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A B S T R A C T : Background: Gait disturbance is an early,
disabling feature of Parkinson’s disease (PD) that is typically refractory to dopaminergic medication. The cortical
cholinergic system, originating in the nucleus basalis of
Meynert of the basal forebrain, has been implicated. However, it is not known if degeneration in this region relates
to a worsening of disease-speciﬁc gait impairment.
Objective: To evaluate associations between subregional cholinergic basal forebrain volumes and longitudinal progression of gait impairment in PD.
Methods: 99 PD participants and 47 control participants
completed gait assessments via an instrumented walkway during 2 minutes of continuous walking, at baseline
and for up to 3 years, from which 16 spatiotemporal
characteristics were derived. Sub-regional cholinergic

basal forebrain volumes were measured at baseline via
MRI and a regional map derived from post-mortem histology. Univariate analyses evaluated cross-sectional
associations between sub-regional volumes and gait.
Linear mixed-effects models assessed whether volumes
predicted longitudinal gait changes.
Results: There were no cross-sectional, ageindependent relationships between sub-regional volumes
and gait. However, nucleus basalis of Meynert volumes
predicted longitudinal gait changes unique to
PD. Speciﬁcally, smaller nucleus basalis of Meynert volume predicted increasing step time variability (P = 0.019)
and shortening swing time (P = 0.015); smaller posterior
nucleus portions predicted shortening step length
(P = 0.007) and increasing step time variability (P = 0.041).
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Conclusions: This is the ﬁrst study to demonstrate that
degeneration of the cortical cholinergic system predicts
longitudinal progression of gait impairments in
PD. Measures of this degeneration may therefore provide
a novel biomarker for identifying future mobility loss and
falls. © 2020 The Authors. Movement Disorders

Gait impairment is a common, debilitating feature of
Parkinson’s disease (PD) that manifests in early and
even prodromal disease stages.1-3 It impacts quality of
life4 and is associated with increased falls risk,5 cognitive decline,6 and reduced activity.7 Gait can be
described through quantitatively measured characteristics8 reﬂecting selective gait alterations in response to
ageing and disease.9,10
Dopaminergic medications can immediately improve
some aspects of PD gait,11-13 yet some characteristics
continue to worsen over time despite optimal dopaminergic treatment.10 Current understanding of the neuroanatomical and functional substrates underpinning gait
impairment is poor;14 establishing the nondopaminergic neurotransmitter systems involved in gait
would enable development of intervention strategies
that more effectively target gait decline in early PD.
Emerging evidence suggests the cholinergic system is
involved in PD gait control.15,16 Reduced thalamic cholinergic
innervation,
originating
from
the
pedunculopontine nucleus-laterodorsal tegmental complex (PPN), has been associated with falls,17 freezing of
gait,18 and balance disturbance19 in PD. Furthermore,
reduced PPN structural integrity has been associated
with postural instability and gait disturbance in primates20 and PD.21
Cortical cholinergic denervation may also relate to
PD gait impairment.15 Slower walking speed and
shorter step length have been linked to reduced shortlatency afferent inhibition (SAI),22 indicative of less cortical cholinergic activity. Slower walking speed has also
been associated with cortical cholinergic denervation
and not thalamic cholinergic denervation.23-25 The
nucleus basalis of Meynert (NBM), within the cholinergic basal forebrain (cBF), provides the major cholinergic input to the cortex. This region has been notably
linked to cognitive changes seen in age and age-related
diseases.26-29 Taken with the well-established relationship between discrete gait impairments and cognitive
impairment in PD,6,30 this implies that NBM degeneration may be implicated in gait impairments. Indeed,
recent work has identiﬁed a cross-sectional association
between NBM integrity and fast walking speed
10 years after PD diagnosis.31
Although cross-sectional studies provide insights, longitudinal studies are needed to understand the neural
mechanisms contributing to gait decline and to identify
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biomarkers to monitor and predict these changes with
progressing disease, within a timeframe where interventions would be most beneﬁcial. We have shown that
cerebrospinal ﬂuid (CSF) β-amyloid 1–42 levels, potentially linked to cortical cholinergic neurotransmission,32
predict gait decline in PD.10 As cBF Lewy body aggregates and neuronal losses occur early in disease,17 cBF
volumetric measures may provide early biomarkers of
gait decline. Recent work has identiﬁed that NBM volumes quantiﬁed in very early disease can predict future
cognitive decline in PD.26,28 However, whether these
volumetric measures can also predict gait decline has
not been investigated.
This study aimed to investigate the cortical cholinergic underpinnings of PD gait impairment. Using stereotactic mapping of the cBF, speciﬁc aims were to;
(1) explore the relationship of sub-regional cBF volumes with gait, and (2) assess the ability of sub-regional
cBF volumes to predict disease-speciﬁc progression of
gait impairments over 3 years. We hypothesized that
NBM volumes, rather than an adjacent cBF region that
projects to the hippocampus, would most strongly
relate to PD gait. Additionally, characteristics related to
gait pace and variability, which are strongly linked with
cognition,30 were predicted to most strongly relate to
NBM volume.

