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Introduction

Anticipatory postural adjustments (APAs) consist of mus-
cular synergies to prepare the body either to react to an 
upcoming event that may challenge postural equilibrium or 
to take a step. Only this second type of APA will be consid-
ered in this paper.

Recently, APAs have attracted attention because they are 
crucial for initiating a step, and gait initiation failure is fre-
quent in patients with neurodegenerative diseases, especially 
Parkinson’s disease (PD) (Nutt et al. 2011). Therefore, the 
question of whether reduced APAs may be crucial for step 
initiation failure is the main topic of this paper. To this end, 
we investigated two alternative hypotheses. The first hypothe-
sis was that APAs show a gradual decline in this order: young 
subjects > elderly subjects > PD patients > PD patients with 
gait initiation failure (freezers). The alternative hypothesis 
was that freezers have absent or massively reduced APAs 
which then could be taken as the major reason for the freez-
ing phenomenon. Because steps can be elicited by external 
cues or an internal command, we also assessed the effect of 
external cueing on the APAs in the different groups.

APA subdivisions

Before taking a step, the swing foot must be cleared off 
the ground and the body must be enabled to fall forward. 
This is achieved by first unloading the stance foot which 
can be seen as a transient lateral shift of the centre of pres-
sure towards the swing foot. This pushes the centre of 
mass towards the stance foot and unloads the swing foot. 
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Simultaneously with this lateral CoP shift, the forefeet are 
actively lifted, whereby the CoP moves towards the heels 
(backwards). This strategy moves the centre of mass in 
front of the CoP and thus causes the body to fall forward, 
supported by the stance foot only. The first phase of the 
CoP shift towards the swing foot was termed the ‘imbal-
ance phase’ and the second (towards the stance foot) the 
‘unloading phase’ (Crenna et al. 2006). Here, we use APA1 
and APA2 for these two phases. The end of the APA1 
phase was labelled ‘release’ by Halliday et al. (1998) and 
was shown to correspond to the ‘heel-off’ instance of the 
swing foot. APAs can be monitored with a force plate on 
which the subject stands and which records the characteris-
tic excursions of the CoP. APAs can also be recorded with 
electromyography from leg muscles (Crenna and Frigo 
1991) or by accelerometers (Mancini et al. 2016).

APA and age

Children seem to develop adult typical APAs no earlier than 
age 4–5 (Assaiante et al. 2000), but they are still incomplete 
at the age of 4–6 (Malouin and Richards 2000). The elderly 
need more time for postural adjustments during gait while 
approaching an obstacle (Laessoe and Voigt 2013) and 
APAs related to external pertubation are slow and delayed 
(Woollacott and Manchester 1993; Kanekar and Aruin 
2014a). Step initiation APAs have been investigated without 
clear evidence of age-related changes (Halliday et al. 1998). 
Another study by Uemura et al. (2012) detected more pro-
longed APAs in older adults with a fear of falling (FoF) than 
without FoF. We are not aware of further systematic investi-
gations of age-related changes in step initiation APAs.

APA in Parkinson’s disease

Parkinson’s disease (PD) patients generally show a reduced 
APA magnitude and a longer APA duration (Lee et al. 1995; 
Burleigh-Jacobs et al. 1997; Mancini et al. 2009; Rocchi et al. 
2012) and a reduced ability to adjust APAs in relation to a 
wider initial stance as compared to healthy subjects (Rocchi 
et al. 2006). The reduction in APA measures in PD is partially 
compensated by administration of levodopa (Rocchi et al. 
2006). Reduced APAs in PD have therefore been discussed 
as a possible cause of the freezing of gait phenomenon (Nutt 
et al. 2011). In fact, patients with freezing had absent APAs 
more frequently than patients without freezing (Delval et al. 
2014). However, this hypothesis was challenged by the find-
ings that a freezing episode may be preceded by multiple 
APAs which associates the freezing problem with the fail-
ure to initiate a step (Jacobs et al. 2009b). This hypothesis is 
supported by an investigation by Mensink et al. (2014) who 
found an influence of load weights on (increased) freezing 
episodes but not on the actual APA mechanism.

