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Abstract
Background—Essential tremor (ET) patients seem to have impaired gait and balance, yet
surprisingly few studies have utilized quantitative analysis to study these impairments. With one
exception, these prior studies examined gait on a treadmill, which does not approximate functional
environmental conditions (level ground). Moreover, these studies tested middle-aged subjects so it
remains unclear whether ET patients maintain a pattern of deficits that is in excess of that seen in
controls, even into advanced ages. Methods: 104 ET subjects (86.0 ± 4.6, range = 75–97 years)
and 40 similarly aged controls (84.1 ± 4.2, range = 74–94 years) underwent gait testing using the
GAITRite® mat under standard walk and tandem walk conditions on level ground.

Results—In standard walk, ET patients demonstrated deficits related to gait speed (lower
velocity and cadence, p = 0.0001), dynamic imbalance (increased double support percent, p =
0.01), and gait asymmetry (increased step time difference, p = 0.003). During tandem walk, ET
patients had lower velocity (p = 0.002) and cadence (p = 0.003), and more mis-steps (p < 0.008)
compared with controls. For all variables, ET patients performed more poorly than controls even
into advanced ages, as demonstrated in linear regression models.

Conclusions—ET patients demonstrated decrement in gait speed, dynamic balance and gait
symmetry during standard walk and clear balance impairment during tandem walk. This
constellation of impairments is consistent with a cerebellar deficit. ET patients maintained this
pattern of deficits, in excess of that seen in controls, into advanced age, reinforcing the importance
of gait and balance impairment in this disorder.
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1. Introduction
Essential tremor (ET), one of the most common neurological disorders, is characterized by
both motor and non-motor impairments [1]. The most prominent motor impairment is
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progressive kinetic tremor, particularly in the arms, although tremor may be present in the
head and other body regions [1–3]. Other motor impairments include postural instability
[4,5] and gait and balance impairments [6–8].

Gait and balance impairments are functionally important because they increase risk for falls
and associated morbidity. Despite their importance, only a few studies have examined gait
and balance in patients with ET. Three studies used simple bedside clinical measures to
assess tandem gait in ET patients [6,7,9]. Two of the three studies reported that ET patients
had more mis-steps compared with age-matched controls during tandem walking [7,9].
Recently, we reported among ET patients that tandem mis-steps were positively correlated
with age and cranial tremor (i.e., tremor involving the jaw, voice and/or head) [6].

Three other studies examined gait and balance in ET using a more sophisticated approach –
quantitative movement analysis [4,8,10]. Two of these studies examined gait on a treadmill
and reported greater number of mis-steps and increased step width during tandem walking in
ET patients [8,10]. In contrast, examination of standard walking on a treadmill revealed
minimal impairments (increased step width) in ET patients compared with controls [8]. The
only quantitative paper that examined gait on level ground tested 13 ET patients and
reported lower velocity, cadence and higher double support time [4].

Thus, findings have been mixed and the exact nature of gait and balance impairments in ET
is unclear. One likely contributor is the varied methodology used: walking on level ground
[4] vs. walking on a treadmill [8,10]. Treadmill walking imposes unnatural spatial (narrow
path) and temporal constraints (constant speed) on walking, which is very different
compared with functional ambulation on level ground. The other likely reason for the mixed
results is the numbers of patients sampled in each study have been small (N = 13 [4] and N
= 25 patients [8,10]).

Another limitation of previous studies is that ET patients were mainly middle-aged (mean
age = 50.3 ± 21.1 years [8], 46.3 ± 22.6 [10]), or middle-aged to elderly (61.6 ± 16.5 years)
[4]. Since gait impairments progress with age in otherwise healthy elderly [11–13], and
since the gait impairment in ET is subtle to begin with, it is unclear whether (1) things even
out during advanced age such that ET patients and controls are both similarly impaired with
respect to gait or, alternatively, (2) ET patients maintain a pattern of deficits that is in excess
of that seen in controls, even into advanced age. To address this question, one would need to
enroll cases in advanced age groups (70s, 80s and 90s). An important clinical issue is
whether excessively disordered gait represents a continued deficit that follows ET patients
through their disease course.

