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Objectives: The factors influencing falls in idiopathic normal pressure hydrocephalus (iNPH) remain unclear,
although iNPH-associated gait and balance disturbances can lead to an increased risk of falls. This study aimed to
investigate the associations among fall status, gait variability, balance function in iNPH, and to identify fall-
related factors in iNPH.

Patients and methods: Sixty-three patients with iNPH with a positive cerebrospinal fluid tap test result according
to the iNPH diagnosis criteria participated in this prospective cross-sectional study. Patients were assessed using
the 10-meter walk test (IOMWT), the Functional Gait Assessment (FGA), the Berg Balance Scale (BBS), and the
isometric quadriceps strength (QS). We also investigated each patient’s history of falls in the past 6 months. Gait
variability was measured using a triaxial accelerometer attached to the patient’s torso at the L3 vertebra level
during the 10MWT.

Results: Fall status correlated significantly with gait variability (measured as the coefficient of variation; CV) in
step time and movement trajectory amplitude (i.e., center of mass movement) in the medial/lateral (ML) and
vertical (VT) directions, with balance function as assessed by FGA and BBS scores. In contrast, QS was not
correlated with fall status. The independent variables associated with the risk of falling were step time CV, FGA
score, and age.

Conclusion: The factors associated with the risk of falling in iNPH were aging and gait-balance instability,
particularly temporal gait variability and dynamic balance dysfunction. Our results may enable physicians to
identify the patients with iNPH who are at risk of falling and implement suitable prevention strategies.

1. Introduction to occur as a result of disequilibrium and peripheral and/or central

vestibular dysfunction [5,6].

Idiopathic normal pressure hydrocephalus (iNPH) is a clinical syn-
drome characterized by gait and balance disturbances, cognitive im-
pairment, and urinary incontinence in patients with enlarged brain
ventricles and normal cerebrospinal (CSF) pressure [1]. Gait and bal-
ance disturbances are core symptoms in patients with iNPH and these
disturbances lead to an increased risk of falling [2,3]. iNPH is a frontal
higher-level gait disorder characterized by small step and dis-
equilibrium gaits [4]. iNPH-associated balance disturbance is thought

Increased gait variability is the result of inconsistent stepping pat-
terns and reduced postural control during gait [7,8]. Neurological dis-
orders characterized by movement dysfunction, including iNPH, in-
volve a greater variability of gait cycle parameters [7,9,10], and falls
occur frequently [4,11]. Indeed, several studies have reported that the
fall rates of 60%-80% in patients with iNPH [3,10,12].

Several studies have reported that gait variability is associated with
balance function and fall status in both healthy elderly adults and
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patients with Parkinson’s disease (PD) [13,14]. Considering that the
characteristics of iNPH—namely a combination of gait and balance
disturbances and disequilibrium—are likely to increase the risk of falls
[2-4,6,10], it can be surmised that patients with iNPH will experience
associated falls, gait variability, and balance dysfunction, especially
dynamic balance dysfunction. However, no previous reports have at-
tempted to evaluate the associations among fall status, gait variability,
and balance function in patients with iNPH.

We hypothesized that in patients with iNPH, fall status will be
strongly associated with both gait variability and dynamic balance
functions, such as a postural control during gait, as opposed to static
balance or lower limb muscle strength. The aims of this study were: 1)
to investigate the associations among fall status, gait variability, bal-
ance function, and lower limb muscle strength in patients with iNPH,
and 2) to identify fall-related factors in patients with iNPH.

2. Patients and methods
2.1. Participants

Eighty-seven patients with iNPH were recruited from the Clinical
Department of Neurosurgery and Rehabilitation at Osaka Medical
College Hospital. The patients had probable diagnoses with a positive
CSF tap test (TT) result according to the iNPH diagnostic criteria [15].

The inclusion criteria for probable iNPH were the following clinical
features proposed in the national iNPH guidelines [15]: (1) sympto-
matic onset at the age of 60 or older, (2) the presence of at least two of
the following—gait disturbance, cognitive impairment, and urinary
incontinence, (3) MRI-detected ventricular dilation (Evans Index > 0.3)
accompanied by narrowing of the subarachnoid CSF space in the high
convexity and interhemispheric fissure, (4) CSF pressure of 200
mmH,0 or less and normal CSF laboratory findings, (5) clinical
symptoms not completely explained by other neurological or non-
neurological conditions, (6) absence of other conditions associated with
ventricular dilation, such as subarachnoid hemorrhage, meningitis,
head injury, congenital hydrocephalus, or aqueductal stenosis, and (7) a
positive clinical response to a CSF TT.

