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Abstract

Introduction

Polyneuropathy leads to postural instability and an increased risk of falling. We investigated

how impaired motor impairment and proprioceptive input due to neuropathy influences pos-

tural strategies.

Methods

Platformless bisegmental posturography data were recorded in healthy subjects and

patients with chronic inflammatory demyelinating polyradiculoneuropathy (CIDP). Each

subject stood on the floor, wore a head and a hip electromagnetic tracker. Sway amplitude

and velocity were recorded and the mean direction difference (MDD) in the velocity vector

between trackers was calculated as a flexibility index.

Results

Head and hip postural sway increased more in patients with CIDP than in healthy controls.

MDD values reflecting hip strategies also increased more in patients than in controls. In the

eyes closed condition MDD values in healthy subjects decreased but in patients remained

unchanged.

Discussion

Sensori-motor impairment changes the balance between postural strategies that patients

adopt to maintain upright quiet stance. Motor impairment leads to hip postural strategy
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overweight (eyes open), and prevents strategy re-balancing when the sensory context pre-

dominantly relies on proprioceptive input (eyes closed).

Introduction
Human postural control can be studied with the single- or multi-link inverted pendulum
model [1–7]. This model assumes two strategies (ankle and hip centered), that can either be
used by the central nervous system to produce adaptable control over the horizontal position
for the center of mass in the sagittal plane. The ankle strategy repositions the center of mass by
moving the whole body as a single-link inverted pendulum by producing torque at the ankle,
other standing joints (knee, hip, vertebrae, neck) remaining rigid. Conversely, the hip strategy
moves the body as a double-link inverted pendulum with counter-phase motion at the ankle
and hip, all other standing joints (knee, vertebrae and neck) remaining rigid. The ankle strategy
involves early dorsal ankle muscle activation followed by dorsal thigh and trunk muscle activa-
tion (for responses to backward translations). These muscle activations produce torque at the
support surface. Kinematic analyses therefore show body movement predominantly at the
ankle joint, and only small movements at the hip. The hip strategy entails early ventral trunk
and thigh muscle activation associated with a relative increase in shear forces at the support
surface and little phasic activation in ankle muscles [8, 9]. Kinematic analyses show trunk flex-
ion paired with ankle extension [8, 9]. Ankle and hip strategies are not extremes along a contin-
uum of mixed strategies, rather simultaneously co-existing excitable modes, always present
together, one predominating on the other depending on the available sensory information, task
or perturbation [10–11]. Almost “pure” ankle or hip strategy is observed in response to specific
perturbations. For example, the ankle strategy persists during small perturbations consisting of
low-amplitude, low-velocity or low frequency stimuli. With larger perturbations, the hip strat-
egy predominates [10].

Somatosensory input during postural movement control involves muscle sensory organs,
such as spindles, and Golgi tendon organs [12–14]. Proprioceptive signals travel to the brain
through large peripheral nerve fibers, the fibers stimulated during routine nerve-conduction
studies. To interpret complex sensory environments the brain needs to weigh their relative
dependence on each of the senses, integrating proprioceptive information with visual and ves-
tibular information. When tested while standing on a firm support base, in a well-lit environ-
ment, healthy persons primarily rely on somatosensory and to a lesser extent on vestibular and
visual information [15]. When they have to move in a dimly lit garden, sensory information is
re-weighted according to the new sensory context. This ability is important for maintaining
stability, and individuals with somatosensory impairment from peripheral polyneuropathy
find it difficult to re-weigh postural sensory dependence according to changing sensory con-
text, and are therefore at risk of falling [16]. The loss of sensory perception secondary to dia-
betic distal symmetrical sensory neuropathy markedly deteriorates postural stability, induces
larger and faster postural sway than normal and these deficit are greatest when visual or vestib-
ular cues are absent or degraded [17–18].

Another major factor in maintaining balance is ankle strength. Patients with motor
impairment related to peripheral polyneuropathy perform weak, slowed, and delayed flexion-
extension foot movements, and they have difficulty to recover from lateral perturbations for
their inability to develop torque rapidly about the ankle and hip joints, related to the severity of
neuropathy [19–22]. Individuals with muscle weakness without concomitant sensory loss also
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find it difficult to maintain postural control based on proprioceptive input. This relative failure
of proprioceptive postural control associated with muscle weakness indicates a functional link
between contractile and sensory muscular processes [23].