Our primary aim was to use a computerized instrumented walkway on level ground to
further clarify the exact nature of the gait and balance impairments in ET. We used a large
sample of 104 ET patients in order to do so and compared their performance to that of age-
matched controls. A second aim of this study was to examine whether differences in gait
performance between ET patients and controls persist with advanced age. Thus, our subjects
ranged in age from 74 to 97 years.

2. Methods
2.1. Subjects

ET patients and controls were enrolled in an ongoing clinical-pathological study at
Columbia University Medical Center (CUMC), New York. Thus, ET patients were enrolled
as future brain donors to the Essential Tremor Centralized Brain Repository (ECBR) at
Columbia University, a national repository for the collection of ET brains. They were
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ascertained by (1) advertisements in the International Essential Tremor Foundation website
and newsletters, (2) advertisements on the Tremor Action Network website, and (3) an
ETCBR study website (www.essentialtremor.us). ET patients were recruited throughout the
United States and were not restricted to the local New York area. Using data from a clinical
questionnaire and videotaped neurological examination administered during their in-person
assessment (see below), the diagnosis of ET was re-confirmed in each ET case using
published diagnostic criteria (moderate or greater amplitude kinetic tremor during three or
more activities or a head tremor, in the absence of Parkinson’s disease) [14,15].

Spousal controls were recruited when the ET subject had a living spouse who did not have a
diagnosis of ET or another movement disorder (such as Parkinson’s disease or dystonia).

2.2. Testing
Subjects were recruited across the United States and were tested at home in a single day by a
trained tester. Upon enrollment, each subject signed a written informed consent form,
approved by the CUMC institutional ethics committee. Prior to testing, we ensured that
subjects had access to a hallway long enough accommodate testing with the gait mat.
Testing consisted of two parts, a clinical assessment and quantitative gait assessment.
Subjects were provided with rest, as needed, during testing.

2.3. Clinical assessment
All ET patients and controls underwent an in-person clinical assessment that included
collection of demographic and clinical (e.g., height, weight) data. As part of a more detailed
clinical assessment, ET patients also underwent a standardized videotaped neurological
examination [16] and a Folstein Mini Mental State Examination (MMSE, range = 0–30)
[17].

2.4. Quantitative gait examination
The GAITRite®, a 4.6 m long computerized mat (CIR Systems, Havertown, PA) was used
for collecting quantitative gait data. The GAITRite contains pressure sensors embedded in
the mat, which register the location and timing of each footfall, and computes spatio-
temporal measures from customized algorithms. Gait data were stored on a laptop computer
for off-line processing. Subjects began walking at a starting position 3 m from the beginning
of the mat and continued walking ~3 m beyond the end of the mat. This enabled us to record
steady-state gait without the effects of gait initiation and termination. ET patients and
controls were tested under two conditions: (a) standard walk, in which subjects were asked
to walk at their preferred speed; and (b) tandem walk, in which they were asked to walk in a
straight line with the heel of one foot touching the toe of the other foot [6]. We requested
subjects not to use assistive devices (such as canes or walkers) for this task. Five subjects
(three ET patients and two controls) were unable to perform the task without assistive
devices. Their data were not included in the analysis.

Data were analyzed by AKR, who was blinded to clinical diagnosis and age. We computed
(1) measures of gait speed (velocity, cadence and step length), (2) dynamic balance (double
support percent of gait cycle, support base and tandem mis-steps [the latter was measured
only during tandem walk]), (3) gait symmetry (step time difference), and (4) gait variability
(coefficient of variation in stride length and swing time), for further analysis.

The variables were defined as follows:

1a. Velocity was meters traveled per second.

1b. Cadence (or step frequency) was the number of steps per minute.
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1c. Step length was the distance, in meters, between the heels of successive footfalls.

2a. Double support, expressed as a percentage of the gait cycle, was the percent time
that both feet were simultaneously on the ground.

2b. Support base was the distance, in meters, between the heels of the left and right feet
in a direction perpendicular to the line of progression.

2c. Tandem mis-steps were defined as the number of steps in a direction away from the
line of progression.

3. Step time difference was the difference, in seconds, between the step time of the right
and left feet. This was computed from the step time, which was the time each foot spent
on the ground.

4a. Variability of stride length was computed as the coefficient of variation (CoV) in
stride length.