Methods
Participants
Participants with idiopathic PD and age-matched
controls were recruited to the Incidence of Cognitive
Impairment in Cohorts with Longitudinal EvaluationPD study (ICICLE-PD), with optional additional
recruitment into the collaborative ICICLE-GAIT study.
Recruitment was conducted between June 2009 and
December 2011.33,34 Exclusion criteria included cognitive impairment (Mini-Mental State Examination
[MMSE] ≤24), diagnosis of parkinsonian disorders
other than PD and poor command of the English language. Clinical and gait assessments were completed at
three sessions: baseline, 18 months, and 36 months.
MRI was completed at baseline. Idiopathic PD was
diagnosed according to the Queen Square Brain Bank
criteria35; diagnoses were reviewed at each assessment
to reduce misdiagnosis risk. Participants were tested
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“on” dopaminergic medication for all assessments
(1 hour after medication).
Participants within the current analysis were those
with baseline MRI and gait data available. Baseline
assessments were a median of 5.1 months after diagnosis in this restricted cohort of 100 PD and 47 control
participants. This time elapsed from diagnosis to baseline assessment is comparable to some previous studies
of gait impairment in PD (mean of 536 and 7 months37
from diagnosis in previous cohort studies), although the
severity of motor symptoms (mean MDS-UPDRS III) of
our cohort was higher (25 compared to 16 and
21, respectively). Other cohorts have assessed PD participants with a longer disease duration.38-40 The mean
age at baseline in this study (66.5 years) compares well
with these other cohorts (mean baseline age of
62–68 years across studies).
One PD brain image was excluded after manual
image inspection; therefore, 99 PD participants had
data available for use. The study was approved by the
Newcastle and North Tyneside Research and Ethics
Committee.

Clinical Assessments
Age, sex, height, mass, years of education, disease
duration, acetylcholinesterase (AChE) inhibitor prescription, and depression (Geriatric Depression Scale
[GDS-15]) were recorded. The National Adult Reading
Test (NART) assessed premorbid intelligence at baseline. Global cognition was assessed through the MMSE
and Montreal Cognitive Assessment (MoCA). PDspeciﬁc motor severity was assessed through the Movement Disorders Society Uniﬁed Parkinson’s Disease
Rating Scale part three (MDS-UPDRS III), from which
Hoehn & Yahr stage (H&Y) was derived. Levodopa
(L-dopa) equivalent daily dose (LEDD) was
calculated.41

Gait Assessments
Participants walked at their self-selected pace for
2 minutes around a 25-m oval circuit that included a
7-m long instrumented walkway (Platinum model
GAITRite, CIR Systems, Franklin, NJ). At least 40 steps
were completed over the walkway per participant to
ensure robust measurement of gait variability.42 Gait
outcomes were derived and quantiﬁed according to an
a priori model developed for older adults and validated
in PD,8 that describes 16 discrete gait characteristics
within ﬁve domains. Methods to calculate the gait variables have been described previously.42

MRI Acquisition
MRI acquisition was performed using a 3T Philips
Intera Achieva scanner (Philips Medical Systems, Eindhoven, The Netherlands). A magnetization-prepared

P R E D I C T

G A I T

D E C L I N E

I N

P D

rapid acquisition gradient echo (MP-RAGE) T1weighted sequence produced high-resolution structural
images with the following parameters: repetition
time = 9.6 ms, echo time = 4.6 ms, ﬂip angle = 8 ,
SENSE factor = 2, ﬁeld of view = 240 × 240 mm, voxel
size = 1.5 × 1.5 × 1.5 mm3, acquisition time =
4 minutes; 150 sagittal slices (slice thickness = 1.2 mm)
were taken.

