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Abstract

We studied 12 patients with Parkinson’s disease (PD): 6 with postural instability (Hoehn and Yahr Stage 3) and 6 without
(Stage 2 or 2.5), using a quantitative test based on the clinical pull test. Their findings were compared with those for 12
healthy controls. The patients on their usual medications were pulled either forwards or backwards at the level of the shoul-
ders and asked not to take a step in a series of five trials. Acceleration was monitored for the upper trunk, sacrum, and both
tibias. EMG was measured in soleus and tibialis anterior (TA) muscles in all and for thigh and truncal muscles in a subgroup.
A target of 0.2 g trunk acceleration was used, but smaller perturbations were used in very unstable patients. All the Stage
3 patients lost balance in at least one trial for the posterior perturbations but none for the anterior ones. None of the Stage
2 patients lost balance. There was increased tonic EMG and agonist activity but no difference in EMG onset or initial force
production compared to healthy controls. For posterior perturbations, there were two related disorders that separated the PD
patients from controls. There was a significantly higher ratio of sacral-to-applied acceleration and both PD groups showed
reduced knee acceleration and shortened latency, more so for the Stage 3 group. The increased sacral-to-C7 acceleration ratio
was correlated with the tonic level of activation of the hamstrings (HS), quadriceps, and lumbar paraspinal muscles (PS),
while the tibial acceleration latency was also correlated with the level of tonic PS activation. We also found that the size of
balance responses, 0-200 ms post-perturbation, correlated significantly with the level of tonic activation in nearly all the
muscles studied. We confirmed that PD patients show greater instability posteriorly than anteriorly to applied perturbations.
Our findings support increasing axial and limb rigidity as the cause of the impaired pull test rather than postural bradykinesia
and suggest that tonic truncal and thigh muscle activation may be an important underlying cause.
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Introduction

The development of postural instability in Parkinson’s dis-
ease (PD) defines the onset of Hoehn and Yahr Stage III, a
phase in which significant disability is generally accepted
to occur (Hoehn and Yahr 1967; Munhoz and Teive 2014).
Accidental falls are the key consequences of postural insta-
bility and lead to injury (Koller et al. 1989; Bloem et al.
2004; Grimbergen et al. 2004; Wielinski et al. 2005).
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Assessment requires the use of postural disturbances to
assess stability (Bloem et al. 2001; Visser et al. 2003; Non-
nekes et al. 2015). As described in their report, impairment
of righting reflexes was determined by pushing the standing
subject (Hoehn and Yahr 1967), whereas Charcot, for exam-
ple, pulled on the patient’s clothes to demonstrate retropul-
sion (Goetz 1986). Clinical assessment of postural stability
in PD is now usually based on the Pull Test (Hunt and Sethi
2006) and abnormalities on this test have been shown to
predict falls (Kataoka et al. 2011). In this test, the patient
is pulled backwards at the level of the shoulders, forcefully
enough to require one or more steps to compensate. How-
ever, the test is difficult to standardise. Munhoz et al. (2004)
found that it was common for examiners to pull too lightly.
Done carefully, the pull test has a good correlation with the
likelihood of falls (Munhoz and Teive 2014).
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We have developed a test of postural stability based on the
clinical pull test, but one in which the applied perturbation
is monitored and standardised (Colebatch et al. 2016). Like
the clinical test, the force was applied manually to the upper
trunk, but subjects were required not to take a step. We have
applied the perturbations both forwards and backwards. The
result is a stereotyped group of muscle contractions, with
the initial short latency EMG response occurring before a
voluntary reaction time (Colebatch and Govender 2018).
The findings are little affected by the presence of vision. In
this study, we have applied this method to two groups of PD
patients one with clinically impaired postural reflexes and
one without, and have compared their findings with those of
healthy controls, to understand better the changes underlying
their postural impairment.

Materials and methods
Patient and normal cohorts

In 12 PD patients (Table 1), half of whom had clinically
impaired responses to the pull (-back) test were recruited
and tested for this study. The first group required stabi-
lisation on posterior perturbation testing (PD group 1:
69 + 14 years; 5 males, 1 female) and the other did not (PD
group 2: 70 + 10 years; 5 males, 1 female). All patients were
under the care of one of the authors (J.G.C). All met UK
Parkinson’s Disease Society Brain Bank criteria (Hughes
et al. 1992) for the diagnosis of idiopathic PD and showed
definite responses to dopaminergic medication. One patient
(P4, 85-year-old female) subsequently came to post-mortem

and was pathologically confirmed to have Parkinson’s dis-
ease. She had severe instability and her results are referred
to specifically at times. The PD patients were tested on
their usual medication while standing without assistance. A
postural perturbation was applied manually by the experi-
menter to the upper trunk similar to the method used clini-
cally but with the experimenter able to see a record of the
acceleration imparted to the subject at the end of each trial.
Healthy controls and PD patients were told not to take a
step unless they were going to fall. The perturbations were
strong enough, of the order of 40 N, such that they required
a conscious response to avoid falling. The patient findings
were compared to those for older normal controls (12 sub-
jects, 65+ 11 years, 7 females, 5 males). Informed consent
was given before the experiments, in accordance with the
Declaration of Helsinki, and this study was approved by the
local ethics committee (South Eastern Sydney Local Health
District Human Research Ethics Committee).

