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Background. Postural instability and falls are considered a major factor of impaired quality of life in patients with advanced
Parkinson’s disease (PD). The knowledge of the time at which postural instability occurs will help to provide the evidence required
to introduce fall-prevention strategies at the right time in PD. Objective. To investigate whether postural instability of patients with
different age at disease onset is associated with age or with disease duration of PD. Methods. Patients diagnosed with sporadic PD
between 1991 and 2017 and postural instability (according to the International Parkinson and Movement Disorder Society Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) part III, item 3.12 postural instability) were included, with strict inclusion
criteria including regular follow-ups, agreement on data use, and exclusion of comorbidities affecting the free stand. Results.
Applying these strict inclusion criteria, we included 106 patients. Those younger than 50 years at PD onset took significantly
longer to develop postural instability (n =23 patients, median: 18.4 years) compared with patients with later onset of PD (50-70
years, n =66, median: 14.2 years, p <0.001; and >70 years, n=17, median: 5.7 years, p <0.001, Kruskal-Wallis test followed by
Dunn’s multiple comparisons test). There was no association between total MDS-UPDRS III (as a measure of motor symptom
severity) at onset of postural instability. Conclusions. In PD, postural instability is primarily associated with the age of the patient

and not with disease duration.

1. Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disease in high-income countries. The
incidence of PD is around 14 per 100,000 people overall and
increases to around 160 per 100,000 for people older than
65 years (for review, see [1]). At the onset of PD, the three
cardinal motor symptoms akinesia, rigor, and/or tremor are
dominant. Later, axial symptoms become more prominent
[1]. Axial symptoms include dysarthria, dysphagia, postural
instability, and gait disorders, and those are usually less
responsive to medication or surgical treatment (for review,
see [3, 4]). Gait disorders in advanced PD are a major source
of disability due to increased risk of falls, consecutive in-
juries, and hospitalizations [2] and reduced quality of life in
PD [3, 4]. Of note, falls due to postural instability or balance

problems within 3 years after disease onset are considered
“red flags,” i.e., suggesting an atypical form of PD [1, 5].

The exact pathways needed to control and maintain
postural stability are not known in detail, likely involving
a complex interplay of networks ranging from the spinal
cord through the brainstem and cerebellum to frontal and
basal ganglia circuits. Maintaining postural stability is an
extraordinarily complex task [3], and it is therefore not
surprising that cognitive impairment correlates with pos-
tural instability and falls [6, 7].

Early studies stated that postural instability occurs
5-7 years after disease onset [8]. However, more recent
studies report postural instability occurring 10-15 years after
first diagnosis [9-11]. Despite the tremendous impact of
postural instability on independence and quality of life, its
time course remains debated. There are hints that a clinical
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subscore (combining several axial items retrieved from the
MDS-UPDRS including postural instability) or the clinical
score “Hohn and Yahr” is more correlated with age in
patients with short (on average <10 years) disease duration
[12-14]. But so far, this has not been investigated.

We were interested in determining how duration of
disease and age correlate with the occurrence of postural
instability. It has recently been shown that cognitive decline
correlates more with age than with disease duration [15, 16]
and we aimed to investigate whether the same might apply
for postural instability.

2. Patients and Methods

2.1. Ethical Compliance Statement. This study was con-
ducted in accordance with the Declaration of Helsinki and
after ethical approval of local authorities (Kantonale
Ethikkommission Ziirich, BASEC No. 2021-00170).

2.2. Patients. We retrospectively included patients di-
agnosed with sporadic PD between 1991 and 2017 from our
movement disorders outpatient clinic. Inclusion criteria
were diagnosis of sporadic PD according to international
consensus criteria [1], occurrence of postural instability, and
regular follow-up including standard clinical examinations.
Routine clinical assessments in our outpatient clinic in-
cluded the International Parkinson and Movement Disorder
Society Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS III), part III (or in earlier consultations the Unified
Parkinson’s Disease Rating Scale UPDRS), motor phenotype
[17], treatment (deep brain stimulation and medication),
and sporadic assessment of cognitive functions (Montréal
Cognitive Assessment (MoCA)). Motor examinations were
obtained on habitual medical treatment, which challenges
a reliable estimation of motor progression. We therefore
focused on axial symptoms, which are less responsive to L-
dopa and inevitably arise despite treatment, allowing for an
accurate assessment under habitual medical treatment. It has
been reported that postural instability is the best marker for
disease progression on dopaminergic therapy [18].

