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ARTICLE INFO ABSTRACT

Keywords: Objective: To investigate whether impaired plantar cutaneous vibration perception contributes to postural
Idiopathic normal pressure hydrocephalus disturbance in idiopathic normal pressure hydrocephalus (iNPH).
Shunt

Methods: Three different groups were tested: iNPH-patients (iNPH), iNPH-patients after surgical shunt therapy
(iNPH shunt), and healthy subjects (HS). Postural performance was quantified during quiescent stance on a
pressure distribution platform. Vibration perception threshold (VPT) was measured using a modified vibration
exciter to apply stimuli to the plantar foot.

Results: Regarding postural performance, iNPH showed significantly higher values for all investigated center of
pressure (COP)-parameters compared to HS, which suggests impaired postural control. Shunted patients pre-
sented a tendency towards better postural control in contrast to non-shunted patients. VPTs did not differ
significantly between all investigated groups, which suggests comparable plantar cutaneous vibration perception.
Conclusion: Patients with iNPH suffer from poor postural stability, whereas shunting tends to affect postural
performance positively. Plantar cutaneous vibration perception seems to be comparable between all investigated
study groups. Consequently, postural disturbance in iNPH cannot clearly be ascribed to defective plantar cuta-

Plantar cutaneous vibration perception
Postural performance

neous input.

1. Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is a neurological
disease with abnormal intracranial fluid dynamics and ventricular
enlargement, which affects the functionality of various cortical and
periventricular subcortical structures [1, 2, 3, 4, 5, 6]. Consequently,
iNPH manifests with three hallmark symptoms: dementia, urinary in-
continence, and postural disturbance. The latter, being the earliest and
most prevalent symptom, affects stance as well as gait [1, 7]. Neurosur-
gical therapy of iNPH with ventriculoperitoneal shunts (VP-shunts)
generally normalizes intracranial fluid dynamics, and consequently eases
postural disturbance [1, 8, 9].

Among other factors, postural disturbance can be caused by
dysfunction of the visual, vestibular, and somatosensory systems and the
defective integration of their afferent inputs [9, 10, 11]. Since both the
visual [12, 13, 14] and the vestibular [15, 16] systems show deficiencies
in iNPH, the somatosensory system might be affected as well. Surpris-
ingly, only few studies have examined the somatosensory system in
iNPH, presenting discordant results [8, 9, 11, 15]. While Lundin et al. [9]
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found  significantly = impaired  postural  performance  for
somatosensory-dominated balance test conditions in iNPH compared to
healthy elderly subjects, Backlund et al. [8] reported comparable so-
matosensory functionality. Shunting did not reveal considerable effects
for somatosensory-dominated balance test conditions [9]. These studies
examined the contribution of the somatosensory system to postural
performance as a whole. However, the somatosensory system comprises
primarily two subsystems, namely proprioception and cutaneous
perception [10, 17]. Since their relative input to postural performance is
still unknown [18], previous studies could not distinguish whether
dysfunction of both or just one subsystem contributes to symptomatic
postural disturbance in iNPH. Therefore, it seems crucial to investigate
the functionality of single subsystems individually. Given the fact that the
soles of our feet are the only direct contact between the body and the
ground while standing and walking, the relevance of plantar cutaneous
mechanoreceptor input for postural performance has already been
confirmed [18, 19, 20].

Since ventricular enlargement of iNPH and subsequent blood flow
reduction affects the functionality of several cortical and periventricular
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structures [1, 2, 3, 4, 5, 6, 21], the pathophysiological mechanisms of
iNPH could affect plantar cutaneous perception as well. Showing this
might help to better understand the cause of postural disturbance in
iNPH. Moreover, it could be beneficial for diagnosing and counselling
patients about appropriate treatment, as well as differentiating between
various disease states. Thinking ahead, impairments could potentially be
treated by stimulating the foot sole, e.g. via textured insoles [22, 23] or
vibration stimuli [24, 25] to normalize plantar cutaneous perception and
consequently to enhance postural performance in iNPH.

The aim of this study was twofold:

First, we aimed to investigate postural performance in iNPH-patients,
iNPH-patients with shunt, and healthy subjects. We hypothesized that
postural performance in iNPH is impaired compared to healthy subjects.
Furthermore, we hypothesized that shunting improves postural perfor-
mance in iNPH.

Second, we aimed to investigate plantar cutaneous perception within
the same study groups. Based on the pathophysiological mechanisms of
iNPH, we hypothesized that plantar cutaneous perception is affected in
iNPH. Additionally, we hypothesized that shunting normalizes plantar
cutaneous perception.