Recording equipment

Subjects and patients stood on a force platform (model
9286A, Kistler Instrumente, Winterthur, Switzerland) with
their feet comfortably apart, with their feet over a template.
Centre of Pressure (CoP) for the anterior—posterior (AP) axis
and vertical (Z) force were calculated from the transducer
outputs using the manufacturer’s formula. The Z gradient
(rate of rise of force, anterior—posterior) was measured over
100-200 ms and 200-500 ms post-onset of the perturba-
tion. Uniaxial accelerometers (model 751-100, Endevco,
California, USA) were used to record evoked accelerations
of the upper trunk, sacrum, and lower limbs (knees), and

Table 1 Clinical and demographic characteristics of parkinsonian’s patients

Patient Gender Age  Disease dura- Treatment Weight (kg)  Height (cm)  Accelerometry height (cm)
tion (years) LEDD (mg) —
Trunk  Sacrum  Tibia
PD group 1 P1 M 52 10 750 69 160 137 90 -
(required P2 M 66 16 1064 95 182 150 104 40
stabilisation)  ps M 753 800 108 184 164 115 45
P4? F 85 14 1025 54 166 145 104 36
P5 M 54 16 965 88 178 142 97 40
P6 M 79 2 800 74 161 147 94 40
PD group 2 (did P7 M 74 10 600 88 169 149 100 40
not r.e'qui.re P8 F 54 5 150 82 167 149 - 38
stabilisation)  pg M 80 7 550 70 168 145 96 -
P10 M 79 5 100 77 179 141 95 -
P11 M 72 2 Nil 93 180 151 102 39
P12 M 61 13 400 77 178 143 98 38

LEDD ILevodopa equivalent daily dosage, Tomlinson et al. (2015). Patients (P1-P6) were Hoehn and Yahr Stage 3, patients P7-10 were Hoehn
and Yahr stage 2, and patients P11 and 12 were Hoehn and Yahr 2.5 (slight impairment of pull-back only)

#Postmortem-confirmed PD
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were placed on the trunk (C7; n=12), the sacrum (n=11),
and over the tibial tuberosities (n=9). Surface EMG poten-
tials were recorded using adhesive electrodes (Cleartrace
1700-030, Conmed Corp., NY, USA). Unilateral recordings
were made in 7 patients (P2, P4, and P5 from PD group 1;
P7, P8, P11, and P12 from PD group 2) from soleus, tibialis
anterior (TA), hamstrings (HS), quadriceps (Quad), lumbar
paraspinal (PS), and rectus abdominis (RA) muscle groups
(n=2 right, n=5 left). Detailed descriptions of electrode
locations for each muscle have been previously published
(see Colebatch et al. 2016). Inter-electrode distances were
2-3 cm. For convenience, bilateral recordings were made
from soleus and TA muscles in the remaining patients and
averaged between sides. An earth electrode was placed on
the left forearm approximately 5 cm distal to the antecubi-
tal fossa. EMG was amplified (1000 or 2500%, D360 Digi-
timer Co, Welwyn Garden City, UK), band-pass filtered
(8 Hz—-1.6 kHz). All data were sampled at 4 kHz using a
Power1401 and SIGNAL software (Cambridge Electronic
Design, Cambridge, UK) for a total of 5 s and realigned prior
to averaging off line as described below.

Perturbation stimuli

Rapid, unpredictable perturbations were applied by one
experimenter (S.G.) to displace the subjects, whose eyes
were open, either forwards or backwards. The same experi-
menter applied similar perturbations for the normal con-
trols. Perturbations were delivered by holding the subject
at the shoulders and pulling the trunk in the anterior (pull-
forward) or posterior (pull-back) directions. Neither healthy
controls nor PD patients were told when the perturbations
would be delivered and both were instructed to attempt to
maintain their upright posture without moving their feet. A
target of 0.2 g peak acceleration was used, but lower peak
accelerations were used in the patients with marked pos-
tural instability for their safety. We have previously found
that normal controls are able to maintain their posture in
response to similar perturbations (Colebatch et al. 2016). An
abnormal result was, therefore, defined as the experimenter
needing to stabilise the patient to prevent falling for one or
more of the five individual perturbation trials delivered. A
familiarisation trial was performed and then five individual
perturbations were recorded for each direction. Each trial
was originally 5 s in total duration with a 1.5 s pre-stimulus
interval. The recording of EMG, CoP, and acceleration data
was triggered by the experimenter pressing a footswitch at
approximately the same time as the applied perturbation.
For each individual perturbation, the traces were realigned
offline to the onset of acceleration as detected at C7 which
was defined as time O and, during the same process, EMG
was full wave rectified and averaged. This process reduced
the length of the recordings to 1 s prior to the new reference

and 3 s following it, and was done using custom scripts writ-
ten in the MATLAB software (Matlab 2007b Mathworks,
MA; Colebatch et al. 2016). The averaged recordings were
then used for data analysis. Mean-rectified EMG levels
were automatically measured for a series of 9 time intervals
(baseline, 0-0.2 s, 0.2-0.5 s, 0.5-0.75 s, 0.75-1 s, 1-1.5 s,
1.5-2s,2-2.5 s, and 2.5-3 s). For EMG onset latencies, val-
ues were determined from rectified EMG using a cumulative
sum technique requiring 3 SD deviations remaining consist-
ently above or below from the preceding mean activity levels
(Colebatch et al. 2016). Grand averages of each of the three
groups were made and used as an indication of the laten-
cies of the important peaks for acceleration and CoP. These
values, in turn, were used to guide the manual selection of
latencies using the individual recordings. Voluntary contrac-
tions were measured during sitting, while PD patients and
controls were asked to maximally dorsiflex (TA) and plantar
flex (soleus). Mean-rectified EMG levels during voluntary
contraction were taken over approximately 1 s.

