Rao and Louis Cerebellum & Ataxias (2016) 3:5
DOI 10.1186/s40673-016-0043-5

RESEARCH

Open Access

Timing control of gait: a study of essential
tremor patients vs. age-matched controls
Ashwini K. Rao1,2,6* and Elan D. Louis3,4,5

Abstract
Background: Essential tremor (ET) is a common movement disorder characterized by kinetic, postural and intention
tremors. Mounting evidence suggests an underlying dysfunction of the cerebellum or cerebellar system. While few
recent studies report impairments in timing control of finger movements in ET, timing control of gait has not been
examined to date. We compared timing control of gait in ET patients vs. controls, and further assessed the
association of these timing impairments with tremor severity among the ET patients. One-hundred-fifty-five ET
patients and 60 age-matched controls underwent a comprehensive neurological assessment and gait analysis,
which included walking at a criterion step frequency (cadence) with a metronome (timing production) and
walking at a criterion step frequency after the metronome was turned off (timing reproduction). Outcomes
of interest for both conditions were timing accuracy (measured by cadence error) and timing precision (measured by
cadence variability). We also assessed cadence and step time across conditions.
Results: Cadence was lower in ET patients than controls (p < 0.03), whereas step time was similar for ET patients and
controls. Accuracy (cadence error) and precision (cadence variability) were not different in ET patients compared with
controls. Cranial tremor score was significantly associated with cadence (timing production condition, p = 0.003 and
timing reproduction condition, p = 0.0001) and cadence error (timing production condition, p = 0.01). Kinetic tremor
and intention tremor scores were not associated with gait measures.
Conclusions: ET patients do not demonstrate impairments in timing control of gait as compared with matched
controls. Prior work shows that patients with cerebellar dysfunction demonstrate selective impairments in timing of
discrete movements (such as finger tapping) but not continuous movements (such as circle drawing). Taken together,
these results support the hypothesis that the cerebellum may be important for timing control of discrete rather than
continuous movements.
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Background
Essential tremor (ET) is a highly prevalent neurological disorder characterized by a variety of tremors
[1]. The diagnosis of ET is based on history and
neurological examination. Kinetic tremor (i.e., tremor
occurring during voluntary movement), particularly of
the upper limbs, is the most recognizable feature of
ET. Kinetic tremor in ET may have an intentional
component, which is most pronounced just before
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movement termination [2]. Postural tremor may also be
seen, especially when the arms are maintained against
gravity [1, 3]. Tremor in ET is associated with difficulties
in the performance of activities of daily living [4, 5].
In addition to tremor, ET also presents with characteristic balance and gait abnormalities [6–8]. Gait abnormalities include decreased speed (beyond that seen
with aging) and impaired dynamic balance – ET patients spend greater time in double support while
walking at a preferred speed and have more mis-steps
during tandem gait [7, 9]. Gait impairments worsen
during the performance of a secondary cognitive task
during gait, particularly in ET patients with cognitive
limitations [10]. Gait impairments in ET result in an
increase in fall risk [11, 12].
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Clinical features of ET such as intention tremor and
tandem gait abnormalities may be due to cerebellar dysfunction [7, 9, 10]. Imaging studies have noted several
abnormalities in the ET cerebellum [13–15], and recent
neuropathological studies have catalogued a host of
changes in the ET cerebellar cortex [16, 17].
More broadly, cerebellar dysfunction has been suggested
to result in impaired control of movement timing [18], particularly for rapid finger and hand movements [19, 20]. In
a comprehensive review of the role of the cerebellum in
motor control, Manto and colleagues suggest that the cerebellum is particularly important for controlling timing of
movements that are marked by discrete events (e.g. finger
tapping) [18]. In two studies of repetitive finger tapping
movements, ET patients demonstrated reduced speed [21],
and reduced accuracy [22]. In addition, ET patients with
head tremor were impaired at a predictive task in which
subjects were required to perform a discrete arm movement to intercept a moving target [23]. However, timing
control of gait has not been examined in ET. The purpose
of this study was (1) to examine if gait timing control was
impaired in ET patients compared with age-matched

controls while walking at a self-selected preferred speed
and while walking with an external timing cue (metronome) and (2) to examine whether timing impairments are
related to clinical measures of disease severity (i.e., kinetic
tremor score, intention tremor score, cranial tremor score).