4b. Variability of swing time was computed as the CoV in swing time, which was
defined as the time in seconds that each foot was off the ground.

2.5. Statistical analyses
Demographic and clinical variables such as age, gender, height, and weight were compared
in ET patients vs. controls using a chi-square test or an independent Student’s t-test (p =
0.05). During each condition (standard walk and tandem walk), the pre-specified
quantitative gait measures (velocity, cadence, step length, double support percent, support
base, step time difference, variability of stride length, variability of swing time) were
compared in ET patients vs. controls using independent Student’s t-tests. For tandem walk,
we also examined the number of mis-steps in ET patients vs. controls. Level of significance
was adjusted to 0.0125 reduce the risk of committing a Type I error during multiple
comparisons.

In order to evaluate the influence of age on gait, we performed a series of linear regression
analyses (with age and diagnostic group [ET vs. control] as independent predictors in the
same model) and selected as the dependent variable, those gait variables that differed across
diagnostic groups (ET vs. controls) in initial bivariate analyses. All statistical analyses were
carried out by AKR in SPSS® (version 16.0).

3. Results
3.1. Subject characteristics and correlates of gait performance

Given the advanced age of ET patients (Table 1), the number of available spouses was
limited. Thus, the ratio of ET patients to controls was 2.5:1 (i.e., 104 ET patients and 40
controls, Table 1). ET patients and controls were similar in terms of gender, age, weight, and
height (Table 1). Age of tremor onset for ET patients was 43.3 (SD = 23.6 years, (range =
11–90 years). None of the gait variables tested in our study was associated with age of
tremor onset. The mean MMSE score for ET patients was 26.7 ± 2.9, which is consistent
with the reported median score for population-based healthy individuals >80 years, [18]
indicating that ET patients did not have significant cognitive impairments. Among ET
patients, none of the gait variables were correlated with the total score on the MMSE,
indicating that gait performance was not influenced by cognitive ability.

3.2. Gait (standard walk)
ET patients walked with slower speed compared with controls: they demonstrated lower
velocity (p = 0.0001) and lower cadence (p = 0.0001). Gait velocity for our control subjects
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(0.94 ± 0.25 m/sec) was comparable to published norms for a comparable age group. [12]
No differences were seen in step length across groups (p > 0.05). ET patients also
demonstrated impaired dynamic balance, as seen by increased percent time in double
support (Table 2). No differences were seen in support base (p > 0.05). Finally, ET patients
demonstrated gait asymmetry as indicated by increased step time difference compared with
controls (p = 0.003). No differences were seen in any of the variables related to gait
variability, such as CoV in stride length or CoV in swing time (p > 0.05 in both cases).
Means and standard deviations for a number of gait variables are shown in Table 2.

3.3. Gait (tandem walk)
ET and control subjects were able to complete the tandem walk test. This was confirmed by
narrow support base for both controls (0.035 ± 0.026 m) and ET patients (0.04 ± 0.031 m);
no differences were seen across groups (p > 0.05) for support base. In comparison with
standard walk, both controls and ET patients demonstrated significant decrements in gait
velocity and cadence. Despite the overall decrease in speed related variables for both groups,
gait velocity (p = 0.002) and cadence (p = 0.003) were significantly lower for ET patients
compared with controls. No differences were seen for step length across groups, indicating
that regulation of speed occurred through modulation of cadence (step frequency). In
addition, balance was impaired in ET patients, as evidenced by greater number of tandem
mis-steps (ET patients (4.43 ± 4.67) vs. controls (2.23 ± 3.68), p = 0.008). No differences
were seen in double support percent or support base. Gait variability, evaluated by the CoV
in stride length and CoV in swing time, was substantially increased for both controls and ET
patients compared with standard walk condition (Table 2). However, no differences were
seen across diagnostic groups for any of the variability measures.