The exclusion criteria were: (1) negative TT according to the iNPH
diagnostic criteria [15], (2) additional neurological or orthopedic dis-
orders interfering with gait, and (3) an inability to walk unassisted for
at least 15m [10]. Based on these criteria, 24 patients were excluded in
advance from this study. In total, 63 patients with iNPH (age
[mean * standard deviation], 77.9 + 5.5 years, 42 men and 21
women) who met the inclusion criteria participated in this study. The
study protocol was approved by the ethics committee at Osaka Medical
College (No. 2341), and all patients provided informed consent.

2.2. Clinical assessments

Patients were assessed before the TT using the following tests: 1) the
10-meter walk test (1IOMWT) as a test of normal gait [10], 2) the
Functional Gait Assessment (FGA) as a test of dynamic balance function
during gait (i.e., postural control during gait) [16], 3) the Berg Balance
Scale (BBS) as a test of balance function, including static and dynamic
balance in the standing position [17], and 4) the isometric quadriceps
strength (QS) measured by a hand held dynamometer (HHD) as a test of
representative muscle strength in the lower limb [18]. The patients
performed right and left QS measured twice by an HHD (uTas F-1,
Anima Corp, Tokyo, Japan), and the mean measurement values were
normalized according to body mass (N/kg) [18]. Patients or their
caregivers were interviewed regarding their history of falls in the past 6
months [3,19]. A fall was defined as any unintended contact with the
ground or other lower surface [20]. Based on the answers, the number
of falls for each patient was defined as one, two, three, four or more
[19,20]. Each patient’s cognitive function was assessed before per-
forming the TT using the Mini-Mental State Examination (MMSE).
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2.3. Gait variability assessment using an accelerometer

Gait variability assessment was performed during 10MWT using an
accelerometer, as described previously [10]. Each patient had a triaxial
accelerometer (MG-M1100-HW, LSI Medience, Tokyo, Japan, size
7.5 x 5 x 2 cm®, weight 120 g) attached to the lower torso at the L3
vertebra level with a belt [10,21]. The walkway was a 15-m straight
path with 3-m acceleration and 2-m deceleration sections at the be-
ginning and end, respectively [10]. Acceleration data were recorded at
a sampling rate of 100 Hz. The patients undertook two walking trials at
their comfortable speed without any assistance.

The data obtained from the 10-m section between the acceleration
and deceleration zones were analyzed to calculate the mean valued
velocity, and the length and time of one step [10,21]. The acceleration
signals in the medial/lateral (ML) and vertical (VT) directions were
integrated twice in the time domain and high-pass filtered with a
moving-window mean to calculate spatial movement trajectory ampli-
tudes reflecting the center of mass (COM) movement [10,21]. Gait
variability was assessed as the percent coefficient of variation
(CV = standard deviation/mean X 100) of step time and spatial move-
ment trajectory amplitudes [10]. Each patient’s CVs were calculated,
based on acceleration data obtained from the 10-m section between the
acceleration and deceleration sections [10]. All gait parameter vari-
ables were presented as the mean values of the two trials.

2.4. Data analysis

Statistical analyses were conducted with JMP Pro v. 14.0 (SAS
Institute, Cary, NC). The clinical status and clinical assessments in the
faller and non-faller groups were compared using a chi-square test and
an independent t test, respectively. Additionally, to quantify the effect
sizes, we calculated Cohen’s p-based standardized mean differences
(SMDs) and confidence intervals (CIs) comparing faller and non-faller
data [22]. A Pearson’s correlation coefficient analysis was conducted
when associations were observed among the number of falls, gait
parameter variables, balance assessment results, and QS for the entire
study population and subgroups (i.e., the fallers and the non-fallers). To
identify the factors associated with the fall status, a multiple regression
analysis was conducted using faller status as a dependent variable and
the clinical status and clinical assessment of fallers as independent
variables. We defined statistical significance as p < 0.05.

3. Results
3.1. Patients

Sixty-three patients with iNPH completed the clinical assessments
according to our study protocol. The patients in this study had a fall rate
of 71.4% (Table 1). All of the gait and balance assessments were sig-
nificantly worse in fallers compared to non-fallers, whereas no sig-
nificant differences were found between fallers and non-fallers for QS,
MMSE, and clinical characteristics, including age, gender, height, and
weight (Table 1).

