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Background—~Reduced arm swing is a well-known clinical feature of Parkinson’s disease (PD),
often observed early in the course of the disease. We hypothesized that subtle changes in arm
swing and axial rotation may also be detectable in the prodromal phase.

Objective—The purpose of this study was to evaluate the relationship between the LRRK2-
G2019S mutation, arm swing, and axial rotation in healthy nonmanifesting carriers and
noncarriers of the G2019S mutation and in patients with PD.

Methods—A total of 380 participants (186 healthy nonmanifesting controls and 194 PD patients)
from 6 clinical sites underwent gait analysis while wearing synchronized 3-axis body-fixed
sensors on the lower back and bilateral wrists. Participants walked for 1 minute under the
following 2 conditions: (1) usual walking and (2) dual-task walking. Arm swing amplitudes,
asymmetry, variability, and smoothness were calculated for both arms along with measures of
axial rotation.

Results—A total of 122 nonmanifesting participants and 67 PD patients were carriers of the
G2019S mutation. Nonmanifesting mutation carriers walked with greater arm swing asymmetry
and variability and lower axial rotation smoothness under the dual task condition when compared
with noncarriers (P < .04). In the nonmanifesting mutation carriers, arm swing asymmetry was
associated with gait variability under dual task (P=.003). PD carriers showed greater asymmetry
and variability of movement than PD noncarriers, even after controlling for disease severity (P<.
009).

Conclusions—The G2019S mutation is associated with increased asymmetry and variability
among nonmanifesting participants and patients with PD. Prospective studies should determine if
arm swing asymmetry and axial rotation smoothness may be used as motor markers of prodromal
PD.
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Prodromal motor features in Parkinson’s disease (PD) likely develop gradually, years before
diagnosis.! To be able to treat the disease earlier than is currently possible today, recent
research has focused on the early identification of people who are likely to develop PD in the
future. Reduced unilateral arm swing, a well-described feature of PD, was observed in
healthy adults who have an increased risk of developing PD, as determined by substansia
nigra hyperechogenicity and among carriers of P/NVK1 mutations.?-3 We reported subtle
alterations in gait among another group of healthy adults who have an increased risk of
developing PD, that is, carriers of the LRRK2-G2019S mutation, during challenging
conditions.? These findings support the possibility of identifying motor changes in the
prodromal state. However, the relationships between arm swing, axial movements, gait
changes, and the LRRK2-G2019S mutation have not been studied to date.

Body-fixed wearable sensors have great potential for augmenting the diagnosis, prognosis,
and early identification of PD.5~7 We hypothesized that by using body-fixed sensors, we
could identify increased arm swing asymmetry in healthy carriers of the LRRK2-G2019S
mutation. As such, we addressed the following three aims: (1) to evaluate whether
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alterations in arm swing can be detected in healthy subjects who have an increased risk of
developing PD, that is, nonmanifesting carriers of the LRRK2-G2019S mutation; (2) to
investigate the relationship between arm swing and two potential mediators of arm swing,
that is, axial rotation and gait speed, among nonmanifesting LRRK2-G2019S carriers; and
(3) to assess the relationship between the presence of the G2019S mutation and arm swing
and axial rotation in patients with PD.

Methods

Study Design and Ethical Approval

This observational study was conducted as part of the MIJFF LRRKZ2 Gait Consortium. The
multicenter consortium included participants from Israel (Tel Aviv Medical Center, n = 198),
the United States (Mount Sinai-Beth Israel Medical Center, n = 107 and Columbia
University, n = 3), Germany (University of Tubingen, n = 31), Norway (Norwegian
University of Science and Technology, n = 15), and Spain (Hospital Clinic of Barcelona, n =
26) (Michael J Fox Foundation for Parkinson Research). Ethical approval was obtained from
the local ethical boards at all sites. All participants provided informed written consent prior
to participating in this study. To maximize uniformity across clinical sites, testing was
performed using a predefined, structured protocol.