To measure postural instability, we used the subscore item
of the “pull test” in the MDS-UPDRS. The pull test is the
clinical gold standard examination to assess postural instability
and is therefore widely used [19, 20]. It is easy to perform and
correlates with risk of falls [21]. However, regarding sensitivity
and specificity, the pull test is worse than other tests that
require technical equipment or a combination of several tests.
We used the MDS-UPDRS III subscore of the pull test (item
3.12) or the equivalent UPDRS III subscore, both ranging from
0 to 4 points, as a measure of postural instability. To exclude
any ambiguity and rater bias for the purpose of this study, we
defined patients with postural instability as patients who rated
>2 points in UPDRS part III (=no postural reaction after pull
test) or >3 points in MDS-UPDRS part III (=no postural
reaction after pull test) on two consecutive visits. This cor-
responds to a distinct impairment of postural stability, which
could be reproducibly assessed.
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Primary outcome parameters were age and disease
duration at onset of postural instability. Disease duration
was the time from onset of PD until the patient developed
postural instability. Onset of PD was retrospectively assessed
by the clinician during routine visits in the outpatient clinic
according to the criteria for prodromal PD by the In-
ternational Parkinson and Movement Disorder Society [22].

2.3. Quantification and Statistics. Statistical comparisons of
groups were done using the Mann-Whitney test (for
comparing two groups) and with Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparisons test (for comparing
three or more groups). Spearman correlation coefficients
were calculated to assess associations between outcome
variables. All statistical analysis was done with GraphPad
Prism 6 (GraphPad software, USA). p values of less than 0.05
were considered significant.

2.4. Digital Illustrations. Figures were prepared using Ink-
scape (https://www.inkscape.org).

3. Results

3.1. Patient Characteristics. We identified 288 PD patients
who suffered from severe postural instability (MDS-UPDRS
III score, item 3.12. of at least 3 points, or UPDRS III of at
least 2 points, see methods part). Out of these, 182 patients
were excluded: 26 patients did not agree on use of their data
for research, for 80 patients, no statement about data use was
available (no address and patient died already), 67 patients
were excluded because of missing long-term follow-ups, for
6 patients, the initial diagnosis was changed to other forms of
Parkinsonism, and 3 patients had comorbidities (stroke and
fracture) that made it impossible to measure postural sta-
bility (see Figure 1).

Demographics and clinical characteristics of patients
with postural instability are shown in Table 1.

3.2. Onset of Postural Instability Occurs Later in Disease
Coursein Patients with Early Manifestation of PD. In the final
sample (n=106), we stratified the patients into three groups
according to their age of onset of PD (<50 years, 50-70 years,
and >71 years), and data were analyzed for the first oc-
currence of postural instability (Figure 2(a)). Here, we saw
that patients with onset under 50 years took significantly
longer to develop postural instability compared to patients
with onset at 51-70 and >71 years. This suggests that the age
of PD onset is very important for the time when postural
instability occurs.