cBF Stereotactic Map
Stereotactic mapping of cBF nuclei was used to create
the cBF map, as described by Kilimann et al.43 Brieﬂy,
the map was derived from a brain specimen of a
56-year-old male who died from myocardial infarction.
This brain specimen underwent histological preparation
and post-mortem MRI scans, both in situ and after the
brain was dehydrated for histological preparation.
Mesulam’s nomenclature44 was followed to identify
cholinergic nuclei on digital pictures of stained brain
slices, these were manually transferred into
corresponding MR slices of the dehydrated brain. The
MRI scan of the dehydrated brain was transformed into
the space of the post-mortem in situ scan, using an initial 12-parameter afﬁne transformation followed by a
high-dimensional nonlinear registration between the
two scans.45 This was transferred to Montreal Neurological Institute (MNI) standard space to enable use of
the high-dimensional DARTEL (diffeomorphic anatomic registration using exponentiated lie algebra) registration method.46 The ﬁnal stereotactic map
distinguishes different cBF subdivisions, including cholinergic cell clusters corresponding to the medial septum, vertical and horizontal limb of the diagonal band,
and the NBM.

Image Pre-Processing
T1-weighted MRI scans were automatically segmented into gray matter (GM), white matter, and CSF
partitions using the segmentation routine of the VBM8
toolbox (http://dbm.neuro.uni-jena.de/wordpress/vbm/
download/) running under SPM12 (http://www.ﬁl.ion.
ucl.ac.uk/spm/software/spm12/). Each participant’s
resultant gray and white matter partitions were registered to MNI space using DARTEL.46 GM segments
were warped using individual ﬂow ﬁelds resulting from
DARTEL registration. Voxel values were modulated
for volumetric changes introduced by high-dimensional
normalization, enabling for total GM volume before
warping to be preserved. Pre-processed GM maps were
visually inspected by one of three authors (J.W.,
C.E.C., and/or N.J.R.) for segmentation and registration accuracy. One PD participant did not pass inspection and their data was removed.
Region-speciﬁc cBF GM volumes were calculated as
means of the total modulated GM voxel values within
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respective region-of-interest masks in template space.
These volumes and global GM were normalized using
regression by total intracranial volume (TIV, sum of
total GM, white matter, and CSF volumes as a proxy
for head size). Following previous PD literature using
this cBF mask,26 regions-of-interest selected for analysis
were: (1) a combination of the medial septum (Ch1)
and vertical limb of the diagonal band (Ch2), (2) the
NBM (Ch4), and (3) a posterior NBM subdivision
(Ch4p) (Fig. 1). TIV-normalized global GM volumes
were additionally extracted and included as confounders in analyses to conﬁrm that associations with
cBF volumes were not explained by overall GM
atrophy.

assessed differences in baseline and ﬁnal assessments of
clinical characteristics within diagnostic groups.
Baseline Gait and cBF Volumes
One-way analysis of covariance (ANCOVA), age and
sex corrected, separately assessed differences in baseline
gait and sub-regional cBF volumes between control and
PD participants, and between PD completers and noncompleters. Pearson’s correlation and Pearson’s partial
correlation, age and sex controlled, tested within-group
associations between baseline gait and cBF volumes.
Because of substantial skewness, gait asymmetry data
were square root-transformed and temporal variability
data log transformed for cross-sectional analyses.

Statistical Analysis
Analyses were conducted using SPSS (IBM Corp.
V.24, USA) and R software (R Foundation for Statistical Computing, V3.5.2, Austria). The distribution of
continuous variables was tested for normality through
Kolmogorov–Smirnov tests and boxplot and histogram
inspections.
Clinical Comparisons
Student’s t-tests, Mann–Whitney U tests, or χ2 tests
examined baseline clinical characteristic differences
between control and PD participants and, within the
PD group, between those that did (“completers”) and
did not (“non-completers”) complete gait assessment at
36 months. Paired t-tests or Wilcoxon signed-rank tests

Gait Change Over 3 Years
Linear mixed-effects models (LMEM; R, “lme4”47
and “lmerTest”48) separately modeled change in each
gait characteristic over 3 years. Although some participants withdrew or were lost to follow up across the
36-month study period, all participants with at least
two gait assessments were considered in longitudinal
analyses; LMEM can appropriately estimate regression
coefﬁcients despite drop-out of this nature.49 This
approach can effectively handle the hierarchical nature
of longitudinal, repeated-measures data, without the
need to remove participants with missing data. Random
slope models gave each participant a unique intercept
and slope, allowing for correlation between intercept
and slope. Baseline age and sex were included as ﬁxed