Several factors can influence APAs of PD patients. 
Gantchev et al. (1996) found a positive influence on APAs 
of PD patients with a specified restriction of the movement 
initiation such as a single step in comparison with starting 
walking. When steps are initiated in response to an external 
command, CoP excursions during the APA phase are larger. 
This has been shown for acoustic stimuli (Delval et al. 
2014) as well as for electric stimuli applied to the hand or 
earlobe (Burleigh-Jacobs et al. 1997). However, another 
group found no effect of acoustic stimuli in gait initiation 
in a group of PD patients (Jiang and Norman 2006). Cogni-
tive influences also seem to have an influence on stepping 
behaviour. Threatening emotions involved a higher speed of 
step initiation in PD patients but also healthy older controls 
(Naugle et al. 2012). Dual-tasking was also shown to have 
implications on APAs with less displacement of the APA 
and a lower velocity, while no differences were found con-
cerning different kinds of dual-tasking (Nocera et al. 2013). 
Our study addresses whether normal ageing is associated 
with a significant reduction in APAs and/or what influence 
the stage of Parkinson’s disease may have on APAs in this 
group. Finally, the impact of the mode of elicitation of the 
first step (externally/internally triggered) on parameters of 
APA in different groups was also assessed.

Methods

Subjects

Sixty healthy control subjects of different ages (40–
73 years), and 16 PD patients with and 10 PD patients with-
out the freezing phenomenon were recruited from relatives 
of the hospital staff and from the outpatient clinic for move-
ment disorders at our university hospital. Written informed 
consent was obtained from all individual participants 
included in the study. This study was approved by the local 
research ethics committee and was performed in accordance 
with the ethical standards as laid down in the 1964 Decla-
ration of Helsinki and its later amendments or comparable 
ethical standards. All subjects answered the freezing of gait 
questionnaire (Giladi et al. 2000) and the International Phys-
ical Activity Questionnaire (IPAQ) and underwent a neuro-
logical assessment. Persons with evidence of dementia, poly-
neuropathy, arthrosis or other gait-impairing conditions or 
who needed to use walking aids were excluded. Patients with 
brain stimulators were not included. UPDRS part III scores 
were obtained immediately prior to testing. Parkinsonian 
patients were divided into ‘freezers’ (PD-FZ) and ‘non-freez-
ers’ (PD) on the basis of scoring above 0 on question 3 of the 
FOG-Q (Giladi et al. 2000) (‘Do you feel that your feet get 
glued to the floor while walking…?’) or scoring 7 or above 
in the FOG-Q. All patients took their regular medication. All 
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subjects were divided into five groups according to age, dis-
ease and presence or absence of freezing episodes.

Data acquisition

To obtain APAs, the CoP in the epoch before a step was 
recorded on a treadmill (FDM-T, Zebris medical GmbH, 
Isny, Germany) which was equipped with an array of pres-
sure-sensitive sensors (each 8.5 × 8.5 mm, 100 Hz sampling 
rate) underneath the belt, which was stationary during all 
tests. Subjects were asked to first stand comfortably. They 
were allowed to choose the foot distance, but heels had to be 
at the same point on the sagittal axis. Ten self-paced steps 
and ten steps immediately after the flash of a light (external 
trigger) were made. The order of the blocks of self-paced 
and cued steps was varied randomly between subjects. Sub-
jects were asked to ‘start walking’ up to the security bar of 
the treadmill, which was reached after one or two steps. 
There were no instructions concerning which foot to use, 
velocity speed or number of steps in either of the conditions.

Data analysis

The CoP of each foot and the CoP of both feet were cal-
culated by software supplied by the treadmill manufac-
turer (Fig. 1a, b). To standardize the foot distance, all 