Statistical analysis

For anterior perturbations, data for both PD groups were
combined for subsequent analyses as acceleration, CoP, and
EMG profiles did not differ between the two PD groups.
Unpaired Student’s t tests were used for amplitude and
latency comparisons between groups for acceleration, COP,
and EMG onset measurements, and when comparing rates
of rise of vertical (Z) force. A repeated-measures ANOVA
was carried out using EMG intervals as the within-subjects
factor and group (PD group 1, group 2, and healthy controls)
as the between-subjects factor for the TA and soleus muscle
groups for posterior perturbations. Log-transformed EMG
values were used during ANOVA testing to ensure normal-
ity (Shapiro—Wilk test). We specifically examined the ini-
tial 0-200 ms post-perturbation EMG interval as this period
corresponds to balance responses (Bloem et al. 2000) and
it is likely that changes in this earliest interval would most
strongly affect the subjects’ abilities to maintain upright
posture in response to a sudden displacement. EMG levels
at 0—100 ms and 100-200 ms post-perturbation intervals in
TA and soleus were compared using unpaired Student’s ¢
tests. Linear regression was used to investigate the depend-
ence of sacral-to-truncal acceleration ratios, tibial accel-
eration amplitude and latency, and balance responses (tonic
activity 0-200 ms post-onset of acceleration) upon baseline
pre-stimulus EMG levels using data from PD patients and
controls.

Results in the text and tables are given as mean + SD,
unless stated otherwise. Graphs depict data as mean + SEM.
The P <0.01 was taken as the threshold for significance due
to the number of groups and comparisons. P values between
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0.01 and 0.05 are also given in the text, along with trends
between 0.05 and 0.1.

Results

The body mass index (BMI) was not significantly different
between healthy controls and PD patients (PD group 1 vs
controls: 27.2 vs 24.9 kg/m?; tqey=1.4, P=0.19; PD group
2 vs controls: 28.5 vs 24.9 kg/m~; e = 1.4, P=0.19). The
Levodopa equivalent daily dose (LEDD) was significantly
greater for PD group 1 than PD group 2 (Table 1: 7,5, =5.2,
P <0.001). The duration of disease was not significantly
different between the groups (7(g,=1.0, P=0.32). In PD
group 1, patients (P4) and (P5) required stabilisation by the
experimenter (S.G) for all five individual trials following
posterior macro-perturbations. Support by the experimenter
was required for patients (P3) and (P1) for two trials, and for
patients (P2), and (P6) for one trial following posterior per-
turbations. None of the PD group 1 patients required stabili-
sation following anterior perturbations. None of the healthy
controls or any PD group 2 patients required stabilisation for
either direction of perturbation.

Voluntary maximal contractions were recorded in
11 healthy controls and were 74.9 +50.3 uV (TA) and
58.7+25.4 uV (soleus), while six PD patients (P1, P3-5, P8,
and P9) had maximal contraction of 124.4 +48.2 uV (TA)
and 80.3 +54.1 pV (soleus). Maximal contraction tended to
be larger for TA in PD patients (t( 15)= 2.0, P=0.07), but did
not differ between groups for soleus (7,5, =1.1, P=0.27).

Posterior perturbations (pull backwards)

Peak-induced acceleration amplitudes at the trunk were sig-
nificantly smaller in PD group 1 patients than in healthy
controls (7;5,=2.8, P=0.01), probably due to the patients’
instability prompting weaker pulls (Fig. 1, Table 2). In con-
trast, peak acceleration amplitudes at the trunk were not dif-
ferent between PD group 2 and healthy controls (Table 3;
le)= 1.3, P=0.22). As sacral accelerations were similar,
the ratio of sacral-to-truncal accelerations in PD group 1
patients was higher than that of healthy controls (PD group 1
vs controls: 0.57+0.20 vs 0.35+0.13; L= 2.7, P=0.02).
PD group 2 also showed an increase in the sacral-to-truncal
ratio (PD group 2 vs controls: 0.51+0.12 vs 0.35+0.13;
fq5=2.3, P=0.04). The ratio of sacral-to-truncal accel-
erations was not significantly different between the two PD
groups (fg,=0.5, P=0.60), whereas both PD groups com-
bined were significantly greater than controls (PD groups
combined vs controls: 0.54+0.17 vs 0.35+0.13; lon= 3.0,
P =0.007). The two PD patients (P4, P5) with the most fre-
quent loss of balance had average sacral/truncal ratios of
0.69.

@ Springer

The peak latency of truncal acceleration, sacral accelera-
tion (peak amplitude and latency), and CoP (peak amplitude
and onset latency) were not significantly different between
either PD group and healthy controls (PD group 1 vs con-
trols: l16)= 0.1-1.6, P=0.13-0.96; PD group 2 vs controls:
l(15-16)=0.6-2.0, P=0.06-0.58). CoP peak latencies were
significantly delayed in PD group 1 patients (PD group 1 vs
controls: 791.6 vs 438.4 ms; tie)= 3.5, P=0.003), but were
not significantly different between PD group 2 and healthy
controls (f;5,=0.9, P=0.36). When comparing between PD
groups, CoP peak latencies tended to be later in PD group 1
than PD group 2 (7,5,=2.4, P=0.04).