Patients with peripheral polyneuropathy due to diabetes have postural instability and an
increased risk of falling [24–26]. Many studies have tried to describe and quantify postural
sway in these patients by using electromyography and posturography [27–31]. In earlier
research, we used the bisegmental posturography technique to describe the balance between
hip or ankle postural strategies that could differentiate between young and older healthy people
[32]. We found that normal elderly humans operated postural control by overweighing ankle
strategy, whereas a predominant two-link model (with more balanced hip and ankle strategies)
was preferred in young healthy persons. Few reports describe postural strategies during upright
stance in polyneuropathy due to diabetes or somatosensory loss due to experimental ischemia
[33–35]. Knowing more about postural strategies for neural control of balance to prevent falls
may help in developing a functional diagnostic tool for clinical practice or for monitoring bal-
ance improvements in patients with a specific peripheral polyneuropathy, such as chronic
inflammatory demyelinating polyradiculoneuropathy (CIDP). CIDP is a disabling distal-proxi-
mal sensory-motor neuropathy that mainly affects large myelinated fibers causing focal demye-
lination and axonal damage [36]. Since it is chronic, the eventual compensatory mechanisms
adopted to control balance are likely well established. Since it affects both motor and sensory
fibers, this neuropathy offers the opportunity to study how postural changes take place when
motor impairment summates to sensory loss. Finally, since this clinical condition affects both
proximal and distal nerve segments theoretically it may impair activation of ankle vs. hip strat-
egy unequally.

Our aim in this clinical and posturographic investigation was to use the bisegmental postur-
ography technique to investigate the balance between postural strategies adopted for control-
ling stance under static conditions in patients with impaired somatosensory input and motor
function related to CIDP at distal and proximal muscle districts of the lower limbs. To do so, in
patients with CIDP and healthy subjects standing on the floor, as a postural variable we mea-
sured body sway (velocity and amplitude) and as a kinematic variable reflecting postural strate-
gies (single-segment or double-segment inverted pendulum) we calculated the mean direction
difference (MDD) in the velocity vector from the two electromagnetic trackers placed at two
body levels, head and hip. In order to assess the visual feedback on postural control we tested
the eyes open and eyes closed conditions.

Materials and Methods
For bisegmental posturography, we used two electromagnetic trackers (Flock of Birds Motion
Tracking; Ascension Technology Corporation; Shelburne, Vermont, USA) connected to a com-
puter. Detailed information about this technique has been published elsewhere [32]. Subjects
stood upright on the floor with their feet together and without shoes. Each subject wore two
trackers: one (T1) placed on the back of the head (inion) and the other (T2) on the back of the
hip (at L5), both secured with elastic belts. Body sway was studied by recording the sway from
the two trackers during quiet stance, with subjects standing on the floor with feet together, in
two different trials, eyes open and eyes closed. The following postural and kinematic variables
were analyzed: mean velocity (MV) and mean amplitude (MA) of each sway tracker, and the
mean difference of direction (MDD) between T1 and T2, calculated as the mean of the instan-
taneous angular difference between the velocity vector for the two trackers. MDD values pro-
vided information about flexibility in the ankle-hip-head axis. The lower MDD value reflected
predominant ankle strategies and the higher MDD value corresponded to hip strategies [32].
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Arbitrary units were chosen to obtain a value of 0 for parallel vectors; 0.5 for perpendicular vec-
tors; and 1 for antiparallel vectors. MDD values ranged from 0 to 1. Whereas the system moni-
tored tracker displacement in three-dimensional (3D) space, we considered only the, x, y
displacement, z movement (vertical) being relatively minimal.

We recruited for the study 13 patients of both sexes aged 24–67 years (mean: 46.7 years)
with CIDP (mean years of disease 3±1.8) (Table 1) and 24 healthy control subjects of both
sexes aged 20–67 years (mean: 42 years) with no history of neurologic abnormality.