FIG. 1. Cholinergic basal forebrain regions of interest. (Slices from left to right are coronal slices 9, 6, 3, and −8, as demonstrated in the top row. In the
bottom row, the Ch1-2 region of interest is demarcated in the ﬁrst and second images, corresponding to the medial septum and vertical limb of the
diagonal band; the Ch4 region of interest, corresponding to the NBM, is highlighted in the second and third images; the Ch4p region of interest,
corresponding to the posterior NBM, is shown in the fourth image.) [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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effects, and model ﬁt was assessed by likelihood ratio
tests.
Changes in each gait characteristic over time were
separately modeled within each group. Next, in the full
sample, the interaction between group and time was
additionally modeled to assess group differences in gait
change. The effects of changes in L-dopa medication
over time on gait change were assessed through inspection of the interaction between LEDD and time.
cBF Volumes as Predictors of Gait Change
Gait characteristics identiﬁed as signiﬁcantly changing over time in PD, and where change was different
from change in controls, were selected for further analysis. LMEM determined the predictive utility of baseline cBF volumes for future gait changes in PD
participants. Speciﬁcally, the interaction between cBF
volumes and time was modeled with adjustment for
baseline age, sex, and TIV-normalized whole brain GM
volumes as ﬁxed effects. Sub-regional volumes were
included in separate models.
Multiple Comparisons
Group comparisons of clinical and gait characteristics, and signiﬁcant changes in gait, were considered
signiﬁcant at P < 0.05, uncorrected. This allowed us to
restrict subsequent analyses to gait characteristics, with
exploratory-level evidence, that are affected by PD. The
NBM (Ch4) has previously been implicated in PD
degeneration26, results for this region were considered
signiﬁcant at P < 0.05. Posterior NBM (Ch4p), the
medial septum, and vertical limb of the diagonal band
(Ch1-2) regions-of-interest were Benjamini-Hochberg
corrected for multiple comparisons across the two
regions in PD. There were no region-speciﬁc predictions
in control participants, therefore Benjamini-Hochberg
corrections were applied across the three cBF subregions. Non-corrected P values are reported.

Results
Participants
A total of 127 PD and 93 control participants consented to both studies (Supplementary Figure S1). After
exclusions, 99 PD and 47 control participants had baseline imaging and gait data available. At 18 months,
89 (90%) PD participants and 37 (79%) control participants completed gait assessment; at 36 months,
69 (70%) PD and 35 (74%) control participants
attended. A total of 67 (68%) PD and 33 (70%) control participants attended all assessments; 91 (92%) PD
and 39 (83%) control participants attended at least two
gait assessments and were therefore considered within
longitudinal evaluations. The mean time to baseline
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assessment from PD diagnosis was 6 months and from
the ﬁrst subjective motor symptom was 27 months.

Group Comparisons
At baseline, PD and control groups were age and sex
matched, with no signiﬁcant differences in height, mass,
years of education, or NART score (Table 1). PD participants had greater cognitive impairment and depression scores (MMSE; U = 1673, P = 0.004: MoCA;
U = 1234, P < 0.001: GDS-15; U = 1099, P < 0.001). A
total of 23% of PD participants were H&Y stage I at
baseline, 59% were H&Y stage II, and 18% were
H&Y stage III at baseline. At baseline, 89 (90%) PD
participants were on dopaminergic medication; no participants were on AChE inhibitors. A total of 12 of
16 gait characteristics demonstrated greater impairment
in PD than controls (Supplementary Figure S2). There
were no differences between PD and control groups in
any sub-regional cBF volume (posterior NBM [Ch4p]:
F1,142 = 1.17, P = 0.282; NBM [Ch4]: F1,142 = 3.35,
P = 0.069; medial septum and vertical limb of the
diagonal band [Ch1-2]: F1,142 = 0.88, P = 0.351). PD
completers were not signiﬁcantly different from noncompleters for any clinical, gait, or imaging measure at
baseline (Supplementary Table S1, Appendix S1).

Baseline Associations Between Gait and cBF
Volumes
In PD only, greater baseline step velocity and step
length were correlated bivariately with larger volumes
of all cBF sub-regions (step velocity: jrj > 0.20, P < 0.04
in all sub-regions; step length: jrj > 0.23, P < 0.02 in all
sub-regions, Supplementary Table S2, Appendix S1).
After adjusting for age and sex within partial correlations, associations were no longer signiﬁcant (jrj < 0.1,
P > 0.05 in all sub-regions, Supplementary Table S3,
Appendix S1).

