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Abstract: Background and ObjectiveBackground and Objective: The role of muscle rigidity as an etiological factor of falls in
Parkinson’s disease (PD) is poorly understood. Our objective was to determine whether lower leg rigidity
was differentially associated with frequent falls in PD compared to upper limb, neck, and total rigidity
measures.
MethodsMethods: We examined the associations between Unified Parkinson’s Disease Rating Scale–Part III (motor)
rigidity subscores and the history of monthly or more frequent falls in 216 individuals with PD
(age, 66 � 10 years; 36% female; disease duration, 7 � 5 years) with logistic regression.
ResultsResults: A total of 35 individuals were frequent fallers. Significant associations were identified between lower
limb rigidity and frequent falls (P = 0.01) after controlling for age, sex, PD duration, total Unified Parkinson’s
Disease Rating Scale– Part III score, and presence of freezing of gait. No significant associations (P � 0.14)
were identified for total, arm, or neck rigidity.
ConclusionConclusion: Lower limb rigidity is related to frequent falls in people with PD. Further investigation may be
warranted into how parkinsonian rigidity could cause falls.

Balance problems and falls are a major issue in Parkinson’s disease
(PD).1 Recently, a group of PD patients, caregivers, and health
professionals ranked balance problems and falls as a primary
research priority.2 Although we have some ability to identify PD
patients at high risk for falls based on factors such as fall history,3

many factors are nonmodifiable and hence have little value in
preventing falls. Although many studies have attempted to iden-
tify the associations between clinical and physiological measures
such as including Unified Parkinson’s Disease Rating Scale–Part
III (UPDRS-III)4 items and falls,3,5,6 rigidity is an understudied
factor.5,7,8

Parkinsonian rigidity may cause functional balance and gait
impairment,9–12 but its relationship to falls is unclear. Biomechani-
cal simulations13 suggest that rigidity, particularly lower limb rigid-
ity, may be an important contributor to falls. In simulation,
increased muscle stiffness such as that identified in rigid patients14

impairs the ability to withstand perturbations to the center of body

mass.13 The narrow stance common in PD may compensate for
stiffness because of rigidity13 and related problems.15 Although
some studies suggest a contribution of axial rigidity to balance
impairments and fall risk,16,17 lower limb rigidity is not commonly
considered an independent risk factor.5–7 Importantly, if lower
limb rigidity were a risk factor for falls, it could potentially be
modified through standard pharmacotherapy as rigidity responds
well to levodopa.9,18–20

We used logistic regression to determine whether lower limb
rigidity assessed on the UPDRS-III4 was associated with a history
of monthly or more frequent falls in individuals with mild to
moderate PD. We reasoned that lower limb rigidity would be
associated more with fall history than upper limb or neck rigidity
because of the lower limbs’ involvement in locomotion and static
balance. We hypothesized that (1) lower limb rigidity scores
would be associated with falls and (2) upper limb, neck, and total
rigidity scores would not be associated with falls.
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Patients and Methods
Data Sources
We used the existing measures of 216 PD patients from observa-
tional and rehabilitative studies we conducted from 2011 to 2015.
The participants provided written informed consent according to
protocols approved by the institutional review boards of Emory
University and the Georgia Institute of Technology. All participants
met the modified UK Brain Bank diagnostic criteria for PD.21

Exclusion criteria were applied according to the specific protocols of
the studies in which they originally enrolled. For most of the partici-
pants (143 of 216), these were the following: advanced stage demen-
tia in which patients were unable to perform activities of daily
living independently, presence of cerebrovascular disease or exten-
sive white matter disease, findings suggestive of atypical parkinson-
ism (extraocular movement abnormalities, pyramidal tract signs,
ataxia), past neuroleptic use, or past history of multiple head inju-
ries.22 For the remaining participants (73 of 216), the exclusion
criteria were a history of neurological insult other than PD, inabil-
ity to walk ≥3 meters with or without assistance, or other signifi-
cant musculoskeletal, cognitive, or neurological impairment other
than PD as determined by the investigators.23–25 Beginning with
220 records, 4 records were excluded because of incomplete Freez-
ing of Gait Questionnaire26 or UPDRS-III4 scores.