Results
Demographic and clinical characteristics

There were 225 participants. Of these, 10 participants
were excluded because their mMMSE score was < 40.
The final sample of 215 participants included 155
participants with ET and 60 spousal controls. Demographic and clinical data are presented in Table 1.
Age, sex distribution, height, weight and leg length
were similar across groups (p ≥ 0.21 for all variables).
For ET participants, mean age of tremor onset was
41.1 (±22.8) years. Examination of cranial tremor revealed that 96 out of 155 ET patients (61.9 %) had
cranial tremor in one or more locations. Forty-three
out of 155 ET patients had neck tremor (27.7 %).
Thirty-eight (24.5 %) ET patients had postural instability, as indicated by a score of two or higher on

Table 1 Demographic and clinical characteristics of participants
Outcome

ET

Control

n

155

60

Significance

Age, years (SD)

81.9 (8.5)

80.1 (6.4)

0.21a

Sex, Female (%)

92 (59.4 %)

40 (66.7 %)

0.40b

Height, meters (SD)

1.7 (0.4)

1.7 (0.3)

0.51c

Weight, Kg (SD)

68.4 (17.9)

68.1 (13.7)

0.91c

Leg Length, meters (SD)

0.93 (0.06)

0.93 (0.06)

0.45c

Age at tremor onset, years (SD)

41.1 (22.8)

NA

NA

0

57 (36.7 %)

NT

NA

1

43 (27.7 %)

2

42 (27.1 %)

3

11 (7.1 %)

Cranial Tremor Score, N (%)*

Kinetic Tremor Score, Mean ± SD Range

13.74 ± 4.241–24

NT

NA

Intention Tremor Score, Mean ± SD Range

1.39 ± 0.640–2.5

NT

NA

0 Absent

112 (72.2 %)

NT

NA

1 Present

43 (27.7 %)

NT

NA

Neck Tremor, N (%)

Postural Stability Retropulsion Test, N (%)
0 Normal

4

1 Recovers unaided

113

2 Would fall if not caught

30

3 Falls spontaneously

8

4 Unable to stand

0

*Data unavailable on two ET cases
NA not applicable, NT not tested, SD standard deviation
a = independent t-test; b = Chi-square test; c = Mann–Whitney U test
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the UPDRS retropulsion test. With regard to lower
limb kinetic tremor, 9 ET patients (6 %) had moderate amplitude or higher tremor in both legs (score ≥ 2
out of 4).
Quantitative gait measures

While walking at a self-selected preferred speed, mean step
time was similar for ET patients compared with controls
(ET = 0.66 ± 0.21; Controls = 0.63 ± 0.11, t = 0.81, p = 0.42).
Step time coefficient of variation was also similar across
groups (ET = 7.21 ± 14.01; Controls = 6.39 ± 9.18, t = 0.39,
p = 0.69). These results suggest that ET patients did not
demonstrate a deficit in gait timing while walking at a preferred speed.
Mean (standard deviation) for gait measures during
the externally cued (metronome) conditions are presented in Table 2. Mean step time was similar for
ET patients and controls across conditions (F = 0.03,
p = 0.95). Similarly, step time coefficient of variation
was not different across groups and conditions (F = 0.06,
p = 0.81). Cadence (step frequency) was lower in ET
patients compared with controls under both conditions (timing production and reproduction). This was
confirmed statistically by a main effect of group (F = 4.46,
p = 0.03). Cadence error (index of accuracy) was similar in
patients with ET and controls (main effect of group,
F = 0.001, p = 0.99). Similarly, cadence standard deviation (an index of precision) did not reveal differences
across groups (main effect of group, F = 0.11, p = 0.75).
These data suggest that gait timing was not impaired in
ET patients while walking with an external auditory cue
(i.e., a metronome).
Association of gait and clinical measures

Results of the linear regression analyses are shown in
Table 3. Cranial tremor score was a significant independent predictor of cadence in the production and
reproduction conditions: cadence decreased as severity
of cranial tremor increased. Cranial tremor score was
also a significant predictor of cadence error in the production, but not during the reproduction condition: cadence error increased as severity of cranial tremor

increased. The magnitude of the associations between
cranial tremor and gait measures ranged from small
(0.18) to moderate (0.31). Similarly, postural stability
(measured by the retropulsion test) was a significant predictor of cadence in both conditions, and a significant
predictor of cadence error in the production condition.
In contrast, kinetic tremor score and intention tremor
score were not significantly associated with any gait
measures (Table 3). Presence of neck tremor was also
not associated with gait (p > 0.26). Age was not a significant predictor in any of the regression models (p > 0.3 in
all models).