3.2. Correlation analyses of gait parameters, balance function, and falls

In all patients (n = 63), the number of falls (18 non-fallers, 45
fallers [once; 25 patients, twice; 17 patients, three times; 3 patients,
four times or more; no patients) correlated significantly with gait
parameter variables and balance function, especially the step time CV
and the FGA score, whereas the QS was not correlated with the number
of falls. Similarly, in the total patient population, both the step time CV
and the FGA score correlated significantly with the number of falls and
the other variables, whereas the QS was not correlated with the number
of falls (Table 2A). However, QS correlated significantly with gait ve-
locity and step length in the total study population analysis (Table 2A).
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Table 1
Clinical status and assessments in patients with iNPH.
All patients (n = 63) Non-fallers (n = 18) Fallers (n = 45) p-value SMD (95% CI)

Age (years) 77.9 (5.5) 78.1 (5.8) 77.8 (5.4) 0.894" 0.04 (—3.32, 2.90)
Gender (male / female) 41/22 12/6 29/16 0.867" N/A
Height (cm) 157.8 (8.0) 158.3 (8.5) 157.6 (7.9) 0.759% 0.09 (—5.26, 3.84)
Weight (kg) 59.0 (11.4) 60.9 (12.1) 58.2 (11.2) 0.418" 0.23 (—-9.15, 3.79)
MMSE (score) 24.1 (4.0) 25.0 (4.0) 23.7 (4.0) 0.239° 0.33 (—3.50, 0.87)
10MWT
Gait velocity (cm/sec) 74.1 (25.4) 87.9 (25.3) 68.6 (23.4) 0.005* 0.81 (—32.91,—-5.79)
Step length (cm) 39.2 (13.2) 46.3 (13.8) 36.4 (11.8) 0.0072 0.80 (—17.23,—-2.67)
Step time CV (%) 11.01 (5.36) 6.71 (2.99) 12.73 (5.15) < 0.001" 1.29 (3.97, 8.05)
ML-CV (%) 11.19 (2.35) 9.36 (1.95) 11.92 (2.10) < 0.001" 1.24 (1.47, 3.65)
VT-CV (%) 24.51 (11.34) 17.61 (7.31) 27.28 (11.54) < 0.001* 0.92 (4.90, 14.44)
FGA (score) 14.2 (4.7) 18.6 (3.3) 12.4 (4.0) < 0.001" 1.62 (—8.15,—4.27)
BBS (score) 44.2 (5.9) 48.2 (4.3) 42.6 (5.8) < 0.001° 1.03 (—8.21,—-2.97)
QS (N/kg) 3.76 (0.93) 3.49 (0.84) 3.86 (0.95) 0.124" 0.41 (-0.10, 0.85)
Number of falls (n)

0 18

1 25

2 17

3 3

4z none

p-values and SMDs indicate comparison between non-fallers and fallers.
Bold typed indicate statistically significant result (p < 0.05).
N/A = not applicable.
MMSE: Mini Mental State Examination, 1I0MWT: 10-m walk test.
CV: coefficient of variation.
ML-CV: coefficient of variation in the medial/lateral direction, VT-CV: coefficient of variation in the vertical direction.
FGA: Functional Gait Assessment, BBS: Berg Balance Scale, QS: isometric quadriceps muscle strength.
Values are mean (SD).
@ p-value of independent-t test.
b p-value of Chi-Square test; SMD: standardized mean difference.

Table 2
A. Correlational matrix for all patients (n = 63).
Number of falls Gait velocity Step length Step time CV ML-CV VT-CV FGA BBS
Gait velocity —0.354
Step length -0.357 0.963
Step time CV 0.628 —0.591 —0.586
ML-CV 0.442 -0.077 —0.089 0.377
VT-CV 0.392 —-0.721 -0.727 0.643 0.200
FGA —0.644 0.721 0.689 —0.664 —0.352 —0.629
BBS —0.444 0.629 0.592 —0.536 —0.232 —0.445 0.818
Qs 0.185 0.346 0.322 —0.058 0.167 -0.173 0.108 0.241
B. Correlational matrix for fallers group (n = 45).
Number of falls Gait velocity Step length Step time CV ML-CV VT-CV FGA BBS
Gait velocity —0.165
Step length -0.181 0.963
Step time CV 0.453 —-0.677 —-0.673
ML-CV 0.107 0.121 0.117 0.155
VT-CV 0.161 —-0.731 -0.750 0.594 0.046
FGA —0.392 0.708 0.673 —0.635 —0.232 —0.624
BBS —0.209 0.589 0.541 —0.455 -0.110 —0.366 0.762
Qs 0.074 0.418 0.372 —0.184 0.029 —0.281 0.252 0.388
C. Correlational matrix for non-fallers group (n = 18).
Gait velocity Step length Step time CV ML-CV VT-CV FGA BBS
Step length 0.950
Step time CV 0.084 0.023
ML-CV 0.106 0.062 0.234
VT-CV —0.555 —0.564 0.328 —0.150
FGA 0.629 0.587 0.065 0.423 —0.126
BBS 0.522 0.513 —0.146 0.286 —-0.167 0.835
Qs 0.521 0.543 0.290 0.282 —0.228 0.359 0.253

Values are Pearson's rho (r).