Patients with CIDP were recruited from the Neurology department and diagnosed accord-
ing to clinical findings, nerve conduction study, cerebrospinal fluid examination, and labora-
tory tests [38–39]. Patients were selected from a larger group, none of whom had other
underlying disorders such as diabetes, prolonged alcohol abuse, chronic renal failure. The
patients were studied in stabilized clinical condition, when treatment was discontinued. All
patients with CIDP had a stepwise progressive disease course. According to the CIDP Disease
Activity Status (CDAS) [40] all patients were classified as being in “remission”. All were sub-
jected to posturography in the remitting or stable stage. Each patient was evaluated with the
neurological disability score (NDS) [37], electrodiagnostic testing, bisegmental posturographic
recording and cerebrospinal fluid examination. Healthy control subjects underwent posturo-
graphic recording alone. Electrodiagnostic studies provided neurographic data including sural-
nerve sensory conduction velocity and bilateral peroneal and tibial-nerve motor conduction
velocity. In all the patients studied, neurographic data showed symmetric sensory and motor
fiber impairment (Table 2).

Neurological examination excluded vestibular impairment. Cerebrospinal fluid examination
in all the patients showed moderately increased protein concentration without pleocytosis
(<10 cells/mm3). All the patients and healthy subjects received detailed information about
experimental procedures and provided written informed consent before attending to the study.
The study was performed in agreement with the Declaration of Helsinki and approved by the
institutional ethical committee of the Department of Neurology and Psychiatry, Sapienza Uni-
versity of Rome.

Posturographic data were expressed as median plus or minus standard error (SE). Neuro-
graphic data were expressed as mean plus or minus standard deviation. Wilcoxon test was used
to evaluate differences between eyes open and eyes closed conditions whereas Kruscal-Wallis
test was used to evaluate all variables differences between healthy subjects and patients with
CIDP. Spearman’s test was used to determine possible correlations between postural variables
and NDS. P values equal to or less than 0.05 were considered to indicate statistical significance.

A supporting Information file, S1 File (Clinical, neurophysiological and posturographic
measures in healthy subjects and patients) is provided containing all measures.

Results
Bisegmental posturography findings (Table 3) showed significant postural differences between
trials with eyes open and eyes closed in patients and healthy subjects. In healthy subjects, eye
closure increased sway velocity and reduced MDD as postural control increased the weight of
ankle in the balance between postural strategies adopted. In patients with CIDP, eye closure
increased sway velocity and amplitude but left high MDD (hip strategy) unchanged.

Nearly all the postural variables studied differed significantly between healthy subjects and
patients with CIDP. For example, in the eyes open and eyes closed conditions, mean MV at T1
and T2 was higher in patients than in healthy subjects. Similarly, MA was larger in T1 and T2
eyes open, and T1 and T2 eyes closed in patients than in controls. The MDD between T1 and
T2 was higher in patients with CIDP than in healthy subjects.
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A correlation was found between NDS sub-scores and some postural variables. In both the
eyes open condition (r = 0.82, p<0.00), and the eyes closed condition (r = 0.79 p> 0.01) the
MDD variable correlated with NDS-MD sub-score. Further analysis showed that NDS-MD
sub-score also correlated with cMAP amplitudes of peroneal (r = -0.92, p<0.00) and tibial
nerve (r = -0.83, p<0.00). Amplitude of peroneal and tibial nerve cMAPs also correlated with
MDD in both the eyes open condition (peroneal nerve r = -0.87, p<0.00, tibial nerve r = -0.88,
p<0.00), and the eyes closed condition (peroneal nerve r = -0.73, p<0.01, tibial nerve r = -0.73,
p<0.00).

In the patients group, we found no correlation between age and postural variables, nor
between age and disability score.

Table 1. Clinical Characteristics of Subjects at the time they participated in the study.

Patient Age Sex Age of onset NDS-MP NDS-MD NDS-S

1 24 M 20 2 12 2

2 28 M 27 4 16 2

3 32 F 31 12 15 8

4 45 F 39 8 17 8

5 47 F 45 4 18 6

6 51 F 45 18 16 16

7 50 M 46 5 16 8

8 60 M 58 4 12 10

9 54 M 51 4 12 12

10 67 M 66 4 11 14

11 62 F 60 12 13 8

12 50 F 47 4 17 2

13 38 M 34 6 13 6

NDS neurological disability score [37]

NDS-MP scores of lower limb proximal muscle disability (3 muscles tested on left and right leg)

NDS-MD scores for lower limb distal muscle disability (3 muscles tested on left and right leg)

(0 = normal strength; 1 = 25% paresis; 2 = 50% paresis; 3 = 75% paresis; 4 = paralysis)

NDS-S scores for lower limb distal sensory disability: tested on both halluces; four tests: touch, pain, vibration, position sense; 0 = normal sensation;

1 = reduced sensation; 2 = no sensation).

doi:10.1371/journal.pone.0151629.t001

Table 2. Mean values from nerve conduction studies in CIDP patients.