At onset of postural instability, the groups had com-
parable total scores in the MDS-UPDRS III (<50 years:
n=23, median 28, range 14-64; 50-70 years: n=66,
median = 31.5, range 14-66 points, and >71 years: n=17,
median 30, range 21-76 points, all comparisons n.s.,
Kruskal-Wallis test followed by Dunn’s multiple compari-
sons test; data not shown). In this patient cohort, 36 patients
suffered from tremor-dominant PD. A separate analysis of
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Selection of data:

database was screened for patients
with Parkinson’s disease and postural instability
(according to UPDRS, see methods)

|

288 patients

excluded patients:
n = 26 patients did not agree on data use for research
n = 80 patients there was no written agreement on data analysis available
n = 6 other forms of parkinsonism (e.g. PSP, MSA, Lewy-Body-dementia)
n = 67 no continouus follow-ups, less than 2 consultations with
documented postural stability
n = 3 comorbidities with walking problems (e.g. fractures, stroke, ect.)

|

106 patients

Figure 1: Criteria for patient selection. Patient database was
screened for patients with Parkinson’s disease who developed
postural stability. 288 patients were found. After excluding the
patients according to the exclusion criteria, 106 patients were left.
UPDRS: Unified Parkinson’s Disease Rating Scale, PSP: progressive
supranuclear palsy, and MSA: multiple system atrophy.

patients with tremor-dominant PD revealed a significant
difference in time to the onset of postural instability in the
three groups with different age at onset of PD (<50 years,
50-70 years, and >71 years) (Figure 2(b)).

Notably, 20 patients (of 23, target region: substantia
nigra, STN) in the group <50 years and 33 patients (out of
66, target region: 31x STN, 1x globus pallidus internus, and
1x ventralis intermediate nucleus of the thalamus) in the
group 50-70 years were treated with deep brain stimulation
(DBS). When the data with DBS treated patients were an-
alyzed, the effect was still significant (Figure 2(c)).

The median time to develop postural instability after
implantation of DBS was 3.33 years (range: 0.08-8.83 years)
in both groups. In the group with first manifestation of PD
over 71 years of age, no one was treated with deep brain
stimulation.

At onset of postural instability, cognitive abilities were
not significantly different between the groups. The groups
had comparable results in the MoCA test (<50 years, n =21,
median 24, range 4-29; 50-70 years, n =51, median =21.5,
range 10-29 points, and >71 years n = 12, median 23.5, range
16-28 points, all comparisons n.s., Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparisons test; data not
shown). In PD, usually a score of under 26 points is con-
sidered a mild cognitive impairment. Thus, all groups were
on average showing cognitive impairment [23]. However,
the data were very variable, ranging from 4 to 29 points on
the MoCA test.

3.3. Postural Instability Correlates with the Age of the Patient
and Not Primarily with Disease Duration. Figure 3(a) shows
on the y-axis the age of the patient at which postural

instability was diagnosed. On the x-axis, the interval between
disease onset and postural instability onset is depicted. This
correlation is not significant (see Figure 3(a), correlation
coefficient: —0.14, p = 0.16, Spearman’s test). This means the
age of the patient primarily defines the onset of postural
instability and not disease duration. This is confirmed by the
finding that there was a significant association between the
age at first manifestation of PD with the age at onset of
postural instability (see Figure 3(b), correlation coefficient:
—0.61, p <0.001, Spearman’s test), i.e., the older the patient
at disease onset is, the sooner the patient develops postural
instability.

The results of the MoCA test and total MDS-UPDRS III
scores did not correlate with the disease duration until onset
of postural instability (see Figures 3(c) and 3(d)). The results
of the MoCA test did not correlate with the age at onset of
postural instability (Figure 3(e)).

3.4. Age at Onset of Postural Instability in the Majority of PD
Patients Is >60 Years. In our study, the average age was
72.06 years (median: 73.29 years; range: 46.08-89.67 years)
at the onset of postural instability. As shown in Figure 3(b),
the vast majority (95.5%) of patients developed postural
instability over 60 years of age and only three patients de-
veloped it under the age of 55 years, at the age of 46.1, 46.4,
and 50, respectively.

4. Discussion

Postural instability is one of the most disabling features of
late stage PD and is very difficult to treat. Our retrospective
analysis of 106 patients over a time course of up to 28 years
after onset of PD provides new insights into the onset of
postural instability during disease progression. Our data
show that the onset of postural instability is mainly driven by
age and not disease duration, i.e., patients with early
manifestation of PD take significantly longer to develop
postural instability.