Bold typed indicate statistically significant result (p < 0.05).

CV: coefficient of variation.

ML-CV: coefficient of variation in the medial/lateral direction, VT-CV: coefficient of variation in the vertical direction.
FGA: Functional Gait Assessment, BBS: Berg Balance Scale, QS: isometric quadriceps muscle strength.
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Table 3
Multiple regression analysis for number of falls as dependent variable in all
patients (n = 63).

Summery of fit p-value  R2 Adjusted R RMSE

< 0.001 0.654 0.563 0.573
Independent p-value Logarithmic  F- value t- value
variables value
Age 0.022 1.668 5.641 —2.38
Gender 0.301 0.523 1.097 1.05
Height 0.695 0.158 0.155 —-0.39
Weight 0.342 0.466 0.919 —-0.96
MMSE 0.599 0.222 0.279 0.53
10MWT-
Gait velocity 0.645 0.190 0.215 0.46
Step length 0.791 0.102 0.071 -0.27
Step time CV  0.004 2.468 9.476 3.08
ML-CV 0.375 0.426 0.802 0.90
VT-CV 0.226 0.646 1.504 —-1.23
FGA < 0.001 3.275 13.756 -3.71
BBS 0.140 0.855 2.256 1.50
Qs 0.734 0.102 0.117 0.34

RMSE; Root mean squared error.

Bold typed indicate statistically significant result (p < 0.05).

MMSE: Mini Mental State Examination, 10MWT: 10-m walk test.

CV: coefficient of variation.

ML-CV: coefficient of variation in the medial/lateral direction, VT-CV: coeffi-
cient of variation in the vertical direction.

FGA: Functional Gait Assessment, BBS: Berg Balance Scale, QS: isometric
quadriceps muscle strength.

In the faller group (n = 45), the number of falls correlated sig-
nificantly with step time CV and FGA score, but not with the other
variables (Table 2B). Both the step time CV and FGA score correlated
significantly with the other gait and balance variables in the faller
group, except for ML—CV (Table 2B). VT—CV correlated significantly
with the other gait and balance variables, whereas ML—CV showed a
relatively weak correlation or no correlation at all with the other
variables in both, the all-patient analysis and the faller group analysis
(Table 2A, 2B).

In the non-faller group (n = 18), the gait variability as measured by
step time, the VT-CVs, and the ML-CVs did not correlate significantly
with the balance function variables (Table 2C), whereas VT—CV and QS
correlated significantly with both gait velocity and step length
(Table 2C).

We observed strong correlations between gait velocity and step
length, and between the FGA and BBS scores in all patients, as well as in
the faller and non-faller subgroups (Table 2A-C).

3.3. Fall-related factors using a multiple regression analysis

Results of the multiple regression analysis are shown in Table 3. The
coefficient of determination was measured by an adjusted R? value to
assess goodness-of-fit (adjusted R% 0.563, P < 0.001). The in-
dependent variables identified as fall-related factors were step time CV,
FGA score, and age (Table 3).

4. Discussion

We aimed to investigate the associations among fall status, gait
variability, balance ability, and lower limb muscle strength in patients
with iNPH, and to identify the fall-related factors based on clinical
characteristics and clinical assessments. Our results indicate that falls
were strongly associated with temporal gait variability and dynamic
balance function, but not static balance function or lower limb muscle
strength. Moreover, we found that an increase in temporal gait varia-
bility in step time CV and a decline in dynamic balance function in the
FGA were independent fall-related factors in patients with iNPH.
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Gait parameters are reported to fluctuate minimally in healthy
persons, which allows an individual to maintain repetitive and stable
walking [7,8]. In contrast, several studies have reported more variable
gaits in elderly persons and persons with neurological disorders, such as
PD, iNPH, vestibular disorders, or cerebellar ataxia, which are related
to risk of falls [7,10,13,23,24]. Studies have also reported that gait
variability is associated with balance function and fall status in healthy
elderly adults and patients with PD [13,14]. In the present study, the
patients with iNPH who had experienced falls had greater spatio-
temporal gait variability and worse balance function compared to the
non-fallers. Furthermore, the correlation between spatiotemporal gait
variability and balance function was stronger in the faller group than
the non-faller group. Therefore, we suggest that iNPH-associated gait
and balance disturbances may have resulted in deterioration in dy-
namic postural control and falls in patients with iNPH.

Muscle weakness is a well-known fall-related factor [25]. However,
a previous study reported no significant difference in the isometric
lower limb muscle strength between fallers and non-fallers in a cohort
of healthy elderly adults; furthermore, isometric lower limb muscle
strength could not predict falls in this group [26]. In the present study,
the lower limb function of the faller group was comparable to that of
the non-faller group, and there was no correlation between fall status
and lower limb muscle strength in the faller group. Moreover, the lower
limb muscle strength was not identified as a fall-related independent
factor in the present study. Accordingly, we surmise that lower limb
muscle strength does not influence the risk of falls in patients with
iNPH.