Participants

A convenience sample of 186 nonmanifesting relatives of patients with PD and 194 patients
with PD were evaluated. Nonmanifesting participants were included if they were older than
30 years and had a relative diagnosed with LRRK2-G2019S PD. Nonmanifesting
participants were excluded if they had a diagnosis of PD according to UK PD Society Brain
Bank criteria® or showed PD-related signs (Unified Parkinson’s Disease Rating Scale part 111
[UPDRS-I111] > 4). Patients with PD were included if they were able to walk for 5 minutes
unassisted. Patients and nonmanifesting participants were also excluded if they had a history
of clinical stroke or neurological disorders other than PD, unstable cardiovascular disease,
major depression, diagnosed dementia, major orthopedic disease (eg, acute pain, history of
shoulder or upper extremity injury), clinically diagnosed psychiatric disorder according to
the DSM-1V; or current or past exposure to dopamine-blocking agents.

Procedures

Demographic data and medical history were collected from all participants. Participants
underwent clinical and neurological exams using the UPDRS-111.° Patients were assessed in
the “ON” medication state, approximately 1 hour after medication intake. PD motor
subtypes were determined as previously defined.10 Cognitive function was evaluated using
the Montreal Cognitive Assessment (MoCA).11 Assessors and participants were blinded to
mutation status at the time of assessment.

Assessment of Gait, Arm Swing, and Axial Rotation—A lightweight body-fixed
sensor (Opal APDM, Portland, Oregon) was adhered to the lower back (lumbar vertebrae 4—
5) and to each wrist using Velcro straps (Velcro Companies, Manchester, New Hampshire) to
quantify gait, arm swing, and axial rotation.12 The sensors were synchronized and
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precalibrated referenced to the vertical axis in the anatomical position. The participants
walked back and forth in a well-lit corridor of 15 m in each site for 1 minute under the
following 2 walking conditions: (1) preferred, usual-walking speed and (2) dual-task (DT;
serially subtracting 3 seconds from a predefined 3 digit number while walking, with no task
prioritization). Testing order was fixed. Signals were filtered using a low-pass Butterworth
filter with a frequency cutoff of 3.5 Hz with a bandpass of less than 0.5 db. Turns were
identified from the gyroscope signal and were removed. Only straight-line walking, defined
as sagittal progression walking, was analyzed.13

Mean gait speed was determined by the average time taken to walk 10 m. Stride time was
determined by automatic identification of the time between 2 consecutive strikes of the same
foot, detected from the trunk acceleration.12:14.15 Stride time variability was calculated as
the magnitude of stride-to-stride fluctuations, normalized to each participant’s mean stride
time, coefficient of variation = (standard deviation/mean) x 100,14:15

Arm swing amplitudes (degrees) for each arm were calculated as the range from peak
flexion to peak extension in the sagittal plane accounting for the rotation of 1 segment
relative to a reference segment using an Euler sequence.12 For patients with PD, the upper
extremity exhibiting more (or less) signs based on the UPDRS (items 20-26) was defined as
the more or less affected side. For the asymptomatic participants, arm swing amplitudes of
the dominant and nondominant hands were evaluated separately. Asymmetry was evaluated
as previously described, 1216 with a value of 0 indicating complete symmetry.1® Arm swing
variability was determined as the coefficient of variation across the entire range of
movement. Arm swing jerk was calculated to assess smoothness, that is, lower jerk
represents smoother movement.1?

The gyroscope of the back sensor quantified the transverse plane angular axial rotation
around the vertical axis.12 The magnitude of the rotation was quantified as the rotation range
(deg) during a stride. Axial rotation jerk (deg/s3) was assessed and axial rotation asymmetry
(%) was evaluated as the symmetry in side-to-side rotation, with a value of 0 indicating
perfect symmetry.16

Genetic Testing—All participants were screened for the LRRK2-G2019S mutation and
for the common glucocerebrosidase (GBA) mutations among Ashkenazi Jews as previously
reported.1819 GBA mutation carriers, including those who also carried the LRRK2-G2019S
mutation were excluded from the analyses.