It has been reported in earlier studies that older age is
a risk factor for more rapid progression of PD [24, 25]. A
retrospective analysis showed a high hazard rate for falls and
postural instability with patients diagnosed after the age of
70 years [14]. Our data have the strength that we have long
follow-ups (up to 28 years) and that we have in terms of age
a very diverse patient population (onset of postural in-
stability in patients 46-89 years old).

We can show a clear correlation of age of onset of PD
with onset of postural instability. A subgroup analysis
reveals that this correlation is also true for patients suf-
fering from tremor-dominant PD. This is interesting as
tremor-dominant PD is usually known to have a more
moderate progression [26], even if in early disease the
differences are not so pronounced [27]. However, recently
there are efforts to find better characterizations of the
motor subtypes via computational modeling and it is
possible that motor phenotypes will be characterized
differently in the future [26, 28]. Age at onset of PD also
drives the onset of postural instability when only patients
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TaBLE 1: Summary of demographics.

Variable

N=106 patients; males/females: Median Range
58/48

Age at first manifestation of PD (years) 57 31.4-82.1
Age at onset of postural instability (years) 73.29 46.1-89.7
Hoéhn and Yahr scale (n =83 patients) 3 2-3
MoCA test (points) (n =84 patients) 22 4-29
Time between conduction of MoCA test and initial manifestation of postural 125 0-8
instability (years) '

Treated with DBS when postural instability occurred (%) 56.2

Total MDS-UPDRS III at postural instability onset (points) 30 14-76

Table 1 shows a summary of the demographics and clinical characteristics of the patients investigated in this study. DBS: deep brain stimulation; PD:
Parkinson’s disease; MoCA: Montréal Cognitive Assessment; MDS-UPDRS: International Parkinson and Movement Disorder Society Unified Parkinson’s
Disease Rating Scale.
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FIGURE 2: Onset of postural instability occurs later in the disease course in patients with early manifestation of PD. (a) Patients with onset of
PD < 50 years (n = 23 patients, left) have on average 18.6 (median; range: 6.7-28.3) PD years before the onset of postural instability. This time
is significantly different compared to patients with PD onset at 50-70 years (middle, n = 66 patients, median: 14.2 years, range: 5.5-26.4) and
>70 years (right bar, n =17, median: 5.6 years, range: 2.7-10.8 years); (b) From the graph in (a), only the tremor-dominant patients were
selected. Patients with onset of PD <50 years (n =5 patients, left) have median 19 (range: 18.8-28.33) PD years before onset of postural
instability. This is not different compared with patients with first manifestation between 50 and 70 years (middle, n = 24 patients, median:
15.5 years, range: 8.67-26.42) but both groups are significant different to manifestation of PD > 70 years (right bar, n =7, median: 7.8 years,
range: 3.2-10.8 years); (c) From the graph in (a), only the patients treated with DBS were selected. Patients with manifestation of
PD <50 years (n =20 patients, left) have median 18.2 (range: 6.3-22.1) PD years before onset of postural instability. This is significantly
longer compared with patients with first manifestation between 50 and 70 years (right, n = 33 patients, median: 15.5 years, range: 6.33-22.1).
In (a) and (b), we used Kruskal-Wallis test followed by Dunn’s multiple comparisons test, in (c¢) Mann-Whitney test; the plots show median
with range and single values *p value <0.05, **p <0.01, *** p <0.001.

patients with mild cognitive impairment benefit from
treatment with an acetylcholine-esterase inhibitor resulting

treated with deep brain stimulation are analyzed. This is as
expected as deep brain stimulation has a weak effect on

postural instability [29].