The FGA can be used to assess dynamic balance functions, such as
postural control during gait and it is a useful assessment in almost all
neurological disorders, including vestibular dysfunction [16,27]. iNPH-
associated balance disturbance and disequilibrium occur as a result of
peripheral and/or central vestibular dysfunctions [5,6] and balance
disturbances may lead to a wide-based gait pattern or trunk sway
[9,10]. In the present study, we found that temporal gait variability and
FGA score (representing dynamic postural control function) were in-
dependent fall-related factors in patients with iNPH, and the fall rate in
our patients was high (71.4%). The variability of gait parameters is
known to be useful for predicting falls [13]. Increased gait variability
reflects a decrease in postural control during gait [7,8]. The FGA (re-
flecting dynamic balance function) is generally used to assess the risk of
falls [27]. Accordingly, we surmise that a deterioration in dynamic
balance function may result in an increase in temporal gait variability
and an increased risk of falls in patients with iNPH.

One previous study reported that the degree of standing postural
sway is useful for predicting falls in elderly persons [28]. However, our
results show that dynamic balance function during gait, as indicated by
FGA results rather BBS results that reflect static to dynamic balance
function in a standing position, correlated with fall events in patients
with iNPH. Similarly, our previous studies demonstrated that the
characteristics of postural disturbance in patients with iNPH may be
due to a deterioration in dynamic balance function with disequilibrium
rather than static balance [2,12]. Taken together, these results suggest
that falls in patients with iNPH may be caused by gait and balance
disturbances due to iNPH-specific disequilibrium.

Another previous study reported that variability in ambulatory COM
movement was greater in patients with iNPH compared to that in age-
matched healthy adults [10]. In the present study, we found that the
variability in ML and VT COM movements, which reflects spatial gait
variability, was worse in fallers than in non-fallers. In addition, spatial
gait variabilities correlated with balance function in the faller group,
but not in the non-faller group. However, spatial gait variabilities were
not independent fall-related factors in the present set of patients. In
contrast, step time CV, which is indicative of temporal gait variability
as measured by an acceleration amplitude, may be useful for identifying
patients with iNPH at risk of falling.

Interestingly, in the faller group, variability in VT COM movements
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showed a stronger correlation with other gait parameters and balance
functions compared to ML COM movement variability. A previous study
on patients with cerebellar ataxia and wide-based gait reported that
variability in step length in the VT direction was greater than in healthy
subjects; however, variability of step width in the ML direction did not
differ [24]. Patients with iNPH exhibit a wide-based gait to compensate
for the disturbances in dynamic equilibrium [9]. Therefore, it might be
possible that the ML—CV values seen in this study were the result of
patients employing a compensation strategy for iNPH-associated bal-
ance disturbance with disequilibrium.

It is well known that age is an independent fall-related factor [29].
Consistent with this, the present study also found that age was an in-
dependent factor associated with falls. Considering that iNPH is a dis-
ease associated with aging [15], these findings are not surprising. Im-
portantly, falls were associated not only with age, but also with balance
factors, such as temporal gait variability and dynamic balance function.
The current study is the first report to identify the independent fall-
related factors and our findings may allow physicians to predict falls in
patients with iNPH. Moreover, to prevent falls in patients with iNPH,
suppression of temporal gait variability by improving dynamic balance
dysfunction may be effective. Future studies are needed to confirm the
effectiveness of fall prevention strategies in rehabilitation therapy, the
effectiveness of CSF shunting, or a combination of both.

This study had several limitations. First, the results of the present
study cannot necessarily be generalized because there is potential se-
lection bias in a hospital-based study; however, this also has advantages
given that the present study was performed based on an accurate di-
agnosis with standardized iNPH criteria at one specialized institution.
Second, the present findings did not clarify the causal associations
among risk factors, such as fall, gait variability, and balance function
because of the cross-sectional design of the study. Moreover, we did not
provide postoperative data on the fall incidence of patients with iNPH
in this study. A previous study has shown that the risk of falls increased
in the first 6 months after CSF shunting [30]. Additional research is
needed to investigate the causal associations among fall risk factors
through a longitudinal research design.

Third, people with different disease conditions may show different
movement behaviors and therefore our results should be interpreted
with caution. Finally, the assessment of spatial gait variability as
measured by COM movement variability using an accelerometer has
potential methodological limitations because measurements are calcu-
lated as a relative displacement. However, such calculations have the
advantage of improving the ease of clinical assessment.