Discussion
Gait and balance impairments in ET have been described in numerous studies. These problems are not
simply sub-clinical phenomena, observed only in the
laboratory [7, 10, 12]. In some patients, the problems
have the potential to increase falls and fear of falls
[11, 12]. The presence of specific gait impairments
(including decreased speed and impaired dynamic balance) suggests that these impairments may have a
cerebellar origin [7, 8, 24–27].
Cerebellar dysfunction is suggested to result in impairments in the timing control of movements [18]. In ET,
performance of motor timing tasks, such as repetitive
finger tapping, is impaired [21, 22, 28]. In particular,
finger-tapping movements are slower [21, 22] and more
variable compared with controls [22]. However, these
motor impairments (slow and variable movements) were
not correlated with clinical markers of tremor severity
[21, 22]. Target interception using a key press movement
was also impaired in ET patients with head tremor, suggesting that the cerebellum may be implicated in predictive timing of discrete movements [23].
In the present study, we examined whether motor
timing was impaired during gait in a large sample of
215 subjects, which included 155 ET subjects. The
results of our study show that timing control during
gait is not impaired in ET in comparison with
matched controls. Cadence (step frequency) was lower in
ET patients compared with controls while producing and

Table 2 Mean and standard deviation (SD) for gait measures across conditions and groups
Gait measure

Step frequency production
ET

Step Time

Step frequency reproduction
Control

ET

Control

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

0.68 (0.19)

0.62 (0.18)

0.66 (0.16)

0.69 (0.17)

Step Time Coefficient of Variation

9.36 (16.53)

6.01 (5.27)

6.21 (21.82)

7.97 (9.97)

Cadence

92.21 (25.02)*

100.58 (16.64)

96.69 (19.31)*

102.14 (17.71)

Cadence Error

−0.04 (0.27)

−0.01 (0.09)

−1.27 (12.42)

−1.24 (9.17)

Cadence Standard Deviation

5.76 (26.77)

7.31 (19.98)

2.46 (2.39)

2.14 (2.16)

Statistically significant effects are highlighted with an asterisk
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Table 3 Results of the linear regression analysis of tremor, postural instability and gait measures
Cranial tremor score

Kinetic tremor score

Intention tremor score

Postural instability

Standardized β

−0.26

−0.14

−0.05

−0.48

t-statistic (significance)

−2.99 (0.003)

−1.63 (0.11)

−0.59 (0.55)

6.07 (0.0001)

PRODUCTION Cadence

PRODUCTION Cadence Error
Standardized β

0.31

0.13

0.13

−0.31

t-statistic (significance)

3.66 (0.0001)

1.41 (0.16)

1.49 (0.14)

3.7 (0.0001)

Standardized β

−0.18

−0.06

−0.11

−0.35

t-statistic (significance)

−2.25 (0.01)

−0.71 (0.48)

−1.29 (0.19)

4.52 (0.0001)

REPRODUCTION Cadence

REPRODUCTION Cadence Error
Standardized β

0.09

0.03

0.07

−0.11

t-statistic (significance)

1.16 (0.25)

0.41 (0.68)

0.85 (0.39)

0.13 (0.89)

Significant differences appear in bold font

reproducing criterion cadences (step frequencies). Lower
cadence in patients with ET may be a function of slower
gait speed, which has been previously reported [7, 29].
However, cadence error was similar across the two groups,
indicating that both groups were comparably accurate at
producing and reproducing criterion cadence during gait.
Similarly, cadence standard deviation (a measure of precision) was also similar in ET patients and controls. Analysis
of step time and step time variability yielded similar results: patients with ET performed similar to controls. Our
results, in the context of previous studies on motor timing
deficits in ET, suggest that timing control impairment in
ET may be specific to some activities but not others.
Why is timing control in ET impaired during finger
tapping but not during gait? One explanation is that
discrete motor tasks such as finger tapping may have
distinct control mechanisms in comparison with continuous motor tasks such as circle drawing and gait
[30–32]. Support for this hypothesis comes from results showing that timing variability in discrete movements, such as finger tapping, is not correlated with
timing variability during circle drawing movements
[30–32] or with variability during gait [33]. Additional
support for this hypothesis comes from imaging studies [34, 35]. Functional imaging of healthy subjects
while performing discrete and continuous movements
indicates that the cerebellar vermis [35], the dentate
nucleus and cerebellar homunculus [34] are selectively
active during discrete rather than continuous movements. Control mechanisms for discrete movements
may include an explicit timing representation. In contrast, timing in continuous movements is thought to
be an emergent property of movement control [32].
Patients with cerebellar lesions have deficits in timing
of discrete (discontinuous) movements (such as finger
tapping) but not continuous movements (such as circle