Longitudinal Changes in Clinical and Gait
Characteristics
Over 3 years, PD motor severity and LEDD increased
(P < 0.001, Supplementary Table S4, Appendix S1).
MMSE, but not MoCA, score worsened over three
years in PD only (P = 0.034); depression did not signiﬁcantly change in either group. Two PD participants
were taking AChE inhibitors at 18 months and three
were at 36 months.
Table 2 presents modeled change in each gait characteristic for PD and control participants, and the group–
time interactions for each characteristic. Over
36 months, 5 of 16 characteristics declined signiﬁcantly
in PD; change was signiﬁcantly different from change in
controls for four of these (Supplementary Figure S3).
Step length shortened by 8 mm per year, P = 0.001;
step time variability increased by 0.9 ms per year,
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TABLE 1. Clinical gait and cBF characteristics of participants at baseline
Characteristic
Clinical assessments
N
Age, years
Sex, malesa
Height, m
Mass, kg
Education, years
NART
MoCA
MMSE
GDS-15
MDS-UPDRS III
H&Y Stagea
Disease duration, months
LEDD (mg/day)
Gait assessments
Step velocity, ms−1
Step length, m
Swing time var, ms
Step time var, ms
Stance time var, ms
Step velocity var, ms−1
Step length var, m
Step time, ms
Swing time, ms
Stance time, ms
Step time asy, ms
Swing time asy, ms
Stance time asy, ms
Step length asy, m
Step width, m
Step width var, m
cBF assessments
TIV normalized Ch4p volume, mm3
TIV normalized Ch4 volume, mm3
TIV normalized Ch1-2 volume, mm3

Parkinson’s disease

Controls

Statistic, P value

99
66.53 (10.69)
66 (67)
1.70 (0.08)
78.93 (15.12)
13.4 (4.0)
115.7 (10.3)
25.2 (3.6)
28.7 (1.3)
2.6 (2.2)
25.2 (10.2)
23 I (23), 58 II (59), 18 III (18)
6.5 (4.8)
171 (129)

47
65.82 (8.02)
29 (62)
1.71 (0.10)
79.53 (13.05)
13.8 (3.7)
117.7 (7.9)
27.7 (2.0)
29.3 (0.9)
0.9 (1.2)
–
–
–
–

–
t = −0.45, P = 0.683
χ2 = 0.35, P = 0.557
t = 0.87, P = 0.386
t = 0.23, P = 0.817
U = 2197, P = 0.584
U = 2152, P = 0.586
U = 1234, P < 0.001*
U = 1673, P = 0.004*
U = 1099, P < 0.001*
–
–
–
–

1.13 (0.21)
0.63 (0.10)
17.71 (6.03)
19.04 (6.41)
23.26 (9.74)
0.05 (0.02)
0.02 (0.01)
563.98 (46.29)
394.28 (32.95)
734.10 (77.78)
20.02 (20.28)
16.06 (15.48)
15.49 (14.95)
0.02 (0.02)
0.09 (0.03)
0.02 (0.01)

1.29 (0.14)
0.69 (0.07)
13.92 (3.52)
14.97 (4.17)
17.48 (5.46)
0.05 (0.01)
0.02 (0.01)
537.82 (45.15)
386.06 (33.80)
690.73 (62.26)
11.44 (9.05)
8.47 (7.89)
8.95 (8.37)
0.02 (0.02)
0.09 (0.02)
0.02 (0.01)

F(1,142) = 24.3, P < 0.001*
F(1,142) = 19.6, P < 0.001*
F(1,142) = 16.9, P < 0.001*
F(1,142) = 17.3, P < 0.001*
F(1,142) = 16.3, P < 0.001*
F(1,142) = 2.3, P = 0.103
F(1,142) = 7.1, P = 0.008*
F(1,142) = 9.6, P = 0.002*
F(1,142) = 2.0, P = 0.157
F(1,142) = 10.9, P = 0.001*
F(1,142) = 7.6, P = 0.007*
F(1,142) = 12.0, P = 0.001*
F(1,142) = 9.45, P = 0.003*
F(1,142) = 0.5, P = 0.487
F(1,142) = 0.4, P = 0.847
F(1,142) = 7.7, P = 0.006*

−0.004 (0.066)
−0.005 (0.049)
−0.003 (0.056)

0.008 (0.055)
0.010 (0.044)
0.007 (0.052)

F1,142 = 1.17, P = 0.282
F1,142 = 3.35, P = 0.069;
F1,142 = 0.88, P = 0.351

All ﬁgures are mean (standard deviation) except a where ﬁgures are n (%). At baseline, n = 6 did not complete MoCA and n = 1 did not complete NART in the
Parkinson’s disease group. Signiﬁcant differences are in bold, denoted by *.
Abbreviations: GDS-15, Geriatric Depression Scale; NART, National Adult Reading Test; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination; MDS-UPDRS III, Movement Disorders Society Uniﬁed Parkinson’s disease rating scale part three; H&Y, Hoehn and Yahr; LEDD, Levodopa equivalent
daily dose; var, variability (standard deviation); asy, asymmetry; cBF, cholinergic basal forebrain; TIV, total intracranial volume (note cBF volumes are TIV-normalized using analysis of covariance).