Postural stability like cognition depends on the integrity
of widespread networks [6, 30, 31]. It is therefore not sur-
prising that most patients with severe postural instability are
also cognitively impaired. On average we see at onset of
postural instability a reduced score in the MoCA test
(median: 22 points, see Table 1) which is highly suggestive of
mild cognitive impairment in PD [23]. Concerning cogni-
tion, previous studies report similar findings for postural
instability, i.e., patients with younger onset of PD take longer
to develop cognitive deficits during disease progression
compared with late-onset PD patients [32]. Recent work
highlights also the significant contribution of cholinergic
disturbance to gait [7, 33, 34]. It has been shown that PD

in less falls and gait disturbances [35].

Of course, this study bears the limitations that apply to
a purely retrospective study, particularly that our cohort of
patients consists of patients from a university hospital
outpatient clinic, where many of the more severely affected
patients are referred. However, our data were in line with
other studies, i.e., the Sydney cohort [10] reported in 2005 an
age of 67.5 years for onset of falls, whereas a study 5 years
later [36] reported a higher age of 70.4 years. In our cohort,
the average age was 72.1 + 8.4 years for the onset of severe
postural instability. This slightly higher age might be due to
improved treatment in the past years.

The diagnostic criteria for PD state that early onset of
postural instability within the first three years after diagnosis of
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FIGURE 3: Age at onset of postural instability does not correlate with disease duration. Figure 3 shows the distribution of (a) age at onset of
postural instability, (b) age at onset of PD, (c) total MDS-UPDRS III scores, MoCA test results in correlation to the disease duration of PD
(graph (d)) (x-Axis: PD years until postural stability) and MoCA test results in correlation to age at onset of postural instability (e). The n-
numbers are indicated above the graphs, The red dotted line shows the calculated linear regression. Correlation analysis: R values and p
values are indicated in the graphs in the right corner. *Spearman’s test, * p < 0.05 statistically significant.

PD is a “red flag” and very likely indicates an atypical Par-
kinson syndrome [1, 5]. This is in line with our data. Of
particular clinical importance in this context is also our ob-
servation that a minority of patients developed postural in-
stability before the age of 60 years. We therefore would like to
suggest that severe postural instability before the age of 60 years
should be considered a “red flag” when diagnosing PD.

Data Availability

The data presented in this study are available on request
from the corresponding author.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Becker, Waldvogel, and Biichele were responsible for study
concept and design. Becker and Waldvogel drafted the
manuscript. Becker and Maric were responsible for

statistical analysis. All authors critically revised the manu-
script for important intellectual content. All authors were
responsible for acquisition, analysis, or interpretation
of data.

References

[1] R. B. Postuma, D. Berg, M. Stern et al., “MDS clinical di-

agnostic criteria for Parkinson’s disease,” Movement Disor-

ders, vol. 30, pp. 1591-1601, 2015.

H. Stolze, S. Klebe, C. Zechlin, C. Baecker, L. Friege, and

G. Deuschl, “Falls in frequent neurological diseases--preva-

lence, risk factors and aetiology,” Journal of Neurology,

vol. 251, pp. 79-84, 2004.

S. D. Kim, N. E. Allen, C. G. Canning, and V. S. C. Fung,

“Postural instability in patients with Parkinson’s disease.

Epidemiology, pathophysiology and management,” CNS

Drugs, vol. 27, no. 2, pp. 97-112, 2013.

[4] M. Coelho and J. J. Ferreira, “Late-stage Parkinson disease,”
Nature Reviews Neurology, vol. 8, pp. 435-442, 2012.

[5] D. Berg, C. H. Adler, B. R. Bloem et al., “Movement disorder
society criteria for clinically established early Parkinson’s
disease,” Movement Disorders, vol. 33, pp. 1643-1646, 2018.

(2]

(3]



(6]

(7]

(8]
(9]

(10]

(11]

(12

(13

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

B. Schoneburg, M. Mancini, F. Horak, and J. G. Nutt,
“Framework for understanding balance dysfunction in Par-
kinson’s disease,” Movement Disorders, vol. 28, pp. 1474-1482,
2013.