Study Variables
The participants were classified as “fallers” if they scored ≥2 on
the Gait and Falls Questionnaire item 12,26 which corresponds
to monthly or more frequent falls, and were classified as “non-
fallers” otherwise. The primary independent variables were the
following rigidity subscores assembled from rigidity items of the
UPDRS-III4: total rigidity (/20), the sum of UPDRS-III items
22a to 22e; lower limb sum (/8), the sum of items 22d to 22e;
upper limb sum (/8), the sum of items 22b to 22c; and neck (/4),
item 22a. Additional demographic and clinical variables associated
with falls in PD included age, female sex, global cognition (assessed
with the Montreal Cognitive Assessment [MoCA]27), disease
duration,3,28 and self-reported presence of freezing of gait (FOG).
The participants were classified as freezers if they scored ≥2 on
Freezing of Gait Questionnaire26 item 3, which corresponds to
weekly or more frequent freezing. When caregivers were present,
they were allowed to assist the patients in answering questionnaires.
No attempts were made to quantify FOG during motor examina-
tion or to query patients as to during which medication state FOG
occurred (eg, refs. 22,29).

Statistical Methodology
The differences in study variables between fallers and nonfallers were
assessed with t tests and χ2 tests as appropriate. Satterthwaite’s
approximation was used for t tests with unequal variance as assessed
with folded F tests. Multivariate logistic regressions were performed
to identify the associations between rigidity subscores and faller status
while controlling for age, gender, PD duration, total UPDRS-III

score, and presence of FOG.28 Associations between rigidity sub-
scores and fall history were expressed as odds ratios (OR) � 95%
confidence interval (CI). To control for overall UPDRS-III score,
the remainder of each UPDRS-III total score after subtracting rigid-
ity items was entered as a covariate. Statistical tests were performed at
α = 0.05 in SAS University Edition 7.2 (SAS Institute, Cary, NC).

Additional Analyses

Additional analyses examined the associations between rigidity
subscores for each limb and fall history, the associations between
rigidity subscores and annually or more frequent (rather than
monthly or more frequent) falls, the impact of postural instability
(UPDRS-III item 30), gait impairment (UPDRS-III item 29),
overall cognition (MoCA score), medication state during exami-
nation on associations between rigidity subscores and fall history,
the presence of dopamine agonist monotherapy,30 and additional
stratified and interaction models examining the potential depen-
dencies of identified associations on FOG status (Supplementary
Materials S1).

Results
Demographic and clinical characteristics are presented in Table 1.
Among the study sample, 35 of 216 patients (16%) fell monthly
or more often. The majority of patients (73%) were classified as
nonfreezers by self-report. Consistent with previous results,3,28

when compared with nonfallers, fallers had longer disease dura-
tion (P < 0.01) and worse performance on the UPDRS-III
(P << 0.01), the Gait and Falls Questionnaire (P << 0.01), and
the Freezing of Gait Questionnaire (P << 0.01). Among the
fallers, the prevalence of FOG and female sex were also higher
by ≈3 times (P << 0.01) and ≈1.5 times (P = 0.04), respectively.
No significant differences were observed in age, global cognition
(MoCA), education, or age at PD onset. Modified Hoehn and
Yahr stages were recorded for a subset of patients (22 of 216).
Among those, Hoehn and Yahr stage ranged from 1.5 to 3, with a
mean value of 2.3 � 0.5. The average Hoehn and Yahr stage was
significantly higher among fallers (2.9 vs. 2.2; P < 0.01).

Univariate analyses demonstrated that rigidity subscores for
the lower limbs were significantly higher in fallers (P value range,
0.004–0.025). In contrast, no statistically significant differences
were found for upper limb (P value range, 0.193–0.245) or neck
(P = 0.085) rigidity scores (Fig. 1A).

Multivariate logistic regression models identified significant asso-
ciations between lower limb rigidity and fall history (P = 0.014;
Fig. 1B), but no significant associations for total (P = 0.289), arm
(P = 0.135), or neck rigidity (P = 0.991) after controlling for age,
gender, PD duration, total UPDRS-III score, and the presence of
FOG. In these models, a total lower limb rigidity score of 2 (the
75th percentile score in the sample) was associated with an OR for
monthly or more frequent falls of 2.6 (95% CI, 1.2–5.6), and a
total score of 6 (the maximum score in the study sample) was asso-
ciated with an OR of 17.7 (95% CI, 1.8–175.7). Consistent with
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the literature,3,28 logistic regression models also identified significant
associations between female sex (OR [95% CI], 3.2 [1.3–8.1];
P = 0.013), FOG (OR [95% CI], 7.2 [2.9–17.9]; P << 0.01), dis-
ease duration (OR [95% CI], 1.1 [1.0–1.2]; P = 0.022), and total
UPDRS-III score (OR [95% CI], 1.1 [1.0–1.2]; P = 0.003) and
fall history.