P = 0.026; step length variability increased by 1.4 mm
per year, P < 0.001; and swing time shortened by
2.8 ms per year, P = 0.003. Although step time changed
signiﬁcantly over 36 months in PD (P = 0.011), change
was not statistically different from controls (P = 0.228).
As previously identiﬁed in the ICICLE cohort,10 change
in LEDD over time was not associated with longitudinal gait change for any gait characteristic except step
width variability (data not shown). LEDD has, therefore, not been included in any subsequent analyses
involving gait change.

cBF Volumes as Predictors of Gait Decline
Table 3 summarizes the baseline cBF volume predictors of PD gait change. Smaller posterior NBM
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(Ch4p) volumes predicted greater step length shortening (β = 0.098, P = 0.007) and greater step time
variability increase (β = −14.47, P = 0.019) over
36 months; the inclusion of posterior NBM volume
into models improved model ﬁt (χ2 = 7.77,
P = 0.021; χ2 = 6.02, P = 0.049, respectively).
Smaller NBM (Ch4) volumes also predicted greater
step time variability increase (β = −17.20, P = 0.041),
whereas larger NBM volumes predicted greater
swing time shortening (β = −47.88, P = 0.015); NBM
volume inclusion into models improved model ﬁt
(χ2 = 6.86, P = 0.032; χ2 = 6.85, P = 0.033, respectively). To illustrate ﬁndings, correlations between
sub-regional cBF volumes and change in gait per year
for individuals, as derived from individual modeled
trajectories of change, are plotted (Fig. 2).

N B M

G A I T

D E C L I N E

I N

P D

P-value
0.257
0.024*
0.088
0.046*
0.093
0.142
0.029*
0.228
0.003*
0.905
0.678
0.674
0.927
0.228
0.369
0.212
P-value
0.549
0.878
0.077
0.182
0.170
0.509
0.507
0.539
0.091
0.134
0.734
0.352
0.172
0.474
0.798
0.781

β
−0.0102
−0.0079
0.9321
1.097
1.305
0.0016
0.0013
−2.320
−4.249
−0.345
0.456
−0.3398
0.0785
0.0015
0.0010
0.0006

Group × time interaction
SE
t
0.0089
−1.14
0.0034
−2.31
0.5420
1.72
0.5434
2.02
0.7710
1.69
0.0011
1.48
0.0006
2.22
1.908
−1.22
1.415
−3.00
−0.12
2.885
1.097
0.42
0.8063
−0.42
0.8607
0.09
0.0013
1.21
0.0011
0.90
0.0004
1.25

To our knowledge, this is the ﬁrst study to assess the
relationship between cBF volumes and PD gait dysfunction longitudinally. Assessments were completed in a
relatively homogeneous PD cohort and well-matched
controls, enabling precise modeling of disease-speciﬁc
gait changes. Assessments were conducted at a time
where intervention strategies may be most effective. We
found no age-independent cross-sectional relationships
between cBF volumes and gait. However, NBM volumes uniquely predicted future disease-speciﬁc gait
decline. In addition, gait pace and variability characteristics were most closely linked with NBM degeneration.
These ﬁndings improve understanding of the cortical
cholinergic underpinnings of gait impairment and imply
that NBM volumetric measurement may serve as a predictive biomarker for PD gait changes.

t
0.61
0.16
−1.79
−1.35
−1.39
−0.66
0.67
−0.62
1.75
−1.54
−0.34
−0.94
−1.38
−0.72
−0.26
−0.28

Cross-Sectional Associations Are Mediated
by Age

SE
0.0061
0.0019
0.1859
0.2432
0.3025
0.0006
0.0002
1.311
0.836
1.980
0.4361
0.4265
0.4369
0.0006
0.0008
0.0002
Signiﬁcant associations (P < 0.05) are in bold and denoted by *.
Abbreviations: var, variability; asy, asymmetry; SE, standard error; CI, conﬁdence interval.