A. Pantall, P. Suresparan, L. Kapa et al., “Postural dynamics
are associated with cognitive decline in Parkinson’s disease,”
Frontiers in Neurology, vol. 9, p. 1044, 2018.

M. M. Hoehn and M. D. Yahr, “Parkinsonism: onset, pro-
gression and mortality,” Neurology, vol. 17, pp. 427-442, 1967.
W. Poewe, “Clinical measures of progression in Parkinson’s
disease,” Movement Disorders, vol. 24, no. Suppl 2,
pp. S671-8676, 2009.

M. A. Hely, J. G. Morris, W. G. Reid, and R. Trafficante,
“Sydney Multicenter Study of Parkinson’s disease: non-L-
dopa-responsive problems dominate at 15 years,” Movement
Disorders, vol. 20, pp. 190-199, 2005.

M. A. Hely, W. G. Reid, M. A. Adena, G. M. Halliday, and
J. G. Morris, “The Sydney multicenter study of Parkinson’s
disease: the inevitability of dementia at 20 years,” Movement
Disorders, vol. 23, pp. 837-844, 2008.

G. Levy, E. D. Louis, L. Cote et al., “Contribution of aging to
the severity of different motor signs in Parkinson disease,”
Archives of Neurology, vol. 62, pp. 467-472, 2005.

N. J. Diederich, C. G. Moore, S. E. Leurgans, T. A. Chmura,
and C. G. Goetz, “Parkinson disease with old-age onset:
a comparative study with subjects with middle-age onset,”
Archives of Neurology, vol. 60, pp. 529-533, 2003.

S. Prange, T. Danaila, C. Laurencin et al, “Age and time
course of long-term motor and nonmotor complications in
Parkinson disease,” Neurology, vol. 92, pp. e148-e160, 2019.
T. C. Buter, A. van den Hout, F. E. Matthews, J. P. Larsen,
C. Brayne, and D. Aarsland, “Dementia and survival in
Parkinson disease: a 12-year population study,” Neurology,
vol. 70, pp. 1017-1022, 2008.

C. H. Williams-Gray, T. Foltynie, C. E. Brayne, T. W. Robbins,
and R. A. Barker, “Evolution of cognitive dysfunction in an
incident Parkinson’s disease cohort,” Brain, vol. 130,
pp. 1787-1798, 2007.

C. R. Baumann, U. Held, P. O. Valko, M. Wienecke, and
D. Waldvogel, “Body side and predominant motor features at
the onset of Parkinson’s disease are linked to motor and
nonmotor progression,” Movement Disorders, vol. 29,
pp. 207-213, 2014.

J. R. Evans, S. L. Mason, C. H. Williams-Gray et al., “The
natural history of treated Parkinson’s disease in an incident,
community based cohort,” Journal of Neurology Neurosurgery
and Psychiatry, vol. 82, pp. 1112-1118, 2011.

R. K. Chong, J. Morgan, S. H. Mehta et al., “Rapid assessment
of postural instability in Parkinson’s disease (RAPID): a pilot
study,” European Journal of Neurology, vol. 18, pp. 260-265,
2011.

J. R. Perez-Sanchez and F. Grandas, “Early postural instability
in Parkinson’s disease: a biomechanical analysis of the pull
test,” Parkinsons Dis, vol. 2019, Article ID 6304842, 2019.
N. J. Brandmeir, C. L. Brandmeir, K. Kuzma, and
J. Mclnerney, “A prospective evaluation of an outpatient
assessment of postural instability to predict risk of falls in
patients with Parkinson’s disease presenting for deep brain
stimulation,” Mov Disord Clin Pract, vol. 3, pp. 151-155, 2016.
D. Berg, R. B. Postuma, C. H. Adler et al., “MDS research
criteria for prodromal Parkinson’s disease,” Movement Dis-
orders, vol. 30, pp. 1600-1611, 2015.