Nerve Stimulated

Sural (s) Peroneal (m) Tibial (m)

Latency (ms) 4.3 ± 0.5 (UNL �4.4)§ 6.9 ± 1.5 (UNL �6.5) 8.9 ± 2.3 (UNL �5.8)

Amplitude* 4.3 ± 3.0 (LNL �6.0) 2.1 ± 0.6 (LNL >2.0) 3.5 ± 1.7 (LNL �4.0)

Velocity (m/s) 27.6 ± 6.4 (LNL �40.0) 26.5 ± 5.0 (LNL �44.0) 27.4 ± 4. (LNL �41.0)

F wave latency (ms) 67.4 ± 4.6 (UNL �56.0)# 69.1 ± 6.4 (UNL �56.0)

s: sensory study; m: motor study; UNL, upper normal limit; LNL, lower normal limit.

*Amplitude: motor studies in mV, sensory studies in μV.
§absent in three patients
#absent in five patients

Values represent means ± standard deviations.

doi:10.1371/journal.pone.0151629.t002
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Discussion
Our clinical and posturographic study with the bisegmental posturography technique showed
that patients with impaired somatosensory input and motor function related to CIDP at distal
and proximal lower limbs prevalently maintain stance control under static conditions with a
model based on a double-link inverted pendulum that activates hip strategy more than healthy
subjects do (Fig 1). Conversely, healthy subjects prevalently keep the body upright with a sin-
gle-link inverted pendulum that activates predominantly an ankle strategy. With the eyes
closed, when the principal feedback sources are vestibular information and somatosensory
input, whereas healthy subjects maintain the upright stance by accentuating their predominant
reliance on a single-link inverted pendulum model, patients with CIDP are less efficient in
increasing the activation of an ankle strategy, and continue using a double-link inverted pendu-
lum model (i.e. a segmented body) that overweighs the activation of a hip strategy.

The ankle and hip strategies may be viewed as simultaneously co-existing excitable modes,
both always present with varying amounts of power, one predominating on the other depend-
ing upon the characteristics of the available sensory information, biomechanical, environmen-
tal, and task constraints [10]. Owing to impaired distal nerve conduction, patients with CIDP
cannot use sensory information from the ankle properly and have impaired motor function so
they compensate postural sway by balancing their body with increasing the activation of hip
strategy. Since not only CIDP induces dysfunction of distal but also proximal muscle districts,
the new balance of strategies activated proves only partially efficient, because in the eyes-closed
condition, although patients overweighed hip strategy (as shown by the not significant MDD
change), they increased both the amplitude and the speed of postural sway.

Our detailed bisegmental posturographic findings in patients with CIDP agree with previ-
ous reports describing abnormal postural sway in patients with diabetic or hereditary periph-
eral polyneuropathy studied by standard posturography [27–31].

Reasonably, changes in vestibular input are unlikely to explain our findings because—apart
from a report in a single patient [41]—CIDP spares the vestibular system. In addition, a

Table 3. Platformless bisegmental posturography data in healthy subjects and patients with chronic inflammatory demyelinating poliradiculo-
neuropathy (CIDP).

Healthy Subjects Patients with CIDP

Eyes open Eyes closed Eyes open Eyes Closed † p < ‡ p < § p < || p <

MDD 0.36±0.01 (0.24–
0.59)

0.27±0.01 (0.22–
0.38)

0.45±0.02 (0.33–0.59 0.40±0.01 (0.33–0.52) 0.0001 NS 0.05 0.0000

Mean Velocity T1 5.55±0.23 (3.90–
8.02)

9.37±0.45 (5.15–
14.7)

9.53±1.21 (4.30–
20.57)

22.71±3.58 (6.70–
47.84)

0.00001 0.01 0.001 0.001

Mean Velocity T2 3.31±0.15 (1.95–
4.99)

5.25±0.28 (2.72–
8.19)

5.23±0.88 (2.62–
13.78)

12.64±2.13 (3.82–
30.60)

0.00001 0.01 0.01 0.01

Mean Amplitude
T1

8.30±0.61 (4.72–
15.14)

10.05±0.88 (4.95–
23.7)

14.20±1.64 (7.19–
27.23)

22.46±3.47 (8.05–
51.62)