Statistical Analysis

Demographics, disease characteristics, UPDRS, MoCA, and gait speed performance of both
patients and nonmanifesting LRRK2-G2019S carriers and noncarriers were compared using
chi-square tests and Student #tests and compared among the 5 recruitment sites. Linear
mixed-model analyses were used for each group separately (ie, nonmanifesting participants
and PD patients) for each of the outcome measures, with genotype status and condition (ie,
usual walking vs DT walking) entered as fixed effects. The models were adjusted for age,
disease duration, disease severity (based on the UPDRS), baseline gait speed, cognitive
function (MoCA), and recruitment site. Bonferroni corrections were used to account for
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multiple comparisons within each of the 3 constructs (arm swing, axial, and gait measures)
with alpha levels of .04, .02, and .02, respectively. Pearson correlations were used to assess
the interplay between genetic status, disease characteristics, gait, arm swing, and axial
rotation. Linear regression models explored the associations between gait, arm swing, and
axial rotation; beta values and 95% confidence intervals were determined. Data processing
and analysis was done at Tel Aviv Medical Center. Data reported here were not used in
previous publications. Statistical analyses were performed using SPSS version 21 (IBM
Corp., Armonk, New York).

Demographic characteristics of the nonmanifesting participants and the patients are
presented in Table 1. Nonmanifesting carriers (NM-C) and nonmanifesting noncarriers
(NM-NC) had comparable demographic characteristics. Likewise, the 2 PD groups were
similar with respect to age, gender, cognitive function, height, weight, and body mass index.
PD carriers had slightly longer disease duration than PD noncarriers and slightly lower
scores on the UPDRS-III (see Table 1). The postural instability and gait disturbance (PIGD)
motor subtype was more common among PD carriers when compared with PD noncarriers
(P=.01). Stratification by site revealed no differences in the characteristics of the
nonmanifesting participants across sites with the exception of younger age in Spain (43.4

+ 4.7 years vs 54.75 + 10.92 years in all other sites; 2= .01). Patient characteristics were
also similar across sites with the exception of gender (P =.003), with 92% male patients in
Spain compared to 54% in all other centers.

Aim 1: Can Arm Swing Alterations Be Detected in Individuals at Risk of Developing PD?

No differences between groups were observed in gait speed during usual walking. NM-C
had significantly higher (worse) stride time variability during DT walking when compared
with NM-NC (F=3.79, P=.024).

Arm swing measures were similar between NM-C and NM-NC under usual gait condition
(Table 2). In contrast, in the DT condition, NM-C walked with higher arm swing asymmetry
(F=4.11, P=.020), higher arm swing variability (F= 3.33, £=.038) and reduced
smoothness of movement (F=5.39, P=.006) (Table 2 and Figs. 1 and 2). Axial rotation
amplitude was similar between the groups under both conditions; however, axial jerk was
higher in the NM-C in the DT condition, reflecting reduced smoothness (F= 4.13, P=.04;
Table 2).

Aim 2: The Relationship Between Arm Swing, Axial Rotation, and Gait Measures in LRRK2-
G2019S Nonmanifesting Mutation Carriers

In the nonmanifesting participants, arm swing asymmetry was related to age (r= .36, P=.
02) and gait speed (r=-.33, £=.001). Analysis adjusted for age and UPDRS-III revealed
that in NM-C, arm swing amplitude, asymmetry, variability, and jerk were not related to DT
gait speed (P> 0.09); however, arm swing asymmetry was associated with gait variability
under the DT condition (B = 0.34, Cl = 3.13, 0.45, A=.003).
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Aim 3: Are Alterations in Arm Swing Related to the LRRK2-G2019S Mutation Among
Patients With PD?