drawing and gait) [31, 36]. These results suggest that the
cerebellum may be involved in timing control of discrete
movements that require an explicit timing representation. In contrast, timing deficits in continuous movements are pronounced in patients with basal ganglia
disease such as Parkinson’s disease (PD) and Huntington’s disease (HD) [37–40].
The results of our regression analysis suggest that cranial tremor (tremor in midline structures) was associated
with gait measures (cadence and cadence error). Postural
instability (measured by the retropulsion test) was also
associated with gait measures. In contrast, kinetic
tremor and intention tremor (tremor in the extremities)
were not associated with gait measures. These results
are similar to our prior work and suggest that gait impairments may be related to pathology in midline cerebellar structures which may be implicated in head/neck
control and postural stability [9]. In our results, presence
of neck tremor was not associated with gait. The results
of this study, along with our prior work [7, 9–12, 41] indicate that gait impairments in ET primarily include deficits in speed and balance control, whereas timing
control during gait is spared. Future work should compare timing control in discontinuous tasks (such as finger tapping) with continuous tasks (such as gait or circle
drawing) in order to further understand the role of the
cerebellum in timing control of movements. In addition,
imaging of the cerebellum during observation or imagery of gait may be important in further elucidating the
role of the cerebellum during gait. Recent imaging studies of motor imagery or action observation of gait have
shown that similar cortical and sub-cortical regions are
active during performance of gait and observation or imagery of gait [42, 43]. However, results of imaging of observation or imagery of gait must be interpreted with
caution because imaging or observation of gait do not
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involve balance and postural control, which is an inherent aspect in the control of functional gait.
One potential limitation is that our study tested production and reproduction of two criterion cadences.
Future work should test production and reproduction at
additional criterion cadences in order to generalize our
findings. Second, we did not administer a test of timing
control in a discrete task such as finger tapping. Given
the extensive battery of clinical assessments (~ 3 h), we
limited the quantitative motor assessment in order to
minimize subject fatigue. The strengths of our study include a large sample size and uniform administration of
assessments across participants.

Conclusions
We examined timing control during gait in patients with
ET as compared with control subjects. Our results indicate that patients with ET do not have impairment in
gait timing control compared with control subjects. Our
results are in contrast with studies on repetitive finger
tapping movements, in which patients with ET demonstrate less accuracy and precision. One explanation for
the contrasting results is that control mechanisms for
finger tapping (a discrete task) and gait (a continuous
task) may be distinct, as proposed in the literature
[31, 32]. The cerebellum may be implicated in the
timing control of discrete motor tasks (such as finger
tapping) rather than continuous tasks (such as circle
drawing and gait).
Methods
Subjects

Participants were enrolled in the study, the Essential
Tremor Centralized Brain Repository (ETCBR), as future
brain donors. Participants were recruited through (a) advertisements in the International Essential Tremor
Foundation website and newsletter; (b) advertisement on
the Tremor Action Network website; and (c) the ETCBR
website (www.essentialtremor.us). We recruited patients
with ET and spousal controls living across the United
States. The diagnosis of ET was confirmed (by EDL)
using published criteria (moderate or greater amplitude
tremor during three or more activities, or a head tremor
in the absence of PD or another known cause. Spousal
controls were recruited if they did not have a diagnosis
of ET or another movement disorder. Participants with
dementia (defined as a score <40 on the Modified MiniMental Status Examination (mMMSE)] [10], other
neurological disorders (including stroke, PD), or orthopedic disorders that impair walking (such as hip or knee
replacement), were excluded from the study. We excluded participants with dementia, as they would not
have been able to follow task instructions. All participants (N = 215; 155 patients with ET, 60 spousal
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controls) signed a written informed consent, approved
by Columbia University institutional ethics committee.
Assessment