0.05 0.05 0.01 0.001

Mean Amplitude
T2

5.25±0.39 (2.55–
9.63)

5.95±0.56 (2.32–
16.21)

8.69±0.96 (4.61–
16.34)

11.52±1.81 (7.76–
31.59)

NS 0.01 0.05 0.0000

† = Wilcoxon test between eyes open and eyes closed condition in healthy subjects
‡ = Wilcoxon test between eyes open and eyes closed condition in CIDP patients
§ = Kruscal-Wallis Test between healthy subjects and CIDP patients, open eyes condition variables
|| = Kruscal-Wallis Test Test between healthy subjects and CIDP, open eyes condition variables

Values represent medians±standard errors and (min-Max).

doi:10.1371/journal.pone.0151629.t003
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previous study from our group showed that CIDP patients in the eyes closed condition activate
compensatory strategies for proprioceptive afferents and visual deprivation by increasing vesti-
bule-spinal excitability [42]. Changes in postural strategy in the patients studied here, rather
depended mainly on slowed or scrambled sensory input (more evident with no vision), and
motor impairment [16, 43].

Altered nerve conduction related to CIDP induces somatosensory impairment causing
inappropriate signals from muscle and cutaneous sensory organs [13]. Accordingly, after nor-
mal and enhanced ankle input perturbations, stretch reflexes were absent in ankle and knee
joint muscles in a patient with total proprioceptive loss in the legs [44]. Our patients’ difficulty
in re-balancing postural strategies when studied without visual input, and preferences for a bal-
ance overweighting hip strategy with and without visual input receives support from a study
describing diminished and delayed (by 45 ms) correcting responses in total proprioceptive loss
in the legs [44]. The hip-predominant balance between strategies adopted, likely reflects how
CIDP prevents patients from using somatosensory input generated by foot flexion, so that they
can no longer stand upright and need to activate the hip muscles to move the trunk and

Fig 1. Balance between the postural strategies adopted to maintain stance in normal subjects and patients. Patients with chronic inflammatory
demyelinating polyradiculoneuropathy overweigh hip strategy in the balance of postural strategies adopted during upright quiet stance.

doi:10.1371/journal.pone.0151629.g001
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maintain balance [16]. By increasing the flexibility at the head-hip-ankle axis, the hip strategy
implies body segmentation. On the sensory side of the control process, segmentation improves
detection of sway and activation of postural reflexes, because movements of the upper seg-
ments occur simultaneously with rotation of the ankles.

Predominant hip weighting in the balance between strategies adopted for postural correc-
tion during quiet stance in CIDP patients, may also reflect motor impairment in general, and
unequal dysfunction of proximal and distal muscles in particular, as the correlation between
postural variables and distal muscle component of NDS suggests. The central nervous system
sums the individual sensory error signals and as a function of this summed signal generates an
appropriate corrective torque signal [15, 45]. Lower-limb weakness causes instability because,
although subjects can detect their sway, they cannot generate adequate stabilizing torques
about the ankles to correct it [46–47]. Patients with mild diabetic neuropathy have difficulty in
rapidly developing torque about the ankle from a lateral perturbation, possibly owing to a defi-
ciency in distal motor function [21]. Similarly, our patients compensated postural sway by bal-
ancing their body increasing the activation at hip joint, as shown by their high MDD values,
also owing to their predominantly distal weakness. Indeed, in the eyes-closed condition they
proved less efficient than controls in increasing ankle strategy as normal subjects did. Since
closing the eyes does not affect the contractile state (strength and rate of force development) of
the leg muscles, whereas it affects predominantly the reliance on proprioceptive sensory input
from the legs, CIDP patients maintained their ongoing balance of active postural strategies in
the absence of visual input also owing to their distal muscle weakness. This interpretation is in
line with observations that weaker subjects sway significantly more than stronger subjects
when their sensory input is matched [23].

In patients, the MDD calculated during the eyes-closed condition was similar to that calcu-
lated in healthy subjects in the eyes-opened condition, i.e. a value we referred to as a “predomi-
nant ankle strategy”. However, when patients closed the eyes their MDD value did not change
significantly from that calculated with the eyes opened, as it happened in controls. This appar-
ent paradox resolves by contextualizing that ankle and hip strategies are not extremes along a
continuum of mixed strategies to maintain upright stance, but they always co-exist with differ-
ent relative intensities, reasonably dictated by biomechanical, environmental, and task con-
straints [10].