Additional Analyses
Associations between lower limb rigidity and history of frequent
falls were largely unaltered in additional analyses (Supplementary
Materials S1) that stratified participants by medication state dur-
ing examination or that controlled for the presence of postural
instability (UPDRS-III item 305), gait impairment (UPDRS-III

FIG. 1. Associations between rigidity and falls. (A) Differences in rigidity subscores between patients with Parkinson’s disease with and
without histories of monthly or more frequent falls. (B) Associations between rigidity subscores and fall history (expressed as odds
ratio � 95% confidence interval) after adjusting for age, sex, total Unified Parkinson’s Disease Rating Scale-III, Parkinson’s disease
duration, and presence of freezing of gait.

TABLE 1 Demographic and clinical features of the study population overall and stratified on presence of previous monthly falls

Characteristic All Participants, N = 216 Nonfallers, n = 181 Fallers, n = 35 P Value

Age, yr 65.7 � 9.7 65.5 � 9.6 67.1 � 10.3 0.35
Sex
Female 78 (36) 60 (33) 18 (52) 0.04
Male 138 (64) 121 (67) 17 (48)

MoCA (/30) 24.7 � 3.61 24.8 � 3.62 24.2 � 4.03 0.37
Education, y 16.1 � 2.24 16.1 � 2.35 16.2 � 1.7 0.92
Disease duration, yr 7.4 � 4.5 6.9 � 4.1 9.9 � 5.7 <0.01
Age at onset, yr 58.3 � 10.6 58.6 � 10.1 57.3 � 12.9 0.58
UPDRS-III score (/108) 22.0 � 10.0 20.6 � 9.2 29.5 � 10.5 <<0.01
FOG-Q total (/24) 4.5 � 4.6 3.5 � 3.9 9.6 � 4.9 <<0.01
FOG-GF total (/64) 8.6 � 9.0 6.1 � 6.2 21.1 � 10.9 <<0.01
Freezing of gait
Freezer 59 (27) 35 (19) 24 (69) <<0.01
Nonfreezer 157 (73) 146 (81) 11 (31)

Values are shown as either mean � standard deviation or N (%). P values reflect univariate tests of central tendency (t tests or χ2 tests)
between fallers and nonfallers.
1N = 194;
2N = 163;
3N = 31;
4N = 215;
5N = 180.
MoCA, Montreal Cognitive Assessment; UPDRS-III, Unified Parkinson’s Disease Rating Scale–Part III: motor exam; FOG-Q, Freezing of Gait
Questionnaire; FOG-GF, Gait and Falls Questionnaire.
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item 29), reduced cognition (MoCA score), or dopamine agonist
monotherapy. These models yielded ORs very similar to those
identified in the main model, with changes in lower limb rigidity
ORs of −4.3%, +3.7%, −8.1%, +4.3%, and 0.0%, respectively.
When a less-stringent definition of fall history (annual or more
frequent rather than monthly or more frequent falls) was used,
the associations between lower limb rigidity and fall history were
significantly reduced in magnitude (−21.7%), suggesting that
lower limb rigidity is associated primarily with frequent falls. The
associations between lower limb rigidity and fall history were
decreased in magnitude, but remained statistically significant
when a less-stringent definition for freezer status was used
(OR decrease of −11.2%). Models that included separate rigidity
scores from each limb identified a strong association between
rigidity on the more rigid side and a history of frequent falls
(OR increase of +23.6%).

Discussion
To our knowledge, this is the first study to demonstrate an asso-
ciation between lower limb rigidity and falls in PD. We found
that lower limb rigidity, unlike upper limb or neck rigidity, was
associated with history of monthly or more frequent falls, even
after controlling for common risk factors including age, sex, total
UPDRS-III, PD duration, and presence of FOG. Additional
analyses confirmed that the identified associations between lower
limb rigidity and falls were not confounded by coexisting pos-
tural instability, gait impairment, or cognitive impairment in
lower limb-rigid patients, as explicitly controlling for these fac-
tors altered ORs only minimally. These results suggest that
understanding and treating rigidity may be important in reducing
fall risk.