Healthy controls showed a prominent anterior accelera-
tion at the tibias, consistent with knee flexion, which was
earlier and attenuated in the PD patients (Tables 2, 3). In PD
group 1, L- and R- averaged peak initial tibial accelerations
were smaller (¢,5,=2.3, P=0.03) and earlier (t,5=4.2,
P <0.001) compared to healthy controls. PD group 2 patients
showed a trend towards smaller tibial accelerations than con-
trols (t(]4) =1.9, P=0.08), but initial peak tibial latencies
were not significantly different (7,4)=1.2, P=0.21). When
comparing between PD groups, the initial peak tibial laten-
cies tended to be earlier in PD group 1 than PD group 2
(73.3+18.7 vs 106.0 +35.8 ms; £7)=1.8; P=0.11). When
combining data from both PD groups, tibial accelerations
were significantly smaller (44.2 +19.7 vs 123.6+76.6 mg;
19y=3.0, P=0.007) and earlier than healthy controls
(87.8+30.8 vs 127.1 +25.6 ms; f19)= 3.0, P=0.007). There
was an inverse correlation between the sacral-to-truncal
ratio and the latency of the initial peak of tibial accelera-
tion, such that the lower sacral-to-truncal ratios occurred
with a later peak tibial acceleration. When PD patients and
controls were included, there was a highly significant lin-
ear regression (R*>=0.40, P=0.002; Fig. 2a). Combining
these abnormalities provided a “rigidity index” (sacral-to-
truncal ratio divided by the tibial latency in seconds—PD
group 1=8.9+3.9 s7'; PD group 2=4.5+2.4 s7!; con-
trols=3.0+ 1.8 s~!). This separated the three groups and
gave a significantly higher level in PD group 1 patients than
in controls (’(15) =4.3, P<0.001; Fig. 2b).

Mean baseline EMG levels were higher in most mus-
cles for PD patients than for healthy controls, except for
the soleus and RA muscles (Table 4). Pooled data showed
that baseline EMG levels were higher in PD patients for
quadriceps (f,7)=2.0, P=0.060) and PS muscles (7,7,=2.9,
P =0.009) than controls. There were a significant linear
relationships between EMG responses in the 0-200 ms
post-perturbation interval and baseline EMG levels for
TA (R*=0.19, P=0.03), soleus (R*=0.33, P=0.003), HS
(R*=0.96, P<0.001), quadriceps (R>=0.42, P=0.003),
and PS muscles (R2=O.48, P=0.001; Fig. 3). The tibial
acceleration latency was inversely related to the level of PS
baseline activity (R2 =0.35; P=0.008; Fig. 2¢). Similar but



Experimental Brain Research (2019) 237:1853-1867 1857
Fig. 1 Grand mean responses =
(PD group 1—left column; P OSte rl O r
PD group 2—right column) =
showing recordings of accelera- P e rt U rb atl O n S
tion, EMG and CoP following
posterior perturbations. Upward
accelerations reflect anterior Accelerometry Grand Mean Accelerometry Grand Mian
(fOITW.ard) n.l(.wemem' Due to Grand Mean Grand Mean
their instability, several PD PD group 1 PD group 2
group 1 patients had smaller Trunk Trunk
applied perturbations than
controls, leading to a lower
average level of acceleration of
the trunk. Despite this, sacral Sacrum ] Sacrum
acceleration was similar. Tibial ﬁ Anterior
accelerations also show differ- MAA\W
ences between PD groups and Posterior
controls. The initial anterior R Tibia R Tibia
acceleration seen in the controls
was attenuated for the both PD A‘_‘—J\/NYVWM
groups. There were higher tonic
levels of EMG activity in HS N 015¢ - 015g
and Quadriceps particularly for L Tibia L Tibia
PD group 1 patients. Initial TA ’\’\A/\/\/W\"J\/\/\'\"W “‘j\/‘fw
EMG levels and CoP changes
were similar although with a EMG EMG
more prolonged contraction of
TA in the PD group 1 patients. TA TA
TA tibialis anterior, Sol soleus,
HShamstrings, QUAD quadri- W\lﬂ e .__._______MW_“
ceps, RArectus abdominis, wh h
PSlumbar paraspinal muscles,
CoP centre of pressure
250 pv 250 pv
sSoL H soL .
HS HS
%%%“WWW" YT =
QUAD QUAD
i 1yt LITY o uMImu bkt sl Al idaly IRET——— [ il g, S o rnphens
RA RA
e
PS PS
ot A i Aot i
CoP CoP
60 mm 60 mm

=

@ Springer



1858

Experimental Brain Research (2019) 237:1853-1867

Table 2 Mean acceleration, CoP, and EMG onset values for posterior and anterior perturbations in PD group 1 patients and controls

Posterior perturbations Anterior perturbations
Accel Peak Amplitude (mg) Peak Latency (ms) Peak Amplitude (mg) Peak Latency (ms)
PD patients Controls PD patients Controls PD patients Controls PD patients Controls
Trunk -152.7(39.5) -233.7(64.3) 59.3 (12.6) 57.1(6.5) 152.9 (30.5) 243.4 (76.3) 66.5(5.2) 64.4 (8.4)
Sacrum -82.7 (25.5) -76.6 (20.8) 105.6 (30.5) 104.0 (23.9) 75.1 (32.9) 76.3 (36.7) 109.0 (18.2) 101.8 (22.8)
Tibia (avg) 40.6 (18.0) 123.6 (76.6) 73.3 (18.7) 127.1 (25.6) 56.1 (31.1) 62.8 (48.0) 163.2 (99.8) 170.6 (38.4)
CoP Displacement (mm) Latency (ms) Displacement (mm) Latency (ms)
Peak -46.1 (11.8) ’ -46.4 (10.1) 791.6 (296.9) 438.4 (139.8) 53.6 (16.4) | 53.6 (12.1) 544.0 (262.8) 467.0 (162.8)
Onset - 93.1(20.1) 112.5(25.9) - 89.0 (14.9) 103.1(17.0)
0.1-0.2s interval 0.2-0.5s interval 0.1-0.2s interval 0.2-0.5s interval
(N.nv/s) (N.m/s) (N.m/s) (N.m/s)
Z gradient -56.2 (31.8) -69.6 (45.4) -34.0 (18.7) -24.4 (25.3) 100.4 (46.7) ‘ 89.4 (44.9) 36.3 (28.0) 27.0 (18.9)
EMG Median Lat [range] (ms) Median Lat [range] (ms)
PD patients Controls PD patients Controls
Latency TA: 66.8 [49.5- 86.8] TA: 74.6 [59.8-106.0] SOL: 101.7 [47.3 — 107.0] SOL: 95.3 [74.8-127.3]
0-0.1s 0.1-0.2s 0-0.1s 0.1-0.2s 0-0.1s 0.1-0.2s 0-0.1s 0.1-0.2s
Mean levels TA:58.036.4) | TA:90.2(40.7) | TA:50.2(28.5) | TA:94.2(49.8) TA:26.9(15.1) TA: 36.2(26.9) TA:14.1(13.3) TA:33.4(23.2)
(nV) SOL: 19.8(16.6) | SOL:22.7(16.4) | SOL: 27.3(11.4) | SOL: 53.6(30.9) SOL: 30.9(15.9) | SOL: 67.4(56.7) SOL: 31.8(14.6) | SOL:64.3(24.2)