medio-lateral CoP data were scaled with a factor (20/foot 
distance in cm). From these data, MATLAB (MathWorks, 
Natick, MA) algorithms (Fig. 1c, d) computed the following 
outcome parameters: the beginning of APA was defined as 
the moment when the CoP velocity of both feet (x or y) was 
above 1.5 mm/10 ms. This proved to be very reliable and 
could be corrected manually if necessary. The end of APA 
was at the beginning of the first step (toe-off of swing foot). 
From these instances, APA duration was calculated. This 
epoch was divided into APA1 (imbalance phase, CoP shift 
towards the swing foot) and APA2 (unloading phase, lateral 
displacement of the CoP towards stance foot) (Crenna et al. 
2006). The length of the APA CoP excursion (APA CoP 
length) and the peak APA velocity were computed by calcu-
lating the Euclidic distance between adjacent CoP points and 
referencing this to Δt. Peak APA in a medio-lateral direction 
(max. APA lateral) was marked and denoted as the separa-
tion point between APA1 and APA2 (Fig. 1d). Peak APA in 
a posterior (Max APA post) direction was marked as well. 
Additionally, first step duration, first step velocity and first 
step length were calculated. To detect multiple APAs, oscil-
lations (peak or trough) of the CoP in the lateral direction 
occurring before the APA which immediately preceded the 
step were manually marked when they exceeded ±10 mm of 
the preceding baseline (Fig. 2). The occurrence of these pre-
APA oscillations was statistically evaluated.

Fig. 1  Recording of a two-step sequence and preceding APAs. a 
Trace of the CoP in ant–post position (right foot, green; left foot, 
red; both feet, blue). The right foot takes the first step. APA onset is 
marked with a vertical bar and denotes the beginning of the backward 
excursion of the CoP. Step onset and end are marked with arrows. b 
Medio-lateral position of CoP, colours as in a. Vertical bar denotes 
the beginning of APA, here the lateral excursion of the CoP towards 
the swing foot (green). This phase is called APA1. c CoP in x–y axis, 

colours as in a. The blue trace shows the CoP of both feet as it moves 
from the centre towards the swing foot (APA1) and then to the stance 
foot. d Red CoP trace (both feet) during APA in medio-lateral direc-
tion. The peak of the red curve (marked with a cross) denotes the 
maximum CoP excursion towards the swing foot and is called ‘Max 
APA lateral’. This is the end of the APA1-phase. The green trace 
shows the CoP excursion in an ant–post direction. The cross denotes 
‘Max APA post’, which is always negative
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Statistics

Clinical scores of the patients were correlated with several 
APA parameters (averaged for each patient) by comput-
ing Pearson’s correlation coefficient (MATLAB). Statistics 
were performed with MATLAB on data of individual steps 
(raw data) of all healthy subjects (correlation analyses to 
determine age-related differences only) and on averaged 
data of all subjects which consisted of the averaged results 
of 8–10 self-paced and 8–10 externally triggered steps per 
person with SPSS 22 (Microsoft). APA and step variables 
were checked for normal distribution with the MATLAB 
routine ‘jbtest’, and, if necessary, transformed using the 
Box–Cox power transformation by applying appropri-
ate exponents to the variable. Each variable was analysed 
once with a mixed linear models ANOVA with the factors 
‘group’ (five levels) and ‘trigger’ (two levels: cued or self-
paced step). If significant differences were found between 
groups, Scheffé post hoc tests were carried out.

Results

Subjects

Sixty healthy control subjects (CONT) were split into three 
groups according to age (40–50, 51–60 and >60) with 20 
subjects in each group. Two more groups consisted of Par-
kinsonian patients without freezing (PD; n = 10) and with 
freezing (PD-FZ; n = 16). The mean age of the two PD 
groups were not significantly different (PD: 63.6 years; 
PD-FZ: 65.7 years). The mean Hoehn and Yahr score was 

2.55 (s.d. 0.44) in the PD group and 2.88 (s.d. 0.62) in the 
PD-FZ group. The mean disease duration of the patients 
was not significantly shorter in the PD group without 
freezing (7.67, vs. 11.00). Further details are provided in 
Table 1.

Step latency in externally triggered steps

Latency between the trigger signal and the first step are 
listed in Table 1. An ANOVA revealed a significant effect 
of ‘group’ (F = 25, df = 4; p = 0.0001). Post hoc tests 
revealed significant differences between PD-FZ and all 
other groups (p < 0.05), i.e. freezers were slower (Table 1).

Correlation of APA with age and trigger mode, healthy 
subjects (n = 60)

Step length, step velocity, APA duration, lateral and ant–
post APA were investigated for their possible correlation 
with age (Pearson’s correlation). The only significant cor-
relation was found between age and duration of APA1 dur-
ing externally elicited steps (r = −0.33, p = 0.01). Thus, 
in this group, older subjects showed a shorter APA1 dura-
tion, but age had no significant influence on any other APA 
parameter or on step length or step velocity.