Testing was completed at each participant’s home and
took approximately 3 h. This testing included a clinical
assessment and quantitative gait assessment. Testing at
home allowed us to recruit participants who would not
have been able to travel to a medical center for testing,
and allowed us to examine participants in a familiar environment. To minimize testing variability, we ensured
that all participants had access to a well-lit hallway long
enough to accommodate the GAITrite® mat. Participants
were given rest periods during the assessment, as
needed, to minimize fatigue.
Clinical assessment

The clinical assessment included the collection of demographic and clinical data (including age, sex, and age at
tremor onset). We administered the mMMSE [44]. This
expanded version of the Folstein Mini-Mental State
Examination has demonstrated validity and reliability
(range = 0–57, higher scores indicate better performance) [45].
The clinical assessment included a detailed videotaped
examination. The kinetic tremor score was computed as
the sum of the 0–3 ratings for five videotaped items
(pouring, drinking, using a spoon, writing, finger to nose
test) that were performed with each arm (range 0–30,
higher scores indicating greater tremor severity).
Intention tremor of the arms was scored during the finger to nose test (0 = no trouble, 1 = simple swerve of
movement, 2 = moderate tremor with amplitude <
10 cm, 3 = tremor with amplitude between 10 cm and
40 cm, 4 = severe tremor with amplitude > 40 cm), and
the intention tremor score ranged from 0–8. Jaw, voice
and neck tremors were assessed on videotape examination with participants seated in front of a camera, and
were scored as present or absent. Jaw tremor was tested
with the mouth closed, mouth slightly open, and during
sustained phonation and speech. Voice tremor was
tested during sustained phonation, reading a paragraph,
and during speech. Neck tremor was distinguished from
dystonia by the absence of tilting and sustained neck deviation, or hypertrophy of neck muscles. We computed a
cranial tremor score for each ET patient as the number
of locations in which such tremor was present (jaw,
voice, neck, range = 0–3). Postural stability was assessed
with retropulsion test of the Unified Parkinson’s Disease
Rating Scale (UPDRS). The test was scored as 0 =
normal, 1 = recovers unaided, 2 = would fall if not
caught, or 3 = falls spontaneously. Kinetic tremor was
assessed during the toe-to-pen test with each foot,
and scored as follows: 0 = no visible tremor, 0.5 = very
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low amplitude tremor and almost never present, 1 = low
amplitude or intermittent tremor, 1.5 = moderate amplitude oscillatory tremor, but only sometimes, 2 = moderate
amplitude oscillatory tremor usually present, 3 = large
amplitude, 4 = extremely large tremor. We computed a
kinetic tremor score in both legs by combining the tremor
score in each leg and dividing by 2 in order to maintain
the scoring system. We also recorded subject weight
(in Kilograms), height (in meters) and measured leg
length (distance, in meters, from the greater trochanter to the floor).
Quantitative gait assessment

We used the GAITrite computerized mat to assess
gait. The mat (4.6 m length) was placed in the middle
of a quiet 10 m long hallway. Participants began
walking 2 m before the beginning of the mat and
stopped 2 m beyond the end of the mat. This allowed
us to record steady-state gait without the influence of
initiation and termination. The GAITrite mat has
pressure sensors that capture the location and timing
of individual footfalls, and the accompanying software
allows for computation of spatio-temporal outcome
measures. Performance was tested under three conditions, with five trials per condition. The conditions
were: (a) standard walk, during which subjects were
asked to walk at their self-selected preferred speed;
(b) timing production, during which participants were
asked to step in time with the beat of a metronome
presented during each trial. The metronome beat was
set at the cadence (i.e., step frequency per minute) recorded during standard walk; and (c) timing reproduction,
during which participants were presented with a metronome beat for 10 s and asked to step in time with the beat
after the metronome was turned off. We requested participants not to use assistive mobility aids (such as canes or
walkers) during the testing.
Data were analyzed by AKR, who was blinded to group
assignment of participants. Since we have reported data for
the standard walk condition previously [7, 10], here we
present data only for the two metronome conditions. Criterion cadence during the metronome conditions was computed from cadence (step frequency) during standard walk
condition. We tested performance under two conditions:
(1) cadence measured during standard walk, (2) 110 % of
cadence measured during standard walk. The primary outcomes of interest were (1) mean step time, in seconds, defined as the time between first contact of one foot to the
first contact of the other foot, (2) step time coefficient of
variation, computed as standard deviation of step time divided by mean step time and expressed as a percentage, (3)
mean cadence (defined as step frequency per minute), (4)
mean cadence error (computed as the difference between
criterion cadence and measured cadence), and (5) cadence
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standard deviation, computed as the within-subject standard deviation in cadence across trials in each testing condition. Participants walked an average of 10 steps per trial,
allowing us to use ~50 steps for computing gait variability,
which is reported to be adequate [46].
Statistical analysis