2. Participants & methods
2.1. Participants

Three different groups were investigated: iNPH-patients (iNPH),
iNPH-patients after surgical shunt therapy (iNPH shunt), and healthy
subjects (HS). Demographic and clinical data are presented in Table 1.
Prior to data collection, all participants were briefed about the purpose of
this study and provided written informed consent. All procedures were
conducted according to the recommendations of the Declaration of
Helsinki and were approved by the local ethics committee (IRB number:
023/14-ff).

2.1.1. INPH-patients

All patients were tested during the iNPH consultation at the Depart-
ment of Neurosurgery (University Hospital Leipzig). Patients were
diagnosed based on clinical criteria for iNPH including invasive and non-
invasive tests and ventricular enlargement using magnetic resonance
imaging [6, 7, 26]. Implanted shunts were gravity-assisted VP-shunts
(proGAV or GAV, Fa. Miethke, Potsdam, Germany). All enrolled iNPH
shunt patients were positive shunt responders confirmed with clinical
examination and were investigated at least three months after shunt
surgery. Non-shunt-responding patients and patients suffering from se-
vere cognitive deficits (Mini-Mental State Examination <21) were
excluded from this study. Secondary pathologies involving the somato-
sensory system (e.g. diabetes mellitus, polyneuropathy) were ruled out.

2.1.2. Healthy subjects

Age-matched healthy subjects were examined in the laboratory of the
Department of Human Locomotion (Chemnitz University of Technology).
They neither suffered from any injuries or diseases, nor took medication
with potential to interfere with postural performance, cognition, or
cutaneous perception.
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Figure 1. Plantar vibration examination at the first metatarsophalangeal joint.

2.2. Equipment & testing procedures

2.2.1. Posturography

Postural performance was quantified using a pressure distribution
platform (Zebris FDM 1.5; Isny, Germany). All participants were
instructed to stand as still as possible in bipedal stance while barefoot,
with upright posture, both arms hanging down loosely, and directing
their gaze ahead. Stance width was chosen individually. All participants
performed two consecutive trials lasting 30 s each, while data was
collected at 100 Hz. Plantar skin temperatures were monitored, since
alterations might affect postural performance [18, 19, 27].

2.2.2. Plantar vibration examination

A modified vibration exciter (Tira Vib, TV51075, Schalkau, Germany)
was implemented to quantify vibration perception thresholds (VPT). An
oscillating brass probe, protruding through a hole in an aluminum foot
rest, applied vibration stimuli to the plantar foot (Figure 1). Vibration
frequency was set to 30 Hz, a frequency which primarily innervates fast
adapting (FA I) cutaneous afferents (Meissner corpuscles) [28]. Vibration
frequency and amplitude were verified by an accelerometer, which was
affixed to the probe. Since it has been shown that changes in skin tem-
perature affect tactile perception, the foot rest was equipped with a

Table 1. Demographic and clinical data (mean + SD).

iNPH iNPH shunt HS
n 12 18 20
gender 37/25 315/23 312/28
age [yrs] 74.6 + 4.1 72.0 £7.0 71.5 £+ 3.6
modified Kiefer-Score 3.4 +26 09 +1.1 -
Mini-Mental State Examination 27.1+1.9 27.9 £+ 2.0 -
post shunt measurement interval [yrs] - 1.5+1.6 -
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thermal element, which was adjusted to approx. 20 °C to assure
comparability [18, 19, 20]. Prior to the examination, all participants
underwent an acclimatization period of approx. 10 min by placing their
bare feet onto the aluminum plate. Subsequently, one of the two tested
anatomical locations, center of the heel and the head of the first meta-
tarsophalangeal joint (met I) of the right foot, was positioned onto the
probe. Since alterations of the force applied to the probe may affect
tactile perception, force was controlled using a sensor (Hottinger U9B)
[29]. An incremental forced-choice algorithm, modified after Mildren
et al. [30], was implemented to automatically detect the VPT. Therefore,
participants had to push a handheld trigger as soon as they perceived a
vibration stimulus at the tested anatomical location. The recorded VPT
was defined as the smallest perceived vibration stimulus. One test trial
and three main trials were executed for each participant and anatomical
location, respectively.

2.3. Data processing & statistical analysis

2.3.1. Posturography

Raw pressure data were imported into MATLAB R2017b (Math-
WorksTM, Natick, MA, USA) to apply a low-pass filter with a cut-off
frequency of 15 Hz [1] and to calculate center of pressure (COP)-para-
meters. Subsequently, the mean was calculated over both collected trials
for each participant and COP-parameter. Comparisons between groups
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were accomplished wusing Kruskal-Wallis-Tests followed by
Dunn-Bonferroni posthoc-tests and Bonferroni adjustment to o = 0.0167.
The Wilcoxon signed rank test was used for comparisons within groups,
between anterior-posterior (AP) vs. medio-lateral (ML) directions.