Mean (SD) are given for acceleration and median [range] for onset EMG latencies. Negative acceleration and CoP amplitudes indicate a poste-

rior (backward) movement

less significant inverse relationships were present for HS
and quadriceps tonic pre-stimulus EMG levels (R?=0.15
and 0.24, P=0.10 and 0.03). There were significant linear
relationships of the sacral-to-truncal ratio to PS (R2= 041,
P=0.004; Fig. 2d), Quadriceps (R*=0.46, P=0.002), and
HS baseline activity (R*=0.47, P=0.002). TA and soleus
baseline levels, however, did not correlate significantly with
the sacral-to-truncal ratio or tibial accelerations (initial peak
amplitude or latency).

There was no significant difference between the
three groups when comparing EMG baseline lev-
els for TA (#49_16=0.2-0.7, P=0.50-0.85) or soleus
(f(10-16)=0.2-0.7, P=0.50-0.85). For the main agonist,
TA, EMG onset latencies were not significantly different
between the two PD groups and healthy controls (7,6, =0.3
and 1.3, P=0.20 and 0.80) or between the two PD groups
(fq0)=1.3, P=0.23). The levels of activation of TA were
high particularly from 100 to 200 ms after the perturbation
and similar to our subjects’ maximum contraction levels
(Tables 2, 3 and Fig. 4). TA EMG levels neither over the
0-100 ms (745,=0.5, P=0.62) nor the 100-200 ms inter-
vals (76,=0.2, P=0.87) differed significantly between PD
patients and controls. For soleus, PD group 1 patients dem-
onstrated smaller EMG levels than healthy controls over
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the 100-200 ms post-perturbation interval (22.7 +£ 16.4 vs
53.6+30.9 pVv; 6= 2.3, P=0.03). Neither TA nor soleus
showed any significant difference in EMG levels between
PD group 2 and healthy controls across any of the inter-
vals (#4,=0.2-0.9, P=0.40-0.87). Neither TA nor soleus
EMG levels differed between PD groups for these earli-
est intervals (¢,5,=0.5-1.0, P=0.34-0.65). Overall, TA
EMG activation levels were prolonged in PD group 1 com-
pared to PD group 2 and healthy controls (Fig. 5a; inter-
action between group and EMG interval; F6 165)=2.2,
P =0.006), while, for soleus, there was no difference in
EMG levels between the three groups (Fig. 5b).

The initial rate of change of vertical force was not sig-
nificantly different between PD groups [z, = 1.6 (for
100-200 ms interval) and 0.1 (for 200-500 ms interval),
P=0.15 and 0.92] nor for each PD group compared to
healthy controls [#(,5,=0.6 for PD group 1, 0.7 for PD
group 2 (100-200 ms interval) and 0.8 for PD group 1,
0.9 for PD group 2 (200-500 ms interval), P =0.38-0.53].

Anterior perturbations (pull forwards)

Neither PD group required stabilisation and both produced
similar acceleration, CoP, and EMG profiles for anterior
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Table 3 Mean acceleration, CoP and EMG onset values for posterior and anterior perturbations in PD group 2 patients and controls
Posterior perturbations Anterior perturbations

Accel Peak Amplitude (mg) Peak Latency (ms) Peak Amplitude (mg) Peak Latency (ms)

PD patients Controls PD patients Controls PD patients Controls PD patients Controls
Trunk -189.3 (78.1) -233.7 (64.3) 61.1(8.5) 57.1(6.5) 172.9 (29.7) 243.4(76.3) 67.2 (11.1) 64.4 (8.4)
Sacrum 3.8 (30.1) -76.6 (20.8) 95.3 (19.5) 104.0 (23.9) 83.7 (44.9) 76.3 (36.7) 105.9 (22.0) 101.8 (22.8)
Tibia (avg) 48.7 (23.5) 123.6 (76.6) 106.0 (35.8) 127.1 (25.6) 79.8 (55.2) 62.8 (48.0) 203.1(31.9) 170.6 (38.4)
CoP Displacement (mm) Latency (ms) Displacement (mm) Latency (ms)
Peak -52.5(12.1) -46.4(10.1) 497.0 (76.0) | 438.4(139.8) 57.5(11.2) 53.6 (12.1) 484.8 (114.8) 467.0 (162.8)
Onset - 90.0 (12.4) 112.5(25.9) - 84.8 (8.3) 103.1 (17.0)