In conclusion, the risk of falling in patients with iNPH was asso-
ciated not only with aging, but also with gait-balance instability, par-
ticularly temporal gait variability and dynamic balance dysfunction. A
patient with iNPH who presents with a combination of advanced age,
significant temporal gait variability, and a deterioration of dynamic
balance function is at a high risk of falling. Our results will enable
physicians to predict the patients with iNPH who are at risk of falling
and implement prevention strategies.

Conflict of interest statement
The authors declare that there are no conflicts of interest.
Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Authors’ contributions
Study concept and design: YN, HU, Y Kajimoto, TA, Y Kawami, TI,

KK, HO, and RS.
Acquisition of data: YN, Y Kajimoto, HU, NK, TH and KK.

Clinical Neurology and Neurosurgery 183 (2019) 105385

Drafting of the manuscript or critical revision of the manuscript for
important intellectual content: YN, HU, Y Kajimoto, TA, Y Okada, NK
and RS.

Acknowledgements

We thank all persons who participated in this study. We would like
to thank Yoshiyuki Ohta, Kouki Ninagawa and Ryu Hondo for their
suggestions and advices on this study.

References

[1] S. Hakim, R.D. Adams, The special clinical problem of symptomatic hydrocephalus
with normal cerebrospinal fluid pressure. Observations on cerebrospinal fluid hy-
drodynamics, J. Neurol. Sci. 2 (1965) 307-327, https://doi.org/10.1016,/0022-
510X(65)90016-X.

[2] Y. Nikaido, T. Akisue, Y. Kajimoto, A. Tucker, Y. Kawami, H. Urakami, Y. Iwai,
H. Sato, T. Nishiguch, T. Hinoshita, K. Kuroda, H. Ohno, R. Saura, Postural in-
stability differences between idiopathic normal pressure hydrocephalus and
Parkinson’s disease, Clin. Neurol. Neurosurg. 165 (2018) 103-107, https://doi.org/
10.1016/j.clineuro.2018.01.012.

[3] C. Selge, F. Schoeberl, A. Zwergal, G. Nuebling, T. Brandt, M. Dieterich,

R. Schniepp, K. Jahn, Gait analysis in PSP and NPH, Neurology. 90 (2018)
€1021-e1028, https://doi.org/10.1212/WNL.0000000000005168.

[4] J.G. Nutt, Higher-level gait disorders: an open frontier, Mov. Disord. 28 (2013)
1560-1565, https://doi.org/10.1002/mds.25673.

[5] K. Abram, S. Bohne, P. Bublak, P. Karvouniari, C.M. Klingner, O.W. Witte,

O. Guntinas-Lichius, H. Axer, The effect of spinal tap test on different sensory

modalities of postural stability in idiopathic normal pressure hydrocephalus,

Dement. Geriatr. Cogn. Dis. Extra. 6 (2016) 447-457, https://doi.org/10.1159/

000450602.

C. Selge, F. Schoeberl, J. Bergmann, A. Kreuzpointner, S. Bardins, A. Schepermann,

R. Schniepp, E. Koenig, F. Mueller, T. Brandt, M. Dieterich, A. Zwergal, K. Jahn,

Subjective body vertical: a promising diagnostic tool in idiopathic normal pressure

hydrocephalus? J. Neurol. 263 (2016) 1819-1827, https://doi.org/10.1007/

s00415-016-8186-0.

[7] J.M. Hausdorff, M.E. Cudkowicz, R. Firtion, Gait variability and basal ganglia dis-
orders : stride-to-stride variations of gait cycle timing in Parkinson’s disease and
Huntington’s disease, Mov. Disord. 13 (1998) 428-437.

[8] J.H. Hollman, F.M. Kovash, J.J. Kubik, R.A. Linbo, Age-related differences in spa-
tiotemporal markers of gait stability during dual task walking, Gait Posture. 26
(2007) 113-119, https://doi.org/10.1016/j.gaitpost.2006.08.005.

[9] H. Stolze, J.P. Kuhtz-Buschbeck, H. Driicke, K. J6hnk, C. Diercks, S. Palmié,

H.M. Mehdorn, M. Illert, G. Deuschl, Gait analysis in idiopathic normal pressure
hydrocephalus - which parameters respond to the CSF tap test? Clin. Neurophysiol.
111 (2000) 1678-1686.

[10] Y. Nikaido, T. Akisue, Y. Kajimoto, T. Ikeji, Y. Kawami, H. Urakami, H. Sato,

T. Nishiguchi, T. Hinoshita, Y. Iwai, K. Kuroda, H. Ohno, R. Saura, The effect of CSF
drainage on ambulatory center of mass movement in idiopathic normal pressure
hydrocephalus, Gait Posture. 63 (2018) 5-9, https://doi.org/10.1016/j.gaitpost.
2018.04.024.