2.3.2. Plantar vibration examination

The mean over three collected VPTs for each participant was used to
compare between groups performing Kruskal-Wallis-Tests followed by
Dunn-Bonferroni posthoc-tests. Due to three investigated study groups
and two tested anatomical locations, the level of significance was Bon-
ferroni adjusted to a = 0.0083. The Wilcoxon signed rank test was used
for comparisons between both anatomical locations within groups.

3. Results
3.1. Posturography

Self-selected stance width revealed broader stance for patients
compared to healthy subjects: iNPH 16.2 cm + 3.1 cm; iNPH shunt 13.7
cm £ 3.9 cm; HS 11.6 & 3.1 cm. Differences in stance width between
iNPH and HS were statistically significant (p = 0.002). Both iNPH and
iNPH shunt revealed higher values for all investigated COP-parameters,
which were statistically significant compared to HS (p < 0.0167)
(Figure 2). In contrast, no statistically significant differences were found
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1300 p <0.001 65 65 b < 0.001
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Figure 2. Group comparisons including statistically significant p-values for COP-parameters: A) 95% confidence area (ellipse-shaped area, comprising 95 % of COP-
data); B) range AP (range of captured COP-data along AP direction); C) range ML (range of captured COP-data along ML direction); D) v mean (mean velocity
calculated over each frame); E) v mean AP (mean velocity calculated over each frame in AP direction); F) v mean ML (mean velocity calculated over each frame in ML
direction); the level of significance was Bonferroni adjusted to a = 0.0167.



T. Hef et al.

for any COP-parameter, when comparing iNPH and iNPH shunt. Within
groups, no significant differences were found between COP-parameters
range AP vs. range ML and v mean AP vs. v mean ML.

3.2. Plantar vibration perception

Due to 6 dropouts, data from 12 iNPH shunt patients were processed.
The comparisons of VPT between all groups revealed no statistically
significant differences for either anatomical location (Figure 3).
Comparing data from both anatomical locations within each group
showed higher values for met I than heel, though this was not statistically
significant.

4. Discussion
4.1. Posturography

The first aim of this study was to investigate postural performance in
iNPH. We hypothesized that postural performance in iNPH is impaired
compared to healthy subjects. All investigated COP-parameters revealed
significantly higher values for iNPH (Figure 2), which confirms our
hypothesis.

Our results are in line with several studies [1, 8, 9, 15, 31, 32].
Although iNPH-patients chose to perform quiescent stance with signifi-
cantly increased stance width, we found that postural disturbance in
iNPH presents as significantly increased COP areas and greater sway
displacements in the anterior-posterior and medio-lateral directions
compared to HS. It is noteworthy that patients’ sway displacement in the
medio-lateral direction seems to be more prevalent compared to the
anterio-posterior direction. Similarly, Nikaido et al. also found distinct
postural impairments in the medio-lateral direction [33]. Therefore, it
seems that broad-based stance as well as gait are strategies to increase the
base of support and consequently compensate for postural instability in
the medio-lateral direction [8, 33, 34, 35]. Furthermore, iNPH-patients
presented significantly increased COP velocities in both directions
(medio-lateral, anterior-posterior) compared to HS. Likewise, Blomster-
wall et al. found higher backward-directed velocities, which might be
associated with the risk of falling backwards [13, 31].

This sway pattern may reflect the underlying pathophysiological
mechanisms of iNPH. Although iNPH was initially described by Salomén
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Hakim in 1965 [7], a variety of mechanisms are still under debate.
Generally, it is presumed that enlarged ventricles and peak-like pressure
waves affect the functionality of various cortical and periventricular
subcortical structures and pathways [1, 2, 3, 4, 5, 6, 36]. Consequently,
demyelination, brain atrophy, neurotransmitter signaling abnormalities,
and cerebral blood flow depression accompanied by accumulation of
toxic metabolites are presumed to cause postural disturbance and
hypokinetic gait [5, 6]. Therefore, motor symptoms in iNPH seem to be
caused by central dysfunctions and additionally by the defective inte-
gration of afferent inputs from the visual [12, 13, 14], vestibular [15, 16]
and somatosensory systems [8, 9, 11, 15]. However, the fundamental
mechanisms of defective afferent input, especially from the somatosen-
sory system are still unclear.

Although the pathophysiology of iNPH is complex, inserting a ven-
triculoperitoneal shunt is considered the standard treatment [34, 37].
Since gait and postural disturbances generally respond to shunt surgery
[1, 34, 371, we hypothesized that shunting improves postural perfor-
mance in iNPH. However, we did not find significantly superior postural
performance for shunted patients compared to non-shunted patients.
Hence, our results do not support this hypothesis. Nevertheless, we found
a tendency towards better postural performance for shunted patients
(Figure 2).