An example of the arm swing raw accelerometer signal is presented in Figure 1. Differences
in arm swing measures were observed between representative PD carriers and PD
noncarriers despite similarities in age, gender, disease duration, and disease severity. These
differences were also seen on a group level. Adjusted models show that the PD carriers
walked with larger arm swing amplitude in the least-affected side when compared with PD
noncarriers under both usual and DT conditions. PD carriers also had higher arm swing
variability (F=4.31, P=.04; Fig. 2) and higher arm swing asymmetry when compared with
PD noncarriers (F= 8.36, P=.001; Table 3).

Axial rotation amplitude was similar in the 2 groups in both conditions, whereas the PD
carriers had significantly higher axial jerk in usual walking, but not during dual tasking (P
=.02 and P=.12, respectively; Table 3). Gait speed was similar between groups in both
walking conditions. PD carriers had greater stride time variability when compared with PD
noncarriers in the DT condition (F= 4.76, A= .031) consistent with previous findings.2°

Arm swing amplitude was inversely correlated with disease severity in both PD carriers and
PD noncarriers (r=-.31, P=.008 and r=-.28, P=.023, respectively) and positively
correlated with gait speed (r= .11, P=.012) and LRRK?Zstatus (r= .13, =.001). Arm
swing variability and asymmetry were not associated with gait measures in either group,
whereas axial jerk was positively correlated with disease severity but only in the carriers
group (r=.34, P=.001).

Under the DT condition, stride time variability was similar in NM-C and PD noncarriers
(2.38 £ 1.58% vs 2.66 + 1.78%, P=.213, respectively). This similarity was also observed in
arm swing variability (24.53 £ 10.45% vs 28.06 + 13.98%, P=.127; see Fig. 2).

Discussion

We observed arm swing alterations associated with the LRRK2-G2019S mutation among
both healthy nonmanifesting carriers and patients with PD. These findings extend previous
reports on specific gait changes in asymptomatic carriers of the LRRK2-G2019S
mutation.*20 The results from this relatively large, multicenter study also highlight the
potential of using sensitive gait analysis to identify persons at risk for PD.

Arm Swing: A Potential Motor Marker of Disease in LRRK2

There has been a great deal of effort devoted to detecting PD symptoms in prodromal states
using a variety of nonmotor biological markers (eg, olfaction, autonomic dysfunction, sleep
disorders).21-23 Although such nonmotor features may one day be suitable for the early
detection of PD, they are not yet sufficiently accurate, robust, or specific, and new features
are needed.2324 Because PD is still diagnosed by its motor features, it is reasonable to
speculate that subtle changes in motor function will be present prior to the appearance of the
cardinal motor signs required for diagnosis.2> Here, we evaluated arm swing measures that
represent the following 4 properties of movement that are often affected in PD: amplitude,
asymmetry, variability, and smoothness.
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Studies have shown that reduced arm swing and tremor of individual fingers best
distinguished PD from age-matched controls26 and that in early stages of the disease,
increased asymmetry and decreased coordination between the arms are more sensitive than
reduced amplitude of movement.16:27 Similar to reports in early-stage PD,16:27 differences
between nonmanifesting carriers and noncarriers were not observed in amplitude of
movement. Rather, they were seen only in the control of movement (ie, asymmetry,
variability, and smoothness). Variability has been shown to be a highly sensitive measure of
gait impairment, more closely related to disease than measures based on the mean values of
other walking parameters.28 Our findings suggest that arm swing variability and asymmetry
have similar properties, differentiating between nonmanifesting mutation carriers and
noncarriers, alluding to either an endophynotypic trait or perhaps to the existence of motor
abnormalities in the prodromal phase.16:27

We hypothesized that to assess subtle changes in performance, it is necessary to test the
neural system in challenging conditions when multiple resources are required to unmask
compensatory strategies. Interestingly, arm swing variability in the NM-C was similar to that
of the patients with PD in the DT condition (Fig. 2). It is possible that among the NM-C,
there are individuals in the prodromal phase of disease and that the challenging condition
exposed alterations in performance. Subtle gait abnormalities in NM-C of the LRRK2-
G2019S mutation have been reported.# The present findings suggest that subtle gait
abnormalities may be accompanied by increased arm swing variability and asymmetry. The
poorer performance of the mutation carriers may, therefore, be consistent with initial
abnormalities in the central gait network.