Clinical examination revealed that patients exhibited predominant motor component with
a proximal to distal positive gradient. That the relative sparing of power in proximal muscle
groups did not prevent CIDP patients from a partially inefficient re-balancing of postural strat-
egies confirms a primary role of muscle weakness in determining their postural findings. This
interpretation is supported by the correlation found between postural, clinical and neuro-
graphic variables (i.e., the greater the CIDP-related distal motor impairment, the greater the
neurographic motor abnormality, and ankle-hip-head axis flexibility). Even in normal subjects,
frontal plane hip strength proved a single best predictor of unipedal stance time and appeared
to compensate for less precise ankle proprioceptor thresholds [48].

A limitation of the present study may be the position chosen for the top electromagnetic
tracker, placed on the back of the head at inion. This prevented the link between the head and
hip trackers to record the relative motion between the head and the trunk, and therefore to
interpret the movements of the neck with respect to the trunk as wrongly reflecting a double-
link inverted pendulum. Although we acknowledge that positioning the top tracker at the
shoulder or the C7 spinous process would be advisable, we reasoned that during quiet stance
head-trunk movements are negligible. Another limitation is that the study has been conducted
on a small sample of highly clinically variable patients, thus precluding an adequate multivari-
ate analysis. In addition, clinical variability may be at the origin of reduced changes in MDD in
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patients with the largest destabilizing responses when closing their eyes. These individuals had
impaired somato-sensation and therefore were over-reliant on vision to control posture [49].
When vision was eliminated, their vestibular input might be insufficient to control posture,
and they exhibited abnormally large sways. Reasonably, concurrent muscles weakness [20–21]
prevented them from significantly changing the balance between strategies adopted to control
posture as showed by their minimal MMD variation [50].

Conclusions
We conclude that motor impairment together with slowed and scrambled proprioceptive affer-
ent information related to CIDP cause our patients to overweigh hip strategy in their balance
of postural strategies adopted during upright quiet stance. When patients with CIDP undergo
posturography with the eyes closed they prove less efficient in increasing the relative activation
of the ankle strategy as healthy people can, and they continue using a double-link inverted
pendulum model that overweighs the activation of a hip strategy. Our findings show that in
patients with muscle weakness even increasingly important multiple sensory inputs do not
warrant stability. Future research is warranted to investigate the further correlations between
postural variables and sensory-motor function.

Supporting Information
S1 File. Clinical, neurophysiological and posturographic measures in healthy subjects and
patients.
(XLS)

Author Contributions
Conceived and designed the experiments: SR MC NA AC. Performed the experiments: SR MS.
Analyzed the data: SR MS MC NA CT PM FF AC. Contributed reagents/materials/analysis
tools: SR MS MC NA CT PM FF AC. Wrote the paper: SR MS MC NA CT PM FF AC.
Designed the platformless bisegmental posturography software used in the study: NAMC SR.

References
1. Pedotti A, Crenna P, Deat A, Frigo C, Massion J. Postural synergies in axial movement: short and long-

term adaptation. Exp Brain Res 1989; 74:3–10. PMID: 2924840

2. Day BL, Steiger MJ, Thompson PD, Marsden CD. Effect of vision and stance width on human body
motion when standing: implications for afferent control of lateral sway. J Physiol 1993; 469:479–499.
PMID: 8271209

3. Kuo AD, Zajac FE. Human standing posture: multi-joint movement strategies based on biomechanical
constraints. Prog Brain Res 1993; 97:349–358. PMID: 8234760

4. Forssberg H, Hirschfeld H. Postural adjustments in sitting humans following external perturbations:
muscle activity and kinematics. Exp Brain Res 1994; 97:515–527. PMID: 8187862

5. Loram ID, Lakie M. Human balancing of an inverted pendulum: position control by small, ballistic-like,
throw and catch movements. J Physiol 2002; 540:1111–1124. PMID: 11986396

6. Finley JM, Dhaher YY, Perreault EJ. Regulation of feed-forward and feedback strategies at the human
ankle during balance control. Conf Proc IEEE Eng Med Biol Soc 2009; 2009:7265–7268. doi: 10.1109/
IEMBS.2009.5334730 PMID: 19965100

7. Loram ID, Gollee H, Lakie M, Gawthrop PJ. Human control of an inverted pendulum: is continuous con-
trol necessary? Is intermittent control effective? Is intermittent control physiological? J Physiol 2011;
589:307–324. doi: 10.1113/jphysiol.2010.194712 PMID: 21098004