[11] H. Axer, M. Axer, H. Sauer, O.W. Witte, G. Hagemann, Falls and gait disorders in
geriatric neurology, Clin. Neurol. Neurosurg. 112 (2010) 265-274, https://doi.org/
10.1016/j.clineuro.2009.12.015.

[12] Y. Nikaido, T. Akisue, H. Urakami, Y. Kajimoto, K. Kuroda, Y. Kawami, H. Sato,
Y. Ohta, T. Hinoshita, Y. Iwai, T. Nishiguchi, H. Ohno, R. Saura, Postural control
before and after cerebrospinal fluid shunt surgery in idiopathic normal pressure
hydrocephalus, Clin. Neurol. Neurosurg. 172 (2018) 46-50, https://doi.org/10.
1016/j.clineuro.2018.06.032.

[13] J.M. Hausdorff, D.A. Rios, H.K. Edelberg, Gait variability and fall risk in commu-
nity-living older adults : a 1-year prospective study, Arch. Phys. Med. Rehabil. 82
(2001) 1050-1056, https://doi.org/10.1053/apmr.2001.24893.

[14] J.D. Schaafsma, N. Giladi, Y. Balash, A.L. Bartels, T. Gurevich, J.M. Hausdorff, Gait
dynamics in Parkinson’s disease : relationship to parkinsonian features, falls and
response to levodopa, J. Neurol. Sci. 212 (2003) 47-53, https://doi.org/10.1016/
$0022-510X(03)00104-7.

[15] E. Mori, M. Ishikawa, T. Kato, H. Kazui, H. Miyake, M. Miyajima, M. Nakajima,
M. Hashimoto, N. Kuriyama, T. Tokuda, K. Ishii, M. Kaijima, Y. Hirata, M. Saito,
H. Arai, 2nd ed., Japanese Society of Normal Pressure Hydrocephalus, iNPH
Guideline: Guidelines for Management of Idiopathic Normal Pressure
Hydrocephalus vol. 52, Neurol Med Chir (Tokyo), 2012, pp. 775-809.

[16] D.M. Wrisley, G.F. Marchetti, D.K. Kuharsky, S.L. Whitney, Reliability, internal
consistency, and validity of data obtained with the Functional gait assessment,
Phys. Ther. 84 (2004) 906-918.

[17] K.O. Berg, B.E. Maki, J.I. Williams, P.J. Holliday, S.L. Wood-Dauphinee, Clinical
and laboratory measures of postural balance in an elderly population, Arch. Phys.
Med. Rehabil. 73 (1992) 1073-1080 doi:0003-9993(92)90174-U [pii].

[18] C.O. Kean, T.B. Birmingham, S.J. Garland, D.M. Bryant, J.R. Giffin, Minimal de-
tectable change in quadriceps strength and voluntary muscle activation in patients
with knee osteoarthritis, Arch. Phys. Med. Rehabil. 91 (2010) 1447-1451, https://
doi.org/10.1016/j.apmr.2010.06.002.

[19] N.E. Allen, A.K. Schwarzel, C.G. Canning, Recurrent falls in Parkinson’s disease: a

[6


https://doi.org/10.1016/0022-510X(65)90016-X
https://doi.org/10.1016/0022-510X(65)90016-X
https://doi.org/10.1016/j.clineuro.2018.01.012
https://doi.org/10.1016/j.clineuro.2018.01.012
https://doi.org/10.1212/WNL.0000000000005168
https://doi.org/10.1002/mds.25673
https://doi.org/10.1159/000450602
https://doi.org/10.1159/000450602
https://doi.org/10.1007/s00415-016-8186-0
https://doi.org/10.1007/s00415-016-8186-0
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0035
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0035
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0035
https://doi.org/10.1016/j.gaitpost.2006.08.005
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0045
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0045
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0045
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0045
https://doi.org/10.1016/j.gaitpost.2018.04.024
https://doi.org/10.1016/j.gaitpost.2018.04.024
https://doi.org/10.1016/j.clineuro.2009.12.015
https://doi.org/10.1016/j.clineuro.2009.12.015
https://doi.org/10.1016/j.clineuro.2018.06.032
https://doi.org/10.1016/j.clineuro.2018.06.032
https://doi.org/10.1053/apmr.2001.24893
https://doi.org/10.1016/S0022-510X(03)00104-7
https://doi.org/10.1016/S0022-510X(03)00104-7
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0075
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0075
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0075
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0075
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0075
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0080
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0080
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0080
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0085
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0085
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0085
https://doi.org/10.1016/j.apmr.2010.06.002
https://doi.org/10.1016/j.apmr.2010.06.002
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0095

Y. Nikaido, et al.

[20]

[21]

[22]

[23]

[24]

systematic review, Park. Dis. 2013 (2013) 906274.