Axial involvement in PD is customarily thought to be a feature of advanced PD (Hoehn and
Yahr stage 3)1; however, this assumption may be a matter of sensitivity of commonly used
assessment tools. Axial rigidity is usually evaluated through passive movement of the neck
and observation of functional mobility. These may not be sufficiently sensitive to observe
early axial changes involving translational movement around the body’s vertical axis.2 The
quantification of axial movement revealed higher axial jerk in the nonmanifesting carriers
during the DT condition. Interestingly, axial jerk was lower in patients with PD than
controls, perhaps reflecting more rigid and constrained movement of the center of gravity.
This observation parallels other sway findings in putative prodromal and manifesting state,
where specific balance measures were nonlinearly related to disease state, showing increased
sway in at-risk individuals and decreased sway as disease progresses.39 Still, further study is
needed to better understand this somewhat counterintuitive finding.

Arm Swing Alterations and the Relationship to the LRRK2-G2019S Mutation in PD

Approximately 47% of our entire PD cohort had unilateral signs, reflected by their Hoehn
and Yahr staging. When PD carriers were challenged, asymmetry and variability were more
pronounced than in the PD noncarriers. PD carriers also showed increased axial variability
and increased gait variability, suggesting more postural involvement and impaired axial
control. These findings are consistent with a higher frequency of a PIGD subtype in this
group (Table 1) and with recent studies reporting a possible motor phenotype in LRRK2-
G2019S PD.20:31 The G2019S mutation may influence neural degeneration and increase the
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likelihood of developing the PIGD subtype of PD, in which gait impairment, rigidity, and
postural instability are key signs.#2931 The current study demonstrates that alterations in
arm swing may be an additional feature of this phenotype. Furthermore, an association was
found between LRRK2-G2019S status, UPDRS motor score, arm swing amplitude, and
axial jerk. Thus, the clinically perceived presence of motor asymmetry32 may be enhanced
by objective, quantitative measures that can help delineate PD phenotypes.

The Interconnection Between Arm Swing and Gait

PD pathology may result in varied motor involvement.2:33 This suggests the presence of
possibly partially independent, supraspinal control channels, whereby the dopaminergic
systems has a relatively weaker influence on arm swing and preferential action on lower
limb movements.34 Alternatively, differences in upper and lower extremity involvement may
be related to the biomechanical properties of upper limb movements functioning in an open
kinematic chain when compared with the coupled, closed kinematic chain motion used
during gait.3> The higher magnitude of variability in arm swing when compared with stride
time supports the influence of these biomechanical properties. We did not find an association
between gait features and arm swing asymmetry or variability, suggesting that these motor
features may be independent. Future longitudinal studies should explore the temporal
relationship between gait variability and arm swing changes in PD development.