In addition to common features on exam that raise concerns
to neurologists that falls may be impending for a patient, such as
FOG, postural instability, and axial rigidity,5,6 lower limb rigidity
may be a clinically observable—and potentially modifiable—
parkinsonian feature associated with falls. Notably, lower limb
rigidity may be important to consider independent of axial
rigidity,9–11,17,31 which is measured with specialized equip-
ment9,11 uncommon in clinical use. Although appendicular and
axial rigidity are often thought of as having a common etiology, these
signs likely reflect distinct underlying pathophysiology and respond
differently to dopaminergic drugs such as levodopa9,18,20,32 and apo-
morphine.19 Here, because most patients were on medications,
whether rigidity could be further reduced is unknown. Yet the
potential remains that rigidity could be considered during medication
changes along with concerns such as wearing off or fluctuations.33–35

How might lower limb rigidity contribute to falls? Although
abnormal deep tendon reflexes are not a key parkinsonian
feature,36 rigid patients exhibit increased long-latency electro-
myographic responses to passive joint movements37,38 and possi-
bly increased tonic muscle activity,39 both of which may increase
joint stiffness. A previous simulation study of standing balance13

demonstrated that, as the stiffness of the hip joints is increased
beyond a certain amount, the neuro-musculoskeletal system
becomes increasingly unstable as a result of response delays. This
makes it increasingly more difficult to maintain balance without
stepping during perturbations. The implication is that a person
with lower limb rigidity may have decreased ability to control
the center of mass with the feet in place, requiring frequent steps
to maintain balance. We hypothesize that because anticipatory
postural adjustments40,41 and stepping reaction time and accuracy
are impaired in PD,42 lower limb rigidity could therefore cause
falls. However, the underlying biomechanical and physiological
mechanisms of rigidity remain unclear.

These results should be considered in light of a few limitations
to the study design. One primary limitation was that fall history
was taken via self-report. Based on average MoCA score
(24.7 � 3.6), cognitive impairments were likely present in the
sample and could have affected accuracy. To limit this, we used
a stringent criterion to identify fallers—monthly or more frequent
falls. We found that the association between lower limb rigidity
and falls was significantly attenuated in logistic regression models
using a less-stringent criterion (Supplementary Materials S1). Based
on this, we speculate that lower limb rigidity may be uniquely
related with very frequent falls in PD; however, prospective studies
are required for confirmation. If prospective studies demonstrate
that lower limb rigidity is associated with future falls, patients with
this sign could potentially be referred to interventions to reduce
risk.43–48

A second important consideration is that because of the retro-
spective nature of the study, many clinical variables potentially rel-
evant to fall risk were not available for analysis. We could not
rigorously control for common comorbidities such as visual and
orthopedic problems or for specific parkinsonian features such as
the presence of dyskinesias, all of which could potentially be
unequally distributed among the groups and therefore influence
fall prevalence.17 In particular, detailed medication dosages were
not available, prohibiting the use of total levodopa dose49 as a
covariate, or the verification that the dopaminergic medication
dosage was stable during the lookback period. Finally, the ques-
tionnaires were used to assess freezing status; however, for the
most reliable assessment, FOG classification should be based on
objective confirmation by an experienced observer during clinical
assessment,50 particularly because participants with FOG in differ-
ent medication states (eg, refs. 22,29) may experience related fall
risk at different times. These results suggest that these and other
variables could potentially be very important during future pro-
spective studies of fall risk.

Although many studies have attempted to identify the associa-
tions between clinical and physiological assessments and fall
risk;3,5,6 lower limb rigidity is an understudied risk factor.5,7 This
may be in part because of one impactful early study6 that found
no association between the combined presence of lower
limb/neck rigidity and fall risk, suggesting that combining these
sources of rigidity may distort associations with falls. These results
suggest that prospective studies of the relationships between
rigidity and fall risk in PD could provide new information.
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Tables S1 to S10.

Supplementary Data S1. Data used for statistical analyses.
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