Comparison between groups

The following parameters were analysed with a mixed lin-
ear models ANOVA to detect possible differences between 
groups (n = 5) and mode of step initiation (trigger: self-
paced/cued): step duration, step length, step velocity, APA1 

Fig. 2  Different types of pre-APA oscillations. Representative sam-
ples of lateral pre-APA CoP oscillations (multiple APAs). Time ‘0’ 
denotes the incidence when the swing foot lifts off. a ‘Normal APA’ 

with no or minimum pre-APA oscillation, b one pre-APA oscillation 
(arrow), c four pre-APA oscillations in a patient with advanced dis-
ease
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duration, APA2 duration, peak APA CoP in a lateral direc-
tion (max. APA lateral) and peak APA in a posterior direc-
tion (max. APA post).

Step length differed between groups (F = 4.6, df = 4, 
p = 0.002). Post hoc tests revealed significant differences 
between young CONT and PD-FZ (p = 0.014) as well 
as between middle-aged CONT and PD-FZ (p = 0.013). 
Externally elicited steps were significantly longer than self-
paced steps (F = 11; df = 1, p < 0.001) (Fig. 3).

Step velocity differed between groups (F = 4.6, df = 4, 
p = 0.002). Post hoc tests revealed significant differences 

between young CONT and PD-FZ (p = 0.015) as well 
as between middle-aged CONT and PD-FZ (p = 0.008). 
Externally elicited steps were significantly faster than self-
paced steps (F = 115; df = 1, p < 0.000).

Step duration did not differ significantly between the 
five groups. Externally elicited steps were of significantly 
shorter duration than self-paced steps (F = 67, df = 1, 
p = 0.0001).

Max. APA lateral: the factor ‘group’ was highly signifi-
cant (F = 7.1; df = 4; p = 0.001) as was the factor ‘trig-
ger’ (F = 15; df = 1; p = 0.001), meaning that externally 

Table 1  Subject’s details

Mean values and standard deviation. Stance width was compared between groups. No significant differences emerged (F = 0.6; df = 4, 
p = 0.64). Also, height was not significantly different (F = 1.5; df = 4, p = 0.18). Levodopa equivalent dose was significantly higher for PD-FZ 
as compared to PD (t test, p = 0.035). UPDRS III scores were not significantly different between the two groups (t test, p = 0.66)

Age  
(years)

Height  
(m)

UPDRS  
III

Levodopa 
equivalent 
dose (mg)

Stance  
width (mm)

Fitness 
(IPAQ  
score)

Step  
latency (ms) 
(cued steps)

Hoehn and 
Yahr

Male/
female

Disease 
duration

Young CONT 43.8 (2.9) 1.74 (0.08) 187 (29) 2.5 (0.5) 492 (171) 10/10

Middle-aged 
CONT

55.3 (2.8) 1.73 (0.10) 190 (58) 2.3 (0.6) 465 (154) 9/11

Elderly CONT 66.4 (4.5) 1.68 (0.07) 167 (44) 2.4 (0.8) 404 (137) 9/11

PD 63.6 (14) 1.68 (0.12) 27.7 (10.5) 562 (284) 184 (55) 2.6 (0.5) 426 (176) 2.55 (0.44) 6/4 7.67

PD-FZ 65.7 (9.2) 1.74 (0.10) 24.2 (11.4) 905 (491) 151 (57) 2.5 (0.6) 598 (175) 2.88 (0.62) 9/7 11.00

Fig. 3  Parameters of the first step for five groups. Black bars denote values for cued steps, white bars self-paced steps. Error of the mean is indi-
cated. Significant differences are marked by horizontal lines. Cued steps have a higher velocity as well as a shorter duration
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elicited steps had larger lateral APA amplitudes (Fig. 4). 
Post hoc tests showed that APA lateral was significantly 
smaller in PD-FZ when compared to the three groups 
of healthy subjects (p = 0.06; p = 0.003; p = 0.001) but 
PD-FZ did not differ from PD (p = 0.64).

Max. APA post showed a significant influence of ‘group’ 
(F = 2.6; df = 4; p = 0.042) but no single post hoc test 
showed significant differences between the groups (PD vs. 
PD-FZ: p = 0.47, elderly CONT vs. PD-FZ: p = 0.056).