0.1-0.2s interval 0.2-0.5s interval 0.1-0.2s interval 0.2-0.5s interval
(N.m/s) (N.nv/s) (N.m/s) (N.m/s)
Z gradient -83.7 (29.5) -69.6 (45.4) -35.1 (18.7) -24.4(25.3) 108.4 (49.8) 89.4 (44.9) 37.6 (16.4) 27.0 (18.9)
EMG Median Lat [range] (ms) Median Lat [range] (ms)
PD patients Controls PD patients Controls
Latency TA: 81.9 [56.8-98.0] TA: 74.6 [59.8-106.0] SOL: 95.2[77.0-113.6] SOL: 95.3 [74.8-127.3]
0-0.1s 0.1-0.2s 0-0.1s 0.1-0.2s 0-0.1s 0.1-0.2s 0-0.1s 0.1-0.2s

Mean levels  TA: 47.1(31.1) TA: 105.5(67.8) TA: 50.2(28.5) | TA:94.2(49.8) | TA:28.1(36.6) | TA:57.1(97.1) | TA:14.1(13.3) | TA:33.4(23.2)
uv) SOL: 25.9(22.7) SOL: 40.3(39.3) SOL:27.3(11.4) | SOL:53.6(30.9) | SOL: 34.5(30.7) | SOL: 73.3(77.8) | SOL:31.8(14.6) | SOL:64.3(24.2)

Mean (SD) are given for acceleration and median [range] for onset EMG latencies. Negative acceleration and CoP amplitudes indicate a poste-

rior (backward) movement

perturbations (Fig. 6). Thus, data for both PD groups were
combined for all analyses. Anterior perturbations evoked
rapid accelerations at the trunk (mean latency PD combined:
66.9 ms), followed by the sacrum (107.6 ms) and then the
tibias (180.9 ms) in the PD patients. Overall, peak accel-
eration amplitudes at the upper trunk were smaller in PD
patients compared to controls (PD combined vs controls:
162.9+30.6 vs 243.4+£76.3 mg; 1,,,)=3.4, P=0.003),
but other accelerations and CoP amplitudes did not differ
between the groups (7(;9_5;)=0.2-0.4, P=0.71-0.87). The
ratio of sacral-to-truncal accelerations was higher in PD
patients but not significantly different between them and
healthy controls (PD combined vs controls: 0.49 +£0.22 vs
0.36+£0.22; 15,,=1.5, P=0.15).

There was no significant difference for the latencies
of peak acceleration (truncal, sacral, and tibial) and CoP
(peak) between the combined PD group and healthy controls
(f(19-22)=0.4-0.7, P=0.46-0.68). P4 showed strong anterior
accelerations at all sites, indicating a tendency to move en
bloc, unlike controls. CoP onset latencies were earlier in PD
patients than controls (PD combined vs controls: 86.9+11.7
vs 103.1£17.0 ms; £55)=2.7, P=0.01).

Overall, mean baseline EMG levels in PD patients
were generally higher than for controls (Table 4). Pooled

data showed that baseline EMG levels were higher in PD
patients for HS (z,7,=2.9, P=0.008), quadriceps (7;7,=3.1,
P=0.007) and PS muscles (7,7)=3.9, P=0.001). Soleus
baseline levels were not significantly different between
PD patients and controls (#,5,=0.3, P=0.80), whereas TA
baseline levels tended to be larger in PD patients (PD com-
bined vs controls: 23.7+18.3 vs 12.3+12.1 uV; lan= 1.8,
P=0.09). Similar to posterior perturbations, there were
significant linear relationships between EMG levels in the
0-200 ms post-perturbation interval and baseline EMG lev-
els for all muscles (Fig. 3: TA: R?=0.67, soleus: R*=0.79,
HS: R*=0.87, quadriceps: R%2=0.95, RA: R*=0.61, PS:
R*=0.89; P<0.001 for all).

EMG activity levels for the main agonist (soleus) did
not differ significantly between PD patients and controls
(Fg176)=1.1, P=0.31; Fig. 7a) and EMG onset latencies
for soleus were not significantly different between the
groups (£, =0.7, P=0.49). Over the initial 200 ms post-
perturbation, soleus EMG levels for the 0—100 ms and
100-200 ms intervals were very similar for PD patients
and controls (75, =0.1-0.3, P=0.76-0.91; Fig. 8). For the
antagonist (TA) EMG levels did, however, show a significant
difference between the groups taken over the full duration
(F(g.176)=4-4, P<0.001; Fig. 7b), but over the initial 200 ms
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PD group 2 and controls. (n.s. not significant, ***P <0.001). ¢ Tibial
latency was inversely related to the level of paraspinal (PS) EMG at
baseline, while d the sacral-to-truncal ratio was positively correlated
with PS levels

Table 4 Baseline EMG levels

. - Baseline EMG (uV)
for posterior and anterior

perturbations in PD patients and Posterior perturbations

Anterior perturbations

controls
PD patients Controls PD patients Controls
Group 1 Group 2 Group 1 Group 2
TA 22.8 (21.9)* 17.9 (13.1)* 16.5 (15.7) 25.9 (17.2)* 21.5 (20.7)* 12.3 (12.1)
SOL 18.6 (14.3)* 21.7 (17.9)* 23.6 (8.2) 21.3 (11.0)* 25.0 (21.9)* 21.8 (8.3)
HS 40.2 (62.7)° 15.3 (11.6)° 7.2 (3.9) 51.1 (28.3)° 15.7 (11.5)¢ 7.7 (5.9)
QUAD 51.1 (55.3)° 25.2 (16.1)° 13.7 (11.4) 42.0 (29.6)° 22.6 (14.3)° 8.4(9.4)
RA 7.4 (3.8)° 8.1 (4.8 10.9 (6.2) 18.7 (5.7)° 8.1(5.2)° 10.6 (5.7)
PS 36.2 (24.9)° 21.4 (15.4)° 9.9 (6.5) 41.2 (13.3)° 25.0 (18.2)° 9.6 (7.4)

Mean (SD), *n=6, °n=3, ‘n=4

post-perturbation period TA EMG levels for the 0-100 ms
and 100-200 ms intervals did not differ between PD patients
and controls (7,;,=0.6 and 1.5, P=0.13 and 0.53; Fig. 8).