Step velocity (m/s)
Step length (m)
Swing time var (ms)
Step time var (ms)
Stance time var (ms)
Step velocity var (m/s)
Step length var (m)
Step time (ms)
Swing time (ms)
Stance time (ms)
Step time asy (ms)
Swing time asy (ms)
Stance time asy (ms)
Step length asy (m)
Step width (m)
Step width var (m)

P R E D I C T

Discussion

Controls
Δ per year
0.0037
0.0003
−0.3330
−0.3277
−0.4189
−0.0004
0.0002
−0.814
1.462
−3.057
−0.1487
−0.3995
−0.6038
−0.0005
−0.0002
−0.0001
P-value
0.231
0.001*
0.108
0.026*
0.081
0.114
<0.001*
0.011*
0.003*
0.072
0.666
0.232
0.552
0.193
0.259
0.109
t
−1.21
−3.36
1.62
2.28
1.76
1.60
3.56
−2.58
−3.05
−1.83
0.43
−1.21
−0.60
1.31
1.14
1.62
Parkinson’s disease
Δ per year
SE
−0.0068
0.0057
−0.0077
0.0023
0.6193
0.3819
0.8789
0.3849
0.9556
0.5418
0.0012
0.0007
0.0014
0.0004
−3.128
1.210
−2.821
0.927
−3.357
1.838
0.3323
0.7680
−0.6627
0.5495
−0.3704
0.6184
0.0011
0.0009
0.0008
0.0007
0.0005
0.0003

TABLE 2. Modeled changes in gait over 36 months in Parkinson’s disease and controls, and group × time interactions for change

V O L U M E S

There was limited association between gait variables
and sub-regional cBF volumes in both PD and control
groups at baseline, with only step velocity and step
length identiﬁed in PD. However, this ﬁnding did not
survive control for age and sex. Ray et al26 also found
no cross-sectional relationships between cBF volumes
and cognitive scores after controlling for age in a separate cohort assessed after a similar disease duration.
Speculatively, the effects of ageing on associations
between the cBF and gait and cognition may outweigh
the effects of PD in early disease, whereas ageing effects
may become secondary to disease pathology as the disease progresses. This may explain the recent associations made between the NBM and fast walking speed
in later stage PD.31 Repeating cross-sectional analyses
at a later disease point may give valuable insight to this
suggestion.
As with previous reports,26,28 we found no differences in cBF volumes in people with PD compared with
controls. A lack of between-group differences may be
because of heterogeneity of cholinergic degeneration in
early PD,17 with only a portion of early PD presumed
to have cholinergic involvement. Additionally, volumetric changes may not be sensitive to very early structural
changes in the region. Indeed, degeneration of white
matter projections occurs before GM atrophy in PD,50
and NBM white matter tract integrity is more strongly
associated with cognitive performance than NBM volume in healthy individuals.51

NBM Volumes Predict Disease-Speciﬁc Gait
Decline
We wished to explore the predictive value of subregional cBF volumes to understand the mechanisms of
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TABLE 3. LMEM assessing sub-regional cBF volumes as predictors of gait change in Parkinson’s disease
Gait characteristic
Step length (m)
Step time variability (ms)
Step length variability (m)
Swing time (ms)

Predictor region
Ch4p
Ch4
Ch1-2
Ch4p
Ch4
Ch1-2
Ch4p
Ch4
Ch1-2
Ch4p
Ch4
Ch1-2

β
0.0980
0.0806
0.0407
−14.466
−17.195
−11.376
−0.0043
0.0005
−0.0027
−27.91
−47.88
−16.08

SE
0.0353
0.0494
0.0421
6.027
8.276
6.979
0.0064
0.0087
0.0073
14.52
19.25
16.96

Regression coefﬁcients
t
P-value
2.78
0.007*
1.63
0.107
0.97
0.336
−2.40
0.019*
−2.08
0.041*
−1.63
0.107
−0.67
0.506
0.06
0.955
−0.37
0.712
−1.92
0.058
−2.49
0.015*
−0.95
0.345

CI
(0.028, 0.169)
(−0.017, 0.181)
(−0.042, 0.125)
(−26.6, −2.57)
(−34.0, −0.872)
(−25.3, 2.42)
(−0.017, 0.008)
(−0.017, 0.018)
(−0.017, 0.012)
(−56.5, 1.24)
(−85.8, −9.04)
(−49.7, 18.6)

Baseline age, sex, and global gray matter volume were included as ﬁxed effects in models. Signiﬁcant predictors of changes in gait are in bold and denoted by *.