APA-1 duration was not significantly different between 
groups. The effect of ‘trigger’ was significant (F = 13; 
df = 1, p < 0.000), meaning that duration was shorter in 
externally triggered steps.

APA-2 duration was significantly different between 
groups (F = 3.9, df = 4; p = 0.005) and post hoc tests 
showed significant differences between PD-FZ and elderly 
healthy persons only. The effect of ‘trigger’ was significant 
(F = 170; df = 1, p < 0.000) (duration shorter in externally 
triggered steps).

Correlation between clinical scores and APA data

The scores of three clinical rating scales (UPDRS III, 
Hoehn and Yahr, FOG questionnaire) were correlated 
(Pearson’s correlation coefficient) with several APA and 
step parameters of the patients (PD and PD-FZ, n = 26). 
The UPDRS III scores were significantly negatively corre-
lated with the length of the CoP shift in externally triggered 
steps (r = −0.54, p = 0.005), meaning that more severely 
affected patients had smaller CoP excursions during the 

APA phase. The Hoehn and Yahr score was significantly 
correlated with the APA duration in externally triggered 
steps (r = 0.4; p = 0.043). The FOG score was negatively 
correlated with maximum velocity during the APA-1 phase 
in self-initiated steps (r = −0.39; p = 0.047), meaning that 
patients with a higher freezing score had a lower peak CoP 
velocity during the APA-1 phase.

Pre‑APA oscillations of the CoP in a lateral direction

In several CoP traces, we noted lateral oscillations before 
the beginning of the APA (Fig. 2). Before externally trig-
gered steps, control subjects (all ages) had at least one 
oscillation in 5 % of steps but in 25 % of self-elicited steps 
(Fig. 5). Multiple APAs (3 or 4 pre-APA oscillations) were 
seen in 24 (PD) and 25 % (PD-FZ) before self-elicited 
steps. A statistical comparison (ANOVA) was performed 
on the number of pre-APA oscillations for each step (range: 
0–4). The factors were ‘group’ and ‘trigger’ (self-paced 
vs. extr. triggered step). It became clear that both factors 
were significant (group: F = 7.4, df = 2, p = 0.001; trig-
ger: F = 54, df = 1, p < 0.001), meaning that self-initiated 
steps showed more pre-APA oscillations. Concerning the 
effect of ‘group’, post hoc tests revealed that CONT (all 
ages) differed significantly from PD and PD-FZ (more pre-
APA oscillations in both PD groups), but both PD groups 
showed no significant differences in the number of pre-
APA oscillations. The correlation between the number of 
pre-APA oscillations in the PD-FZ group and the FOG 
score was not significant (p = 0.36).

Fig. 4  APA parameters for the 
five groups. Black bars denote 
values for cued steps, white 
bars self-paced steps. Error of 
the mean is indicated. Signifi-
cant differences are marked by 
horizontal lines. Cued steps 
have higher lateral as well as 
posterior CoP excursions
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Discussion

Our results indicate that the ability to generate ‘normal’ 
APAs does not decline with age, is not significantly differ-
ent in healthy subjects and moderately affected PD patients 
(without freezing) and is not significantly different between 
patients with and without freezing. Additionally, we found 
that cued steps are different from self-paced steps and a dif-
ference was also found between APAs preceding cued and 
self-paced steps.

Self‑paced versus cued steps

Externally elicited steps were larger (on average 5 %), 
faster and of shorter duration than self-triggered steps and 
show a clear difference in several APA parameters: APAs 
are of shorter duration but the CoP excursions are larger in 
the ant–post as well as in the lateral direction. It seems as 
if the external command is able to elicit a faster and more 
efficient preparation of the first step. The biomechanical 
explanation for this observation is probably very simple: 
to quickly initiate a step it is necessary to shift the CoP of 
the feet far back to the heels and very laterally towards the 
swing foot (during APA1) so that the body will quickly fall 
into the desired direction. An EMG analysis of self-initi-
ated and externally triggered stepping involving healthy 
subjects and PD patients was reported (Hiraoka et al. 
2006). The authors found that the EMG burst of the tibialis 
anterior muscle of the swing foot was much higher in exter-
nally elicited movements and this was true for both groups, 
but PD patients had overall reduced tibialis anterior muscle 