3.4. Gait (effect of age)
In order to evaluate the influence of age on gait, we performed a series of linear regression
analyses (with age and diagnostic group [ET vs. control] as independent predictors in the
same model) and, selected as dependent variables those gait measures that differed across
diagnostic groups (ET vs. controls) in initial bivariate analyses (p < 0.05) (Table 3). Fig. 1
also graphically shows the results of the three regression analyses in which gait velocity (A),
cadence (B) and double support percent (C) for standard walk were the dependent variables.
Diagnostic group (p = 0.0001) and age (p = 0.001) were significant independent predictors
of gait velocity (Table 3). Age and diagnostic group were significant independent predictors
of cadence and double support percent as well (Table 3). The regression lines for velocity
(Fig. 1A), and cadence (Fig. 1B) were parallel, indicating that despite age-related
decrements in these two variables for both groups, ET patients were more impaired
compared than controls at all ages in our sample. Regression lines for double support
percent (Fig. 1C) indicate that performance of ET patients worsened with age compared
with controls (seen by the divergent regression lines).

Results of regression analyses for tandem walk are presented in Table 3 and Fig. 2.
Diagnostic group was a significant independent predictor of gait velocity (Table 3 and Fig.
2A), cadence (Fig. 2B) and tandem mis-steps (Fig. 2C). The parallel regression lines for
diagnostic groups for velocity and cadence in Fig. 2 indicates that ET patients were more
impaired (lower velocity, lower cadence and increased tandem mis-steps) compared with
controls even into advanced ages. The regression lines for tandem mis-steps indicate that ET
patients had greater number of mis-steps compared with controls, despite the slight decrease
in mis-steps with age (Fig. 2C). Age was not a significant factor in any of these analyses
(Table 3).
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4. Discussion
Quantitative gait analysis for patients with movement disorders has helped to characterize
gait impairments to include one or more of the following: impairment in gait speed
(decrease in velocity, cadence and/or step length), dynamic imbalance (increase in double
support percent, base of support, mis-steps), gait asymmetry (step time difference), or gait
variability (increase in variability in stride length or variability in swing time) [19–23]. Gait
and balance impairments have recently been described in ET, but the precise nature of the
impairments is unclear, as evidenced by observed differences across studies. Contributors to
the differences are small sample sizes and, even among those that used quantitative gait
analysis, the testing methods differed considerably (walking on a gait mat on level ground
[4] vs. walking on a moving treadmill [8,10]). Of three studies that conducted quantitative
gait analysis, only one tested walking on level ground with a small number of subjects (N =
13) [4]. The other two studies tested gait on a treadmill, which is not optimal because it
imposes artificial spatial and temporal constraints on gait not seen in functional ambulation
[8,10]. Here we examined gait in a large sample of ET patients (N = 104) and controls (N =
40) using quantitative gait analysis on level ground. Our results show that ET gait, under
standard walking conditions, is characterized by slower gait speed, dynamic imbalance and
temporal asymmetry. However, we did not observe increased stride-to-stride variability in
ET patients compared with control subjects [23,24].

We observed a similar pattern of results during tandem walking. While both controls and ET
patients demonstrated decrements during tandem walk, ET patients in particular
demonstrated slower gait speed and dynamic imbalance (indicated by greater number mis-
steps). ET patients did not demonstrate high stride-to-stride variability compared to controls,
though variability was significantly higher (by – an order of magnitude) for both groups
during tandem walk.

The motor phenotype of ET in our study includes decreased speed, dynamic imbalance, step
asymmetry and tandem gait difficulty, and this pattern could reflect underlying cerebellar
pathology [2,6,20]. However, results from the present study and previous studies [4,8,10]
did not find increased stride-to-stride variability, considered an important hallmark of
cerebellar pathology, suggesting that the changes in ET are not as advanced as those seen in
the cerebellar ataxias. The pathology in the cerebellar ataxias is centered in the cerebellum
as well as select brainstem nuclei. Although the underlying anatomical pathological of ET is
still under active investigation, several recent studies have detailed the constellation of
microscopic changes (e.g., increased numbers of torpedoes, Purkinje cell loss, increased
Purkinje cell heterotopias, hypertrophic changes in Basket cell axonal processes) that are
present in the cerebellum of ET cases on post-mortem examination [25,26].

Our results show that while both ET patients and controls demonstrated decline in gait
performance with age, ET patients continued to perform more poorly than controls for most
gait measures, even into and through advanced ages (70s, 80s and 90s). Thus, despite the
fact that gait impairments progress with age in otherwise healthy elderly, age was not an
equalizer for gait measures. The clinical implication of these findings is that excessively
disordered gait represents a continued deficit that follows ET patients to the end of their
disease course and which continues to distinguish them from their age-matched counter-
parts without the disease. This emphasizes the continued presence of gait dysfunction in ET
and should encourage its inclusion in the clinical evaluation of and clinical dialogues with
patients living into later decades, something that, at the moment is not routine.