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Parkinson’s Disease

J. C. Dalrymple-Alford, M. R. MacAskill, C. T. Nakas et al.,
“The MoCA: well-suited screen for cognitive impairment in
Parkinson disease,” Neurology, vol. 75, pp. 1717-1725, 2010.
B. Post, M. P. Merkus, R. J. de Haan, J. D. Speelman, and
C. S. Group, “Prognostic factors for the progression of Par-
kinson’s disease: a systematic review,” Movement Disorders,
vol. 22, pp. 1839-1851, 2007.

S. M. van Rooden, W. J. Heiser, J. N. Kok, D. Verbaan,
J. J. van Hilten, and J. Marinus, “The identification of Par-
kinson’s disease subtypes using cluster analysis: a systematic
review,” Movement Disorders, vol. 25, pp. 969-978, 2010.
M. Lawton, Y. Ben-Shlomo, M. T. May et al., “Developing and
validating Parkinson’s disease subtypes and their motor and
cognitive progression,” Journal of Neurology Neurosurgery
and Psychiatry, vol. 89, pp. 1279-1287, 2018.

G. Vervoort, A. Bengevoord, E. Nackaerts, E. Heremans,
W. Vandenberghe, and A. Nieuwboer, “Distal motor deficit
contributions to postural instability and gait disorder in
Parkinson’s disease,” Behavioural Brain Research, vol. 287,
pp. 1-7, 2015.

S. M. Fereshtehnejad, Y. Zeighami, A. Dagher, and
R. B. Postuma, “Clinical criteria for subtyping Parkinson’s
disease: biomarkers and longitudinal progression,” Brain,
vol. 140, pp. 1959-1976, 2017.

A. Fasano, C. C. Aquino, J. K. Krauss, C. R. Honey, and
B. R. Bloem, “Axial disability and deep brain stimulation in
patients with Parkinson disease,” Nature Reviews Neurology,
vol. 11, pp. 98-110, 2015.

F. B. Horak, “Postural orientation and equilibrium: what do
we need to know about neural control of balance to prevent
falls?” Age and Ageing, vol. 35, no. Suppl 2, 2006.

A. Schrag, R. Dodel, A. Spottke, B. Bornschein, U. Siebert, and
N. P. Quinn, “Rate of clinical progression in Parkinson’s
disease. A prospective study,” Movement Disorders, vol. 22,
pp. 938-945, 2007.

H. Tang, J. Huang, K. Nie et al., “Cognitive profile of Par-
kinson’s disease patients: a comparative study between early-
onset and late-onset Parkinson’s disease,” International
Journal of Neuroscience, vol. 126, pp. 227-234, 2016.

N. L. Bohnen, K. A. Frey, S. Studenski et al., “Gait speed in
Parkinson disease correlates with cholinergic degeneration,”
Neurology, vol. 81, pp. 1611-1616, 2013.

L. Rochester, A. J. Yarnall, M. R. Baker et al., “Cholinergic
dysfunction contributes to gait disturbance in early Parkin-
son’s disease,” Brain, vol. 135, pp. 2779-2788, 2012.

E.J. Henderson, S. R. Lord, M. A. Brodie et al., “Rivastigmine
for gait stability in patients with Parkinson’s disease (Re-
SPonD): a randomised, double-blind, placebo-controlled,
phase 2 trial,” The Lancet Neurology, vol. 15, pp. 249-258,
2016.

P. A. Kempster, S. S. O’Sullivan, J. L. Holton, T. Revesz, and
A.]. Lees, “Relationships between age and late progression of
Parkinson’s disease: a clinico-pathological study,” Brain,
vol. 133, pp. 1755-1762, 2010.

M. K. Mak, I. S. Wong-Yu, X. Shen, and C. L. Chung, “Long-
term effects of exercise and physical therapy in people with
Parkinson disease,” Nature Reviews Neurology, vol. 13,
pp. 689-703, 2017.

A. Ascherio and M. A. Schwarzschild, “The epidemiology of
Parkinson’s disease: risk factors and prevention,” The Lancet
Neurology, vol. 15, pp. 1257-1272, 2016.