Demographic and clinical variables across groups were
analyzed by One Way Analysis of Variance (ANOVA).
When variables were not normally distributed, we used
non-parametric (Mann–Whitney U) statistics. Group
differences while walking at a self-selected preferred
speed were analyzed using independent sample t-tests.
Group differences for primary outcomes were analyzed
using general linear model procedures with group (control and ET) and condition (timing production and
reproduction) as factors. In order to examine the association between gait measures and measures of tremor severity (kinetic tremor score, intention tremor score,
cranial tremor score), we conducted independent linear
regression analysis with tremor scores as predictors of
gait measures. We also examined the association between postural stability and gait, using linear regression
analysis. We included age in all regression models. In
addition, we examined if there were differences in gait
between ET patients with neck tremor and those
without neck tremor. Analyses were performed in
SPSS (version 22.0) by AKR and we used 0.05 as level
of significance.
Abbreviations
ET: essential tremor; ETCBR: essential tremor centralized brain repository;
mMMSE: modified mini mental state examination; PD: parkinson’s disease.
Competing interests
Dr. Rao and Dr. Louis have no competing interests.
Authors’ contributions
Conception and Design of Study: AKR and EDL, Acquisition of Data: EDL,
Analysis of Data: AKR and EDL, Interpretation of Data: AKR and EDL,
Drafting/Editing the manuscript: AKR and EDL, Final approval of work:
AKR and EDL. All authors read and approved the final manuscript.
Funding
This work was supported by the National Institutes of Health (Bethesda, MD)
under grant number 5R01NS042859. Ashwini K. Rao received support from
the National Institute of Health (K01 HD060912). The funding source did not
have a role in the design and implementation of the project, or in the
writing of the manuscript. Ashwini K. Rao conducted the statistical analyses.
Author details
1
Department of Rehabilitation & Regenerative Medicine (Physical Therapy),
College of Physicians and Surgeons, Columbia University, New York, NY, USA.
2
G.H. Sergievsky Center, College of Physicians and Surgeons, Columbia
University, New York, NY, USA. 3Department of Neurology, Yale School of
Medicine, Yale University, New Haven, CT, USA. 4Department of Chronic
Disease Epidemiology, Yale School of Medicine, Yale University, New Haven,
CT, USA. 5Center for Neuroepidemiology and Clinical Neurological Research,
Yale School of Medicine, Yale University, New Haven, CT, USA. 6Neurological
Institute, 8th Floor, 710 West 168th Street, New York, NY 10032, USA.