@ Springer

The initial rate of change of vertical force was not sig-
nificantly different between the combined PD group and
healthy controls (¢,,,=0.83 (100-200 ms interval) and 1.2
(200-500 ms interval), P=0.42 and 0.24).
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Fig.4 Grand mean EMG traces
from TA and soleus muscles
from 100 ms before to 500 ms
after posterior perturbation

onset for PD groups 1 and 2 TA (agonISt)
(darker lines) compared to

healthy controls. Grand mean

EMG recordings are shown PD group 1

for agonis[ (TA’ top row) and (requlred Stablllsatlon)
antagonist muscles (soleus;
bottom row). Horizontal bars
indicate the intervals used to
quantify mean EMG levels
(0-0.1 s and 0.1-0.2 s) to
compare these earliest changes
in muscle activity. Levels of TA
contraction in PD Group 1 were
lower than controls, but this
was not significant and was also
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Discussion

The characteristic tendency for patients with PD to fall
backwards (“retropulsion”) or forwards, particularly when
displaced, was noted in the 19th century (Hunt and Sethi
2006). The mechanism of this instability was not clear. Our
test is based on the clinical pull-back test, with a manually
applied perturbation at the level of the shoulders, but differs
in that PD patients and healthy controls were asked not to
take a step in response and the induced acceleration level
was monitored. The clinical test, particularly if it is neces-
sary to evoke a step in healthy controls, is likely to use a
stronger perturbation than ours. In very unstable patients,
some reduction in the applied force is necessary, but the ratio
of sacral-to-applied acceleration remains a useful measure.
We have shown that, with our method, rapid and predict-
able patterns of EMG activity are evoked and that normal
adults can compensate for perturbations that we apply using
a target acceleration of 0.2 g. The responses appear to be

@ Springer

independent of height and weight (Colebatch et al. 2016).
Our method correlated with clinical assessment in that all
the patients tested showed an inability to compensate for at
least one posteriorly directed trial. In contrast, our healthy
controls did not overbalance in any of the trials, despite hav-
ing higher average accelerations applied to them. Unexpect-
edly, we found that the behaviour of two major muscles act-
ing at the ankle (TA, soleus) and the initial forces generated
were almost the same for PD patients and controls for both
perturbations despite their contrasting outcomes for poste-
rior perturbations.

Maintaining the vertical projection of the CoM within
the base of support is an essential requirement for stable
stance (Horak et al. 2005). We measured sacral accelera-
tion as a surrogate for centre of mass (CoM). Our loca-
tion (on average 59% of the height or 41% below the top
of the head), is close to the ratio reported by a USAF
study, which found a ratio of 56% of the height or 44%
below the top of the head (Santschi et al. 1963). The ratio
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Fig.5 Rectified EMG level comparisons between groups for levels of
activity for the main agonist (TA; a) and antagonist (soleus; b) dur-
ing posterior perturbations. Note that raw-rectified EMG levels have
been log-transformed. The prolonged contraction of TA in Group 1
PD patients was probably a consequence of their inability to compen-
sate for the applied perturbation

of sacral-to-applied acceleration, thus, gives an indica-
tion of the amount of the perturbation transmitted to the
CoM. Assuming that our C7 (truncal) location was 90%
of subjects’ height, had they behaved as a rigid object one
would expect an average of 66% of the applied accelera-
tion to be transmitted to the sacrum. This was one meas-
ure that distinguished our PD patients from the control
group. Control subjects were able to achieve a significantly
lower ratio, thereby reducing the fraction of the perturba-
tion acceleration applied to the CoM. This is consistent
with a reduction in effective axial stiffness in the control
subjects which acted to attenuate the effects of the applied
perturbations. In contrast, the ratio for both groups of PD
patients was significantly higher for posterior perturba-
tions and close to that expected for a rigid object.

Anterior perturbations did not destabilise our patients,
although the applied acceleration for the more severely
affected PD patients was lower than for controls. Similar
to posterior perturbations, a higher proportion of the accel-
eration was transmitted to the sacrum. Acceleration at the
tibias was on average posterior, opposite the direction of the
applied acceleration and consistent with rotation of the trunk
with hip flexion. The postural abnormalities were less for
forward displacements for the PD patients, probably because
they were able to achieve an equally strong contraction of
soleus as controls, which was the main mechanism by which
the perturbation was overcome. Although there was evidence
for co-contraction of TA, this was not sufficient to reduce the
initial rate of force development.

The normal tendency for posterior instability is known
to be exacerbated in PD. Horak et al. (2005) investigated
postural stability in normal and PD patients off their medica-
tion, in response to eight directions of body sway evoked by
oppositely directed platform displacements; none of which
caused loss of balance. Although PD patients showed less
displacement of CoP in all directions, the CoM displacement
for the patients was larger, particularly posteriorly, leading to
the lowest margin of stability for this direction. The findings
applied whether the PD patients stood on a narrow or a wide
base. Horak et al. (2005) suggested that the basis of these
findings was “postural bradykinesia”, allowing the CoM to
be displaced further from its starting position (Schoneburg
et al. 2013). Horak et al. (1996), studying forward displace-
ments due to platform displacements, found normal EMG
latencies compared to controls but increased tonic activity
and co-contraction. This was associated with decreased rates
of torque production, particularly for the largest platform
displacements. We also found normal EMG latencies and
co-contraction of proximal muscles. We did not, however,
find any significant difference in the rate of initial agonist
force production for either anteriorly or posteriorly directed
perturbations. This may be in part because our patients were
tested while on their usual medications.

