
23: 616–19.

79 Ferraye MU, Debu B, Fraix V, et al. Eff ects of subthalamic nucleus 
stimulation and levodopa on freezing of gait in Parkinson disease. 
Neurology 2008; 70: 1431–37.

80 Tommasi G, Lopiano L, Zibetti M, et al. Freezing and hypokinesia 
of gait induced by stimulation of the subthalamic region. 
J Neurol Sci 2007; 258: 99–103.

81 Feve AP, Fenelon G, Wallays C, Remy P, Guillard A. Axial motor 
disturbances after hypoxic lesions of the globus pallidus. Mov Disord 
1993; 8: 321–26.

82 Lee MS, Lyoo CH, Choi YH. Primary progressive freezing gait in a 
patient with CO-induced parkinsonism. Mov Disord 2010; 
25: 1513–15.

83 Factor SA, Higgins DS, Qian J. Primary progressive freezing gait: 
a syndrome with many causes. Neurology 2006; 66: 411–14.

84 Kim JS, Lee KJ, Guak TH, Kim BS, Yang DW. Gait ignition failure 
after unilateral anteromedial pallidotomy. Eur Neurol 2001; 
46: 56–57.



744 www.thelancet.com/neurology   Vol 10   August 2011

Review

85 Della SS, Francescani A, Spinnler H. Gait apraxia after bilateral 
supplementary motor area lesion. J Neurol Neurosurg Psychiatry 
2002; 72: 77–85.

86 Nadeau SE. Gait apraxia: further clues to localization. Eur Neurol 
2007; 58: 142–45.

87 Demirkiran M, Bozdemir H, Sarica Y. Vascular parkinsonism: 
a distinct, heterogeneous clinical entity. Acta Neurol Scand 2001; 
104: 63–67.

88 Baezner H, Hennerici M. From trepidant abasia to motor network 
failure--gait disorders as a consequence of subcortical vascular 
encephalopathy (SVE): review of historical and contemporary 
concepts. J Neurol Sci 2005; 229–230: 81–88.

89 Hallett M. The intrinsic and extrinsic aspects of freezing of gait. 
Mov Disord 2008; 23 (suppl 2): S439–43.

90 Lewis SJ, Barker RA. A pathophysiological model of freezing of gait 
in Parkinson’s disease. Parkinsonism Relat Disord 2009; 15: 333–38.

91 Higuchi T, Cinelli ME, Greig MA, Patla AE. Locomotion through 
apertures when wider space for locomotion is necessary: adaptation 
to artifi cially altered bodily states. Exp Brain Res 2006; 175: 50–59.

92 Cowie D, Limousin P, Peters A, Day BL. Insights into the neural 
control of locomotion from walking through doorways in 
Parkinson’s disease. Neuropsychologia 2010; 48: 2750–57.

93 Almeida Q J, Lebold CA. Freezing of gait in Parkinson’s disease: 
a perceptual cause for a motor impairment? 
J Neurol Neurosurg Psychiatry 2010; 81: 513–18.

94 Giladi N, Huber-Mahlin V, Herman T, Hausdorff  JM. Freezing of 
gait in older adults with high level gait disorders: association with 
impaired executive function. J Neural Transm 2007; 114: 1349–53.

95 Goetz CG, Tilley BC, Shaftman SR, et al. Movement Disorder 
Society-sponsored revision of the Unifi ed Parkinson’s Disease 
Rating Scale (MDS-UPDRS): scale presentation and clinimetric 
testing results. Mov Disord 2008; 23: 2129–70.

96 Giladi N, Tal J, Azulay T, et al. Validation of the freezing of gait 
questionnaire in patients with Parkinson’s disease. Mov Disord 
2009; 24: 655–61.

97 Ziegler K, Schroeteler F, Ceballos-Baumann AO, Fietzek UM. 
A new rating instrument to assess festination and freezing gait in 
Parkinsonian patients. Mov Disord 2010; 25: 1012–18.

98 Ambani LM, Van Woert MH. Start hesitation—a side eff ect of 
long-term levodopa therapy. N Engl J Med 1973; 288: 1113–15.

99 Jankovic J. Long-term study of pergolide in Parkinson’s disease. 
Neurology 1985; 35: 296–99.

100 Giladi N. Medical treatment of freezing of gait. Mov Disord 2008; 
23 (suppl 2): S482–88. 

101 Arias P, Cudeiro J. Eff ect of rhythmic auditory stimulation on gait 
in Parkinsonian patients with and without freezing of gait. 
PLoS One 2010; 5: e9675.

102 Nieuwboer A, Baker K, Willems AM, et al. The short-term eff ects of 
diff erent cueing modalities on turn speed in people with 
Parkinson’s disease. Neurorehabil Neural Repair 2009; 23: 831–36.

103 Nieuwboer A, Kwakkel G, Rochester L, et al. Cueing training in the 
home improves gait-related mobility in Parkinson’s disease: the 
RESCUE trial. J Neurol Neurosurg Psychiatry 2007; 78: 134–40.

104 Nieuwboer A. Cueing for freezing of gait in patients with 
Parkinson’s disease: a rehabilitation perspective. Mov Disord 2008; 
23 (suppl 2): S475–81.

105 Donovan S, Lim C, Diaz N, et al. LaserLight cues for gait freezing in 
Parkinson’s disease: an open-label study. Parkinsonism Relat Disord 
2010; 17: 240–45.

106 Allen NE, Canning CG, Sherrington C, et al. The eff ects of an 
exercise program on fall risk factors in people with Parkinson’s 
disease: a randomized controlled trial. Mov Disord 2010; 25: 1217–25.

107 Frazzitta G, Maestri R, Uccellini D, Bertotti G, Abelli P. 
Rehabilitation treatment of gait in patients with Parkinson’s disease 
with freezing: a comparison between two physical therapy protocols 
using visual and auditory cues with or without treadmill training. 
Mov Disord 2009; 24: 1139–43.

108 Davis JT, Lyons KE, Pahwa R. Freezing of gait after bilateral 
subthalamic nucleus stimulation for Parkinson’s disease. 
Clin Neurol Neurosurg 2006; 108: 461–64.

109 Moreau C, Defebvre L, Destee A, et al. STN-DBS frequency eff ects 
on freezing of gait in advanced Parkinson disease. Neurology 2008; 
71: 80–84.

110 Ferraye MU, Debu B, Fraix V, et al. Eff ects of pedunculopontine 
nucleus area stimulation on gait disorders in Parkinson’s disease. 
Brain 2010; 133: 205–14.


	Freezing of gait: moving forward on a mysterious clinical phenomenon
	Introduction
	Clinical features
	Physiological characteristics
	Continuous gait abnormalities
	Episodic abnormalities
	Freezing in other motor tasks

	Locomotion and balance circuits
	Neuroimaging of walking
	Clinical–pathological correlations
	Hypotheses for pathogenesis
	Abnormal gait pattern generation
	A problem with central drive and automaticity of movement
	Abnormal coupling of posture with gait
	A perceptual malfunction
	A consequence of frontal executive dysfunction

	Assessment and treatment
	Conclusions
	Acknowledgements
	References