Rao and Louis Cerebellum & Ataxias (2016) 3:5

Received: 19 November 2015 Accepted: 23 January 2016

References
1. Benito-Leon J, Louis ED. Essential tremor: emerging views of a common
disorder. Nat Clin Pract Neurol. 2006;2(12):666–78. quiz 2p following 691.
2. Louis ED. Essential tremor. Lancet Neurol. 2005;4(2):100–10.
3. Benito-Leon J, Louis ED. Update on essential tremor. Minerva Med. 2011;
102(6):417–40.
4. Heldman DA, Jankovic J, Vaillancourt DE, Prodoehl J, Elble RJ, Giuffrida JP.
Essential tremor quantification during activities of daily living. Parkinsonism
Relat Disord. 2011;17(7):537–42.
5. Louis ED, Barnes L, Albert SM, Cote L, Schneier FR, Pullman SL et al. Correlates
of functional disability in essential tremor. Mov Disord. 2001;16(5):914–20.
6. Arkadir D, Louis ED. The balance and gait disorder of essential tremor: what
does this mean for patients? Ther Adv Neurol Disord. 2013;6(4):229–36.
7. Rao AK, Gillman A, Louis ED. Quantitative gait analysis in essential tremor reveals
impairments that are maintained into advanced age. Gait Posture. 2011;34(1):65–70.
8. Louis ED, Galecki M, Rao AK. Four Essential Tremor Cases with Moderately
Impaired Gait: How Impaired can Gait be in this Disease? Tremor Other
Hyperkinet Mov (N Y). 2013;3.
9. Louis ED, Rios E, Rao AK. Tandem gait performance in essential tremor: clinical
correlates and association with midline tremors. Mov Disord. 2010;25(11):1633–8.
10. Rao AK, Uddin J, Gillman A, Louis ED. Cognitive motor interference during
dual-task gait in essential tremor. Gait Posture. 2013;38(3):403–9.
11. Louis ED, Rao AK, Gerbin M. Functional correlates of gait and balance
difficulty in essential tremor: balance confidence, near misses and falls. Gait
Posture. 2012;35(1):43–7.
12. Rao AK, Gilman A, Louis ED. Balance confidence and falls in nondemented
essential tremor patients: the role of cognition. Arch Phys Med Rehabil.
2014;95(10):1832–7.
13. Benito- León J, Alvarez-Linera J, Hernández-Tamames JA, Alonso-Navarro H,
Jiménez-Jiménez FJ, Louis ED, et al. Brain structural changes in essential tremor:
voxel-based morphometry at 3-Tesla. J Neurol Sci. 2009;287(1-2):138–42.
14. Klein JC, Lorenz B, Kang JS, Baudrexel S, Seifried C, van de Loo S, et al.
Diffusion tensor imaging of white matter involvement in essential tremor.
Hum Brain Mapp. 2011;32(6):896–904.
15. Saini J, Bagepally BS, Bhatt MD, Chandran V, Bharath RD, Prasad C, et al.
Diffusion tensor imaging: tract based spatial statistics study in essential
tremor. Parkinsonism Relat Disord. 2012;18(5):477–82.
16. Louis ED. Linking essential tremor to the cerebellum: neuropathological
evidence. Cerebellum. 2015.
17. Louis ED, Faust PL, Vonsattel JP, Honig LS, Rajput A, Robinson CA, et al.
Neuropathological changes in essential tremor: 33 cases compared with 21
controls. Brain. 2007;130(Pt 12):3297–307.
18. Manto M, Bower JM, Conforto AB, Delgado-García JM, da Guarda SN,
Gerwig M, et al. Consensus paper: roles of the cerebellum in motor
control–the diversity of ideas on cerebellar involvement in movement.
Cerebellum. 2012;11(2):457–87.
19. Gooch CM, Wiener M, Wencil EB, Coslett HB. Interval timing disruptions in
subjects with cerebellar lesions. Neuropsychologia. 2010;48(4):1022–31.
20. Mauk MD, Medina JF, Nores WL, Ohyama T. Cerebellar function:
coordination, learning or timing? Curr Biol. 2000;10(14):R522–5.
21. Jimenez-Jimenez FJ, Rubio L, Alonso-Navarro H, Calleja M, Pilo-de-la-Fuente B,
Plaza-Nieto JF, et al. Impairment of rapid repetitive finger movements and visual
reaction time in patients with essential tremor. Eur J Neurol. 2010;17(1):152–9.
22. Avanzino L, Bove M, Tacchino A, Ruggeri P, Giannini A, Trompetto C, et al.
Cerebellar involvement in timing accuracy of rhythmic finger movements in
essential tremor. Eur J Neurosci. 2009;30(10):1971–9.
23. Bares M, Lungu OV, Husárová I, Gescheidt T. Predictive motor timing
performance dissociates between early diseases of the cerebellum and
Parkinson’s disease. Cerebellum. 2010;9(1):124–35.
24. Cinar N, Sahin S, Okluoglu Onay T, Karsidag S. Balance in essential tremor
during tandem gait: is the first mis-step an important finding? J Clin
Neurosci. 2013;20(10):1433–7.
25. Fasano A, Herzog J, Raethjen J, Rose FE, Muthuraman M, Volkmann J, et al.
Gait ataxia in essential tremor is differentially modulated by thalamic
stimulation. Brain. 2010;133(Pt 12):3635–48.
26. Hoskovcová M, Ulmanová O, Sprdlík O, Sieger T, Nováková J, Jech R et al.
Disorders of balance and gait in essential tremor are associated with
midline tremor and age. Cerebellum. 2013;12(1):27–34.