activity. When steps of different velocity were required 
(after an external command), the magnitude of the M. tibi-
alis ant activation as well as the amount of posterior CoP 
shift depended on the velocity of the steps they had to make 
(slow/natural/fast) (Crenna and Frigo 1991). Therefore, 
APA measures clearly correlate with the timing of a step 
and this mechanism of intentionally generating larger and 
faster APAs after the imperative stimulus was preserved in 
our study in PD patients both with and without the freez-
ing phenomenon. Similar results were found when audi-
tory cueing was used to initiate a step (Delval et al. 2014). 
These authors showed that auditory cueing improved start 
hesitation in freezers. Most likely, as was reported for gait 
on a treadmill with two different visual cues (Hanakawa 
et al. 1999), the lateral premotor cortex is also active in 
externally elicited postural adjustments and generates faster 
movements even in the ‘off-medication’ state or ‘off-stim-
ulation’ state (Schenk et al. 2003; Michely et al. 2015) as 
compared to the mesial premotor system (supplementary 
motor area, SMA). The same is true for the administra-
tion of Levodopa in PD. Externally triggered steps did not 
have larger APAs in the medically treated PD patients as 
compared to when the patients were in the off-drug state, 
whereas there was a difference when no levodopa had been 
given (Burleigh-Jacobs et al. 1997). It is interesting to note 
that Jacobs et al. (2009a) found faster APAs with the same 
amplitude after inhibitory transcranial magnetic stimulation 
of the SMA and this APA acceleration was pronounced in 
subjects with PD. This would indicate that the SMA has no 
impact on the amplitude of the APA but an inhibitory func-
tion with respect to APA timing. Preceding the actual APA, 

Fig. 5  Percentage of one, two, three or four pre-APA oscillations in 
five groups. Oscillations (peak or trough) of the CoP in the lateral 
direction occurring before APA start were manually marked when 
they exceeded ±10 mm of the preceding baseline. The maximum 

number of oscillations was four (i.e. two full circles of sinusoidal 
oscillations). It is evident that self-initiated steps are preceded by 
more oscillations and that up to four pre-APA oscillations also occur 
in healthy control subjects
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self-timed steps had many more pre-APA oscillations in 
our sample (in 25 % of steps in healthy subjects), indicat-
ing that the decision to take a step may be embedded within 
a transitory phase in which several small APAs are common 
even in healthy people and much more in the patients due 
to their reduced ability to initiate a proper leg movement.

Are APAs affected by age?

When APAs are generated in preparation for an externally 
applied stimulus that affects postural stability (which is 
not under discussion in this work), advanced age signifi-
cantly delays their beginning, reduces their amplitude and 
increases the intensity of compensatory postural adjust-
ments as a reaction to the perturbation (Woollacott and 
Manchester 1993; Kanekar and Aruin 2014b). The effect 
of age on APAs as preparation for a step has not yet been 
systematically investigated in larger groups. A compari-
son between APA parameters and step size in young (mean 
27 years) and elderly healthy subjects (mean 60 years) 
showed that anterior–posterior displacement of the CoP 
was significantly reduced in the elderly but other param-
eters were not and the authors concluded: ‘There is a trend 
for the variables to be smaller, slower and less forceful 
when comparing the young to the elderly…’ (Halliday 
et al. 1998). Our youngest subject was 40 years old, and 
therefore, comparability to the mentioned study is limited. 
Our sample comprises the largest group of healthy subjects 
in whom an age effect on APAs was investigated. Like the 
previous study, we found that age in the range investigated 
here had no significant influence on any APA parameter 
with the exception of one (duration of APA1). Thus, APA 
seems to be a fairly stable motor sequence unaffected by 
age.

Are APAs different in PD?

In our study, no differences were found in the backward 
CoP shift (post APA component) between groups, and 
lateral CoP shift towards the swing foot was reduced in 
severely affected PD patients (freezers) only, but not in 
moderately affected patients. This pattern is similar to a 
study investigating untreated PD patients in an early stage 
of the disease as far as backward CoP shift is concerned 
(Mancini et al. 2009); however, these authors also saw sig-
nificantly reduced lateral CoP shift in untreated early-stage 
PD patients. Lateral shift was also reduced in moderately 
affected PD patients in the study by Jacobs et al. (2009a), 
whereas the APA timing was normal. In summary, our data 
suggest that APAs are rather well preserved in moderately 
affected and treated PD patients without freezing. Small 
differences (not significant in our sample) can be attributed 

to disease-associated bradykinesia (which is accessible to 
levodopa treatment) but not to a general deficit in generat-
ing APAs.