The discrepancy between our results and other studies with signifi-
cant postural improvements after shunting [1, 8, 9] might have several
reasons. One reason might be our cross-sectional study design, which did
not investigate pre vs. post shunt response for identical patients, but in-
dependent study groups. Moreover, since shunt-related improvements
show a time dependent decline [37, 38], the highly variable post shunt
measurement intervals of our shunted patients might be another reason
for non-significant results. Finally, patients’ highly interindividual vari-
able COP-data and the small sample size may have influenced our results.

4.2. Plantar cutaneous vibration perception

The second aim of this study was to investigate cutaneous perception
in iNPH by applying vibration stimuli to the plantar foot. Since ventric-
ular enlargement of iNPH affects the functionality of several cortical and
periventricular structures [1, 2, 3, 4, 5, 6, 21], we hypothesized that
plantar cutaneous vibration perception is affected in iNPH, whereas
shunting normalizes plantar cutaneous vibration perception.

VPT amplitude heel
80

75
70
65
60
55
50
45
3 40
35
30

20
15

o] T
0

iNPH

A) iNPH HS

shunt

VPT amplitude met |
80

75
70
65
60
55
50
45
3 40
35
30
25
20

15 1

10

0 1 1 1
iNPH iNPH HS

B) shunt

Figure 3. VPT amplitude group comparison for both anatomical locations: A) heel, B) met I; the level of significance was Bonferroni adjusted to a = 0.0083. No

significant differences could be found.
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Surprisingly, the VPTs did not differ significantly between all inves-
tigated groups, which suggests comparable functionality (Figure 3).
Therefore, our results do not support these hypotheses. As our study is
the first specifically investigating cutaneous perception in iNPH, it is
challenging to explain our findings based on related literature. Only one
older study has investigated the functionality and integration of propri-
oceptive and plantar tactile stimuli in patients suffering from low pres-
sure hydrocephalus [11]. Estanol [11] found that proprioceptive stimuli
induced by sudden ankle movements may trigger leg stiffening by
increasing muscle tone. However, absent Babinski signs in the majority of
the patients suggest that tactile stimuli are of no importance in eliciting
perseveration of posture. Since Estanol's study enrolled only six patients
suffering from low pressure hydrocephalus, which is a rare type of
normal pressure hydrocephalus, those results might not be comparable
with our study results [39].

Nevertheless, there are some physiological and methodological as-
sumptions, which might help to explain our results:

First, cerebral and neuronal structures, which are involved in trans-
mitting and processing afferent cutaneous stimuli of the plantar foot, like
the ventrobasal complex of the thalamus and Brodmann areas 1 and 3b of
the primary somatosensory cortex [17], might not be significantly
affected by ventricular enlargement and subsequent cerebral blood flow
reduction. The study of Sasaki et al. may support this hypothesis. By
investigating 30 hydrocephalic patients via single photon emission
computed tomography they revealed dominant blood flow reduction in
cerebral and neuronal structures, which are not primarily responsible for
plantar cutaneous perception [36].

Second, potentially disturbed pathophysiological integration and
degeneration of epidermal nerve fibers and mechanoreceptors (Meissner
corpuscles) in iNPH could be reweighted by recruiting inactive mecha-
noreceptors. This has been demonstrated at least for cutaneous noci-
ceptors. So-called “sleeping nociceptors” only become active and
responsive in the presence of specific conditions, like inflammation [40].
Hence, it is conceivable that additionally recruited inactive mechanore-
ceptors compensate potentially impaired processing and receptor activity
and, we therefore, could not find any significant differences.

Methodological reasons might be the high variability of plantar vi-
bration perception data, which can be even found in healthy subjects [41,
42]. As already mentioned, a higher number of patients may lead to
clearer results. Moreover, since we only measured vibration perception at
30 Hz, which primarily stimulates Meissner corpuscles in glabrous skin,
we do not know about the functionality of other mechanoreceptors,
which are more sensitive to higher frequencies, e.g. Vater-Pacini cor-
puscles [28].

5. Conclusion

In conclusion, this study demonstrated that patients with iNPH suffer
from poor postural stability compared to healthy subjects, which is even
noticeable in quiescent stance. Shunting tended to affect postural per-
formance positively. Plantar vibration perception seems to be compara-
ble between all investigated study groups. Hence, postural disturbance in
iNPH cannot clearly be ascribed to defective plantar cutaneous input.
Further research should aim to investigate postural performance under
more challenging conditions, like controlled perturbation. Moreover,
subsequent studies should focus on examining the functionality of
various cutaneous receptors, which are sensitive to vibration stimuli at
different frequencies, pressure, temperature or pain.
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