Our PD group 1 patients showed selective impairment for
posterior perturbations. Biomechanically, the two directions
of perturbations are very different. For an anterior perturba-
tion, the plantar flexors can exert a restoring torque on the
body in direct proportion to the level of activation of the
calf muscles, including soleus, as they act directly on the
underlying surface. In contrast, the force that can be exerted
to resist a posterior displacement by the dorsiflexors of the
ankles is limited, because the agonist (TA) has no oppos-
ing resistance. This means that, no matter how strong the
TA contraction, the maximum restoring force is limited
to the component of gravity acting to accelerate the body
forwards (Colebatch et al. 2016). Assuming the centre of
gravity lies 6 cm anterior to the vertical, for a 70 kg subject
with the centre of mass (CoM) 1.1 m above the surface, the
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Fig.6 Grand mean (PD group
1—Ieft column; PD group
2—right column) and healthy
controls showing recordings of
acceleration, EMG, and CoP
following anterior perturba-
tions. Truncal acceleration was
slightly less in the PD patients
but sacral and tibial accelera-
tions were similar in amplitude
and latency to controls (grey).
EMG levels were similar in
soleus and TA but for PD group
1, higher in the hamstrings
(HS). The initial trajectory

of the CoP was similar for all
groups
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Fig.7 EMG level comparisons between groups for the main agonist
(a—soleus) and antagonist (b—TA) involved during anterior per-
turbations. There was little difference in the main agonist (soleus)
activity, while there was higher pre-stimulus and late activation in the
antagonist, TA. Raw-rectified EMG levels have been log-transformed.
SOLsoleus

maximum restoring force with TA activation sufficient to
lift the feet off the floor, will be approximately 37 N. An
acceleration of 0.1 g (50%) transmitted to the CoM implies
a peak force of approximately 70 N, so compensation solely
through contraction of TA would not be sufficient in these
circumstances. Compensation for a large posterior perturba-
tion is, thus, fundamentally different from that for a small
perturbation where changes in TA activation could be fully
compensatory.

Movement around more proximal joints also allows for
greater resilience, by absorbing some of the applied force
as a rotation of the trunk. Like Horak et al. (2005), we also
found significantly reduced anterior tibial acceleration in
both of our PD patient groups, associated with a shortening
of latency. Healthy controls flexed their knees in response
to the perturbation and in so doing allowed their trunks to

rotate backwards to absorb a part of the imposed force in
the form of a rotation of the body around the CoM. Co-
contraction is more marked for proximal muscles for PD
patients than distal ones (Dimitrova et al. 2004). Griineberg
et al. (2004) showed that artificially increased stiffness due
to a corset compromised the ability of young volunteers to
respond to displacements laterally and posteriorly. Horak
et al. (1992) used the term “postural inflexibility” to apply
to the failure of PD patients to be able to suppress postural
reflexes when they were not needed. Our patients were una-
ble to reduce their truncal compliance to the same extent as
our healthy controls and had significantly higher sacral-to-
truncal acceleration ratios. Later, Grimbergen et al. (2004)
used the term “postural inflexibility” in a manner closer to
“postural rigidity”’, meaning a reduction in flexible (compli-
ant) postural responses as a consequence of increased tonic
muscle activity. We have shown that, in fact, the increased
tonic activity in addition to any effect it has itself also acts
to increase resistance to perturbations by increasing the level
of initial balance responses to perturbations, as well. Mat-
thews (1986) pointed out that reflexes should be expected
to scale in proportion to background activation and we have
shown that this applies to balance responses. Grimbergen
et al. (2004) also pointed out that stiffening does have some
advantages. These particularly apply to small perturba-
tions where the tonic activity may increase postural reflexes
and thereby attenuate the effect of the perturbations. This
effect would explain the paradoxical reduction in spontane-
ous sway levels seen for PD patients (Horak et al. 1992).
However, this tonic activity can become disadvantageous in
particular for a larger perturbation in which responses other
than stiffening around joints is required for compensation.
Although we were able to show clear differences from
healthy controls, we were unable to fully separate our two
PD groups on any measure. Our findings indicate a con-
tinuum between Hoehn and Yahr stages 2 and 3 with the
pathophysiological differences being a matter of degree,
perhaps with a critical threshold. While EMG activity
around the ankles was little different between our three
groups, we found that the tibial acceleration latency and
the truncal rigidity, as measured by the sacral-to-truncal
acceleration ratio, were related and both were clearly dif-
ferent from controls. Our rigidity ratio is an expression
of this combined deficit. These two parameters can be
regarded as related measures of overall rigidity and were
more marked for our more severely affected PD group. As
patients develop increasing levels of tonic muscle activ-
ity and, thus, become more rigid, it becomes increasingly
difficult for them to maintain upright stance in response to
even modest-sized posterior perturbations. Truncal rigidity
means that more of the applied perturbation is transmitted
to the CoM and PD patients become unable to generate
the more complex response that is required to compensate
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Fig.8 Grand mean EMG from
TA and SOL muscles from

100 ms before to 500 ms after
anterior perturbation onset for
PD groups 1 and 2 compared to
healthy controls. Grand mean
EMG recordings are shown for
agonist (soleus; top row) and
antagonist muscles (TA; bottom
row). Horizontal bars indicate 0:04s 01025
the intervals used to quantify
mean EMG levels (0-0.1 s and
0.1-0.2 s). Overall, EMG levels
for both muscles were nearly
identical for all three groups
for these initial intervals post- i
perturbation e
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for posterior perturbations. Increasing truncal and thigh
muscle tonic activation and associated balance responses
appear to be important contributors to these abnormalities.
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