Page 7 of 7

27. Kronenbuerger M, Konczak J, Ziegler W, Buderath P, Frank B, Coenen VA
et al. Balance and motor speech impairment in essential tremor.
Cerebellum. 2009;8(3):389–98.
28. Buijink AW, Broersma M, van der Stouwe AM, van Wingen GA, Groot PF,
Speelman JD et al. Rhythmic finger tapping reveals cerebellar dysfunction
in essential tremor. Parkinsonism Relat Disord. 2015;21(4):383–8.
29. Stolze H, Petersen G, Raethjen J, Wenzelburger R, Deuschl G. The gait
disorder of advanced essential tremor. Brain. 2001;124(Pt 11):2278–86.
30. Spencer RM, Zelaznik HN. Weber (slope) analyses of timing variability in
tapping and drawing tasks. J Mot Behav. 2003;35(4):371–81.
31. Spencer RM, Zelaznik HN, Diedrichsen J, Ivry RB. Disrupted timing of
discontinuous but not continuous movements by cerebellar lesions.
Science. 2003;300(5624):1437–9.
32. Zelaznik HN, Spencer RM, Ivry RB, Baria A, Bloom M, Dolansky L et al. Timing
variability in circle drawing and tapping: probing the relationship between
event and emergent timing. J Mot Behav. 2005;37(5):395–403.
33. Hausdorff JM, Yogev G, Springer S, Simon ES, Giladi N. Walking is more like
catching than tapping: gait in the elderly as a complex cognitive task. Exp
Brain Res. 2005;164(4):541–8.
34. Habas C, Cabanis EA. Neural correlates of simple unimanual discrete and
continuous movements: a functional imaging study at 3 T. Neuroradiology.
2008;50(4):367–75.
35. Spencer RM, Verstynen T, Brett M, Ivry R. Cerebellar activation during
discrete and not continuous timed movements: an fMRI study. Neuroimage.
2007;36(2):378–87.
36. Schlerf JE, Spencer RM, Zelaznik HN, Ivry RB. Timing of rhythmic movements
in patients with cerebellar degeneration. Cerebellum. 2007;6(3):221–31.
37. Hausdorff JM. Gait dynamics in Parkinson’s disease: common and distinct
behavior among stride length, gait variability, and fractal-like scaling. Chaos.
2009;19(2):026113.
38. Hausdorff JM, Cudkowicz ME, Firtion R, Wei JY, Goldberger AL. Gait
variability and basal ganglia disorders: stride-to-stride variations of gait cycle
timing in Parkinson’s disease and Huntington’s disease. Mov Disord. 1998;
13(3):428–37.
39. Rao AK, Mazzoni P, Wasserman P, Marder K. Longitudinal change in gait and
motor function in premanifest Huntington’s disease. PLoS Curr. 2011;3:
RRN1268.
40. Rao AK, Muratori L, Louis ED, Moskowitz CB, Marder KS. Spectrum of gait
impairments in presymptomatic and symptomatic Huntington’s disease.
Mov Disord. 2008;23(8):1100–7.
41. Louis ED, Rao AK. Tandem gait performance in essential tremor patients
correlates with cognitive function. Cerebellum Ataxias. 2014;1:19.
42. Jahn K, Deutschländer A, Stephan T, Strupp M, Wiesmann M, Brandt T. Brain
activation patterns during imagined stance and locomotion in functional
magnetic resonance imaging. Neuroimage. 2004;22(4):1722–31.
43. Wang C, Wai Y, Kuo B, Yeh YY, Wang J. Cortical control of gait in healthy
humans: an fMRI study. J Neural Transm (Vienna). 2008;115(8):1149–58.
44. Holtzer R, Wegesin DJ, Albert SM, Marder K, Bell K, Albert M et al. The rate
of cognitive decline and risk of reaching clinical milestones in Alzheimer
disease. Arch Neurol. 2003;60(8):1137–42.
45. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician.
J Psychiatr Res. 1975;12(3):189–98.
46. Galna B, Lord S, Rochester L. Is gait variability reliable in older adults and
Parkinson’s disease? Towards an optimal testing protocol. Gait Posture.
2013;37(4):580–5.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