FIG. 2. Correlation between sub-regional cBF volumes at baseline and change in gait per year in Parkinson’s disease. A: correlation between change in
step length and baseline posterior NBM (Ch4p) volume. B: correlation between change in step time variability and baseline posterior NBM (Ch4p) volume. C: correlation between change in swing time and baseline NBM (Ch4) volume. D: correlation between change in step time variability and baseline
NBM (Ch4) volume. Values for gait change per year were derived from the model coefﬁcient for time, for individuals within the Parkinson’s disease
cohort.) [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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PD gait impairment, so restricted longitudinal analyses
to the four gait characteristics that changed signiﬁcantly
and more greatly than in controls. These were step
length, step time variability, step length variability, and
swing time. Of these, only step length variability
changes were not predicted by baseline NBM volumes.
Analyses controlled for both TIV and total GM volume, giving us conﬁdence in the precision of the identiﬁed associations between the NBM and gait. All
assessments were completed “on” dopaminergic medication. Recent work has also identiﬁed an association
between NBM integrity and fast walking speed as
assessed “on”, but not “off,” dopaminergic medication.31 Speculatively, therefore, our ﬁndings may support the notion that the inﬂuence of the cholinergic
system on gait is only evident when “confounding”
effects of dopamine are accounted for through optimization of the dopaminergic system.
Step Time Variability
The relationship between baseline NBM volumes and
step time variability change is consistent with data
showing that CSF β-amyloid 1–42 (linked to NBM
atrophy in older adults32) is a predictor of step time
variability change.10 Additionally, step time variability
demonstrated disease-speciﬁc, dopa-resistant change in
the entire ICICLE-GAIT cohort over 3 years10 that was
conﬁrmed in the participants assessed here. This characteristic should therefore be considered a robust measure of gait change in PD, and the current data imply it
is cholinergically mediated.
Step Length
Step length typically responds well to L-dopa in early
disease, because it closely reﬂects hypokinesia, whereas
gait variability measures are not always responsive.52
The association between NBM volumes reported here
and step length may indicate that step length is not
purely dopaminergically controlled, supported by the
previously identiﬁed association between step length
and SAI.22 Step length has also been linked to the hippocampus in healthy older adults,14 which is thought
to be involved in spatial navigation while walking.53 As
such, it was surprising that no relationship between
step length and volume of the hippocampal-projecting
Ch1-2 region was identiﬁed.
Swing Time
Somewhat counterintuitively, larger baseline NBM
volumes predicted greater reductions in swing time—
typically considered a gait impairment—over 3 years.
However, in PD, shortening swing time may reﬂect a
compensatory strategy in which the timing of steps
becomes shorter in an attempt to overcome shortening
step length, thereby preserving overall walking speed.54
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Shortening step timings as a compensatory strategy is
thought to be controlled primarily by the cerebellum
acting to increase primary motor cortex activity.55 Our
ﬁndings may indicate that structurally preserved NBM
volumes reﬂect a greater ability to use this compensatory mechanism, a suggestion supported by the known
role of acetylcholine (ACh) in compensatory
processes.56,57

The Role of Cognition
Cortical ACh is associated with cognition, speciﬁcally
executive function and attention.58 These cognitive
domains are strongly related to gait dysfunction in
PD.30 Speciﬁcally, gait characteristics within the pace
gait domain,8 including step length, have been linked to
executive function and attention whereas global cognition has been linked to gait variability.34 Additionally,
changes in ﬂuctuating attention in early PD are
predicted by step length, step length variability, and
step time variability.6 The current study provides tentative evidence for a shared neural underpinning of gait
and cognition that may originate within the NBM.
Understanding the role of cognition in associations
between gait and the cBF requires an in-depth investigation of the effects of different cognitive domains on
both gait and imaging parameters, as well as how these
interact over time. The complexity of this warrants its
own independent investigation and would form a useful
follow-on study.

Clinical Implications
Primarily, this work aimed to further understanding
of the cholinergic underpinnings of PD gait mechanistically. However, ﬁndings may also have clinical use.
This study provides ﬁrst evidence that cBF volumes can
predict gait changes in PD. As such, these volumetric
measures could be considered within a combinational
battery of clinical biomarkers of gait progression, to
monitor disease progression, and stratify patients in
clinical trials. As gait changes and falls are closely
related,5 whether NBM volumes could act as warning
markers for those more likely to experience falls warrants further investigation.
This study has also provided further evidence for an
association between the cortical cholinergic system and
PD gait impairment, highlighting the need for novel
therapies extending beyond the dopaminergic system.
AChE inhibitors, which act to increase available ACh,
can improve mobility measures in PD,15,52 including
gait speed and step time variability as a proxy marker
for falls risk.59,60 Overall, ﬁndings help strengthen the
case for therapeutically targeting the cholinergic system
to limit PD gait progression.
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activity.
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