J.A. Serra-Rexach, N. Bustamante-Ara, M. Hierro Villaran, P. Gonzalez Gil,

M.J. Sanz Ibanez, N. Blanco Sanz, V. Ortega Santamaria, N. Gutiérrez Sanz,

A.B. Marin Prada, C. Gallardo, G. Rodriguez Romo, J.R. Ruiz, A. Lucia, Short-term,
light- to moderate-intensity exercise training improves leg muscle strength in the
oldest old: a randomized controlled trial, J. Am. Geriatr. Soc. 59 (2011) 594-602,
https://doi.org/10.1111/j.1532-5415.2011.03356.x.

M. Yoneyama, Visualising gait symmetry/asymmetry from acceleration data,
Comput. Methods Biomech. Biomed. Engin. 18 (2015) 923-930, https://doi.org/
10.1080/10255842.2013.856892.

G. Cumming, The new statistics: why and how, Psychol. Sci. 25 (2014) 7-29,
https://doi.org/10.1177,/0956797613504966.

R. Schniepp, M. Wuehr, M. Neuhaeusser, M. Kamenova, K. Dimitriadis,

T. Klopstock, M. Strupp, T. Brandt, K. Jahn, Locomotion speed determines gait
variability in cerebellar ataxia and vestibular failure, Mov. Disord. 27 (2012)
125-131, https://doi.org/10.1002/mds.23978.

M. Wuehr, R. Schniepp, J. Ilmberger, T. Brandt, K. Jahn, Speed-dependent tem-
porospatial gait variability and long-range correlations in cerebellar ataxia, Gait

[25]

[26]

[27]

[28]

[29]

[30]

Clinical Neurology and Neurosurgery 183 (2019) 105385

Posture. 37 (2013) 214-218, https://doi.org/10.1016/j.gaitpost.2012.07.003.
J.D. Moreland, J.A. Richardson, C.H. Goldsmith, C.M. Clase, Muscle weakness and
falls in older adults: a systematic review and meta-analysis, J. Am. Geriatr. Soc. 52
(2004) 1121-1129.

T. Bhatt, D. Espy, F. Yang, Y.C. Pai, Dynamic gait stability, clinical correlates, and
prognosis of falls among community-dwelling older adults, Arch. Phys. Med.
Rehabil. 92 (2011) 799-805, https://doi.org/10.1016/j.apmr.2010.12.032.

D.M. Wrisley, N. Kumar, Functional gait assessment: awelling older adults, Phys.
Ther. 90 (2010) 1-13, https://doi.org/10.2522/ptj.20090069.

J. Howcroft, E.D. Lemaire, J. Kofman, W.E. Mcilroy, Elderly fall risk prediction
using static posturography, PLoS One. 21 (2017) 1-13, https://doi.org/10.1371/
journal.pone.0172398.

M.E. Tinetti, C. Kumar, The patient who falls “It’s always a trade-off”, JAMA. 20
(2010) 258-266.

T. Takeuchi, K. Yajima, Long-term 4 years follow-up study of 482 patients who
underwent shunting for idiopathic normal pressure hydrocephalus -course of
symptoms and shunt efficacy rates compared by age group, Neurol Med Chir
(Tokyo). (2019) 1-6, https://doi.org/10.2176/nmc.0a.2018-0318.


http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0095
https://doi.org/10.1111/j.1532-5415.2011.03356.x
https://doi.org/10.1080/10255842.2013.856892
https://doi.org/10.1080/10255842.2013.856892
https://doi.org/10.1177/0956797613504966
https://doi.org/10.1002/mds.23978
https://doi.org/10.1016/j.gaitpost.2012.07.003
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0125
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0125
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0125
https://doi.org/10.1016/j.apmr.2010.12.032
https://doi.org/10.2522/ptj.20090069
https://doi.org/10.1371/journal.pone.0172398
https://doi.org/10.1371/journal.pone.0172398
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0145
http://refhub.elsevier.com/S0303-8467(19)30181-7/sbref0145
https://doi.org/10.2176/nmc.oa.2018-0318

	Associations among falls, gait variability, and balance function in idiopathic normal pressure hydrocephalus
	Introduction
	Patients and methods
	Participants
	Clinical assessments
	Gait variability assessment using an accelerometer
	Data analysis

	Results
	Patients
	Correlation analyses of gait parameters, balance function, and falls
	Fall-related factors using a multiple regression analysis

	Discussion
	Conflict of interest statement
	Funding
	Authors’ contributions
	Acknowledgements
	References