To summarize, our study has elucidated a clear pattern of impairments during standard walk
and tandem walk in elderly patients with ET. We found that, when compared with similarly
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aged controls, ET patients demonstrated decrement in gait speed, impaired dynamic balance
and gait asymmetry during standard walk and clear balance impairment during tandem walk.
ET patients maintained a pattern of deficits during standard walking that was in excess of
that seen in controls, even into advanced age, indicating that the gait decrement that
typically occurs with age does not approximate that of ET patients, thereby serving to
further reinforce the permanence and potential importance of gait and balance impairment in
this disorder.
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Fig. 1.
Relationship between age and gait velocity (A), cadence (B) and double support percent (C)
for controls (filled circles) and ET patients (empty circles) during standard walking. Linear
regression fit is shown for both groups (controls: thick line, ET patients: thin hatched line).
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Fig. 2.
Relationship between age and gait velocity (A), cadence (B) and tandem mis-steps (C) for
controls (filled circles) and ET patients (empty circles) during tandem walk. Linear
regression fit is shown for both groups (controls: thick line, ET patients: thin hatched line).
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Table 1

Demographic and clinical characteristics of ET patients and controls

ET patients Controls

Number of subjects 104 40

Female subjects (percent) 62 (59.6) 25 (62.5)

Age (years) ± SD 86.0 ± 4.6 84.1 ± 4.2

Range years 75-97 74-94

Weight ± SD (kilogram) 66.81 ± 13.3 63.59 ± 11.1

Height ± SD (m) 1.69 ± 0.5 1.70 ± 0.4

Folstein mini mental state
 Examination score ± SD 26.7 ± 2.9 Not tested

Age of tremor onset ±
 SD (years) 43.3 ± 23.6 Not applicable
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Table 2

Means ± SD for gait measures across diagnostic groups for standard walk and tandem walk conditions

Standard walk Tandem walk

Control ET patients Control ET patients

Measures related to gait speed

Velocity (m/sec) 0.94 ± 0.25 0.76 ± 0.26*** 0.27 ± 0.13 0.20 ± 0.13**

Cadence (steps/min) 102.90 ± 10.36 92.85 ± 14.8*** 52.05 ± 17.28 41.17 ± 18.55**

Step Length (m) 0.51 ± 0.09 0.46 ± 0.13 0.28 ± 0.067 0.28 ± 0.074

Measures related to dynamic balance

Double Support percent 33.83 ± 6.79 39.01 ± 12.87* 55.93 ± 15.83 59.49 ± 21.28

Support base (m) 0.11 ± 0.04 0.11 ± 0.03 0.035 ± 0.026 0.044 ± 0.031

Tandem mis-steps NA NA 2.23 ± 3.68 4.43 ± 4.67**

Measure related to gait symmetry

Step time difference (sec) 0.03 ± 0.03 0.05 ± 0.07** 0.46 ± 0.68 0.62 ± 0.59

Measures related to gait variability

Stride length CoV 5.2 ± 7.35 5.7 ± 5.5 43.62 ± 23.74 48.2 ± 25.85

Swing time CoV 7.31 ± 5.7 7.64 ± 6.14 76.03 ± 97.63 63.47 ± 34.99

NA= not applicable.

*
p < 0.01.

**
p < 0.005.

***
p < 0.001.
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Table 3

Regression coefficients and significance for selected gait variables with diagnostic group and age as predictors

Predictor: diagnostic group Predictor: age

Regression coefficient Significance Regression coefficient Significance

Standard walk

Velocity −0.34 0.0001a −0.26 0.001a

Cadence −0.26 0.002a −0.24 0.004a

Double support (%) 0.22 0.01a 0.18 0.03a

Tandem walk

Velocity −0.29 0.001a 0.13 0.12

Cadence −0.28 0.001a 0.15 0.07

Mis-steps 0.28 0.004a −0.13 0.16

a Significant regression coefficients.
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