Limitations and Clinical Implications

Our study has several limitations. Selection and volunteer bias cannot be ruled out.
Participating sites reached out to participants through established cohorts of an enriched
LRRK?Z population. To decrease the possibility of bias, the assessment of study participants
was done without the examiners’ knowledge of mutation status. We only screened for
G2019S-L RRKZ2and GBA mutations, the most prevalent PD-associated mutations.
Although other mutations may be relevant, their frequency is low (approximately 5% of all
genetic-identified PD).36 Thus, we posit that if there were other mutation carriers, their
incidence and influence would be negligible. Concomitant medication and levodopa
equivalent dose were not collected for most participants, and, therefore, we could not assess
the influence of medication on performance and its confounding effects. Still, all analyses
were conducted while adjusting for age, gender, and disease severity to limit possible
confounding effects. Importantly, the present study is not able to definitively determine
whether the observed findings reflect a constitutional state of LRRK2-G2019S or whether
they represent prodromal signs. Indeed, LRRK2-G2019S has only incomplete penetrance,
ranging between 26% to 100% at age 80.12:37-40 Therefore, only about a quarter of our
studied asymptomatic participants will likely develop PD. We speculate that these
individuals, presenting with early changes, contributed to the findings of this study.
Notwithstanding, longitudinal studies are needed to determine if the observed changes
reflect changes in the prodromal state.
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Conclusions

The present findings suggest that the quantitative assessment of arm swing may have the
potential to contribute to an earlier clinical diagnosis of PD and perhaps to augment the
monitoring of disease progression.
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FIG. 1.
Example of arm swing acceleration traces during dual-task walking. Representative

participants are matched within group (Parkinson’s disease [PD] or nonmanifesting [NM])
by age, gender, UPDRS-III, and disease duration. Carriers in both groups had decreased
amplitude, higher asymmetry, and higher variability than noncarriers. ASA, arm swing
asymmetry; CV, coefficient of variation; NM-C, nonmanifesting carriers; NM-NC,
nonmanifesting noncarriers; PD-NC, PD noncarriers; PD-C, PD carriers. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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P=0.04

PD-C

Differences in arm-swing variability (coefficient of variation [CV]) during dual-task
walking. Carriers had higher (worse) variability than noncarriers. Nonmanifesting carriers
(NM-C) showed similar variability as patients with PD (PD noncarriers), suggesting subtle
motor impairments indicative of disease in at least some individuals in this group. NM-NC,
nonmanifesting noncarriers; NS, not significant; PD-NC, PD noncarriers; PD-C, PD carriers.
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Participant characteristics

TABLE 1

Parkinson’s disease patients

Noncarriers (n = 127)

Carriers (n = 67)

P value

Age, years
Gender, % women
Body mass index, kg/m?2

Disease duration, years
UPDRS motor part 111

Hoehn and Yahr Stage, %
1
2
25
3
Motor subtypes
PIGD, %

Tremor predominant, %
Intermediate, %
MOCA
Usual walking speed, m/s
Nonmanifesting
Age, years
Gender, % women
Body mass index, kg/m?
UPDRS Il1I
MOCA

Usual walk speed, m/s

65.7 £ 9.7 (27-85)
42
26.4+54
5.7+4.2 (1-21)

19.9 + 10.7 (8-59)

24.5
51.1
7.4
17.0

54.3

19.2
26.5
25.6 + 3.1 (20-30)
1.1+0.2 (0.6-1.8)
Noncarriers (n = 64)
52.8 + 14.2 (31-84)
57
25855
1.73+ 1.3 (0-4)
27.9 1.7 (21-30)
1.23+0.2 (0.8-1.7)

64.9 + 10.6 (26-89)
48
259+43
7.9+6.2 (1-31)

15.9 + 6.9 (9-31)

23.8
49.0
6.9
20.3

68.2

15.1

16.7
26.1 + 2.6 (18-30)
1.1+0.2 (0.6-1.8)
Carriers (n = 122)

51.89 + 12.86 (30-85)
55
26.0%6.1
1.8+ 2.1 (0-4)

27.3+2.3 (21-30)
1.24 +0.2 (0.7-1.9)

42
42
.55

.01

.007
.89

.01

.24
19

.66
91
.35
.89
48
.84

Means + standard deviations and range are presented. MOCA, Montreal Cognitive Assessment (maximum score = 30); UPDRS, Unified
Parkinson’s Disease Rating Scale; PIGD, Postural Instability Gait Difficulty (data available for 104 PD noncarriers and 56 PD carriers).

*
Statistically significant difference between groups.
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