Are APAs different in freezers?

The freezing phenomenon in Parkinson’s disease is far 
from being understood. Reduced APAs could serve as an 
explanation for why a step cannot be initiated. However, 
exaggerated APA movements in the form of ‘trembling 
in place’ have also been postulated as possible sources of 
freezing (Jacobs et al. 2009b). In our study, there was no 
evidence for substantially different APAs in the freezers 
as compared to PD patients without freezing: not a single 
APA parameter showed a statistically significant difference 
between patients with and without the freezing phenom-
enon. The discrepancies between these results and results 
of other groups cannot easily be resolved: in the work of 
Delval et al. (2014). the authors noted that APAs were more 
frequently absent in freezers as compared to non-freezers. 
In our study, ‘absence’ was not a criterion, but reduced or 
absent APAs entered the statistical evaluation as very low 
amplitudes. We found similar results as the Delval group 
concerning multiple APAs. Obviously, there is no funda-
mental reduction or absence of the mechanisms which are 
responsible for APA generation in freezers. The freezing 
phenomenon may thus be related to other abnormalities: 
Freezers seem to have pathoanatomical abnormalities in the 
form of significantly reduced right hemisphere pedunculo-
pontine nucleus fibre tract volume compared with healthy 
controls (Fling et al. 2013). Also, dual task interference 
during gait is higher in freezers than in non-freezers and 
correlates with pedunculopontine nucleus structural con-
nectivity in freezers (Peterson et al. 2015). This observation 
supports the notion that freezers may have a frontal lobe 
disconnection from subcortical structures critical for gait 
which interferes with automatic as well as cognitively con-
trolled motor processes (Vandenbossche et al. 2012; Fling 
et al. 2014). These observations lead to two conclusions: 
first, in PD, APAs are smaller and slower due to a bradyki-
netic state. The freezing phenomenon cannot be explained 
by reduced APAs because freezers and non-freezers did not 
have significantly different APAs.

The problem of start-hesitation freezing is the initiation 
of a step, i.e. the shift from the cortically driven or facili-
tated APA motor programme to the stepping programme. 
This reduced ability to change from one programme to the 
other has been extensively studied in the past (Benecke 
et al. 1987). Recently, the concept of ‘movement synergy’, 
which holds that the stability of the performance of one 
motor programme has to be actively reduced to allow for 
the initiation of another programme, has been introduced 
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and this process may be reduced in PD (Latash and Huang 
2015). The APA programme is consequently locked in an 
inflexible motor system and performed repetitively with 
little or no bradykinetic features. Support for this notion 
comes from the observation that multiple APAs are of 
considerable amplitude and speed, as has been shown in 
stepping tasks which include a challenge to postural stabil-
ity movement (Jacobs et al. 2009b). Multiple APAs have 
also been observed in healthy subjects in a complex task 
involving backward translations of the surface together 
with a command for which foot to use for a compensatory 
step (Jacobs and Horak 2007). Our study shows that mul-
tiple APAs may also precede ‘normal’ stepping in healthy 
subjects. Apparently, no more than two APAs have been 
reported in the literature in healthy subjects (Nutt et al. 
2011). In our large sample, up to four pre-APA oscilla-
tions were observed in very rare instances in healthy sub-
jects which supports the assumption that processes similar 
to those seen in freezers are active here, i.e. the inability 
to quickly change from the APA motor programme to the 
stepping programme.

A significantly increased step latency of the freez-
ers in externally triggered steps lends further support to 
the notion of an inability to initiate a step. While these 
considerations may apply for start-hesitation freezing, 
freezing during gait, however, cannot easily be recon-
ciled with the concept of reduced instability of motor 
programmes. In these instances, the sequence effect 
(Iansek et al. 2006) could be responsible for a progres-
sively reduced step size and freezing may occur as start-
hesitation freezing after a complete standstill of leg 
movements.
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