8. Horak FB, Nashner LM. Central programming of postural movements: adaptation to altered support-
surface configurations. J Neurophysiol 1986; 55:1369–1381. PMID: 3734861

Stance Postural Strategies

PLOS ONE | DOI:10.1371/journal.pone.0151629 March 15, 2016 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151629.s001
http://www.ncbi.nlm.nih.gov/pubmed/2924840
http://www.ncbi.nlm.nih.gov/pubmed/8271209
http://www.ncbi.nlm.nih.gov/pubmed/8234760
http://www.ncbi.nlm.nih.gov/pubmed/8187862
http://www.ncbi.nlm.nih.gov/pubmed/11986396
http://dx.doi.org/10.1109/IEMBS.2009.5334730
http://dx.doi.org/10.1109/IEMBS.2009.5334730
http://www.ncbi.nlm.nih.gov/pubmed/19965100
http://dx.doi.org/10.1113/jphysiol.2010.194712
http://www.ncbi.nlm.nih.gov/pubmed/21098004
http://www.ncbi.nlm.nih.gov/pubmed/3734861


9. Runge CF, Shupert CL, Horak FB, Zajac FE Ankle and hip postural strategies defined by joint torques.
Gait Posture 1999; 10:161–170 PMID: 10502650

10. Creath R, Kiemel T, Horak F, Peterka R, Jeka J. A unified view of quiet and perturbed stance: simulta-
neous co-existing excitable modes. Neuroscience Letters 2005; 377:75–80. PMID: 15740840

11. Torres-Oviedo G and Ting LH. Muscle Synergies Characterizing Human Postural Responses. J Neuro-
physiol 2007; 98:2144–2156. PMID: 17652413

12. Allum JH, Bloem BR, Carpenter MG, Hulliger M, Hadders-Algra M. Proprioceptive control of posture: a
review of new concepts. Gait Posture 1998; 8:214–242. PMID: 10200410

13. Loram ID, Lakie M, Di Giulio I, Maganaris CN. The consequences of short-range stiffness and fluctuat-
ing muscle activity for proprioception of postural joint rotations: the relevance to human standing. J Neu-
rophysiol 2009; 102:460–474. doi: 10.1152/jn.00007.2009 PMID: 19420127

14. Banks RW, Hulliger M, Saed HH, Stacey MJ. A comparative analysis of the encapsulated end-organs
of mammalian skeletal muscles and of their sensory nerve endings. J Anat 2009; 214:859–887. doi: 10.
1111/j.1469-7580.2009.01072.x PMID: 19538631

15. Peterka RJ. Sensorimotor integration in human postural control. J Neurophysiol 2002; 88:1097–1118.
PMID: 12205132

16. Horak FB. Postural orientation and equilibrium: what do we need to know about neural control of bal-
ance to prevent falls? Age Ageing 2006; 35-S2: ii7–ii11.

17. Simoneau GG, Ulbrecht JS, Derr JA, Becker MB, Cavanagh PR. Postural instability in patients with dia-
betic sensory neuropathy. Diabetes Care 1994; 17:1411–21. PMID: 7882810

18. Yamamoto R, Kinoshita T, Momoki T, Arai T, Okamura A, Hirao K, et al. Postural sway and diabetic
peripheral neuropathy. Diabetes Res Clin Pract 2001; 52:213–21 PMID: 11323091

19. Andersen H, Jakobsen J. A comparative study of isokinetic dynamometry and manual muscle testing of
ankle dorsal and plantar flexors and knee extensors and flexors. Eur Neurol 1997; 37:239–42. PMID:
9208265

20. Andersen H, Mogensen PH. Disordered mobility of large joints in association with neuropathy in
patients with long-standing insulin-dependent diabetes mellitus. Diabet Med 1997; 14:221–7. PMID:
9088771

21. Gutierrez EM, Helber MD, Dealva D, Ashton-Miller JA, Richardson JK. Mild diabetic neuropathy affects
ankle motor function. Clin Biomech (Bristol, Avon) 2001; 16:522–8.

22. Son J, Ashton-Miller JA, Richardson JK. Frontal plane ankle proprioceptive thresholds and unipedal
balance. Muscle Nerve 2009; 39:150–7 doi: 10.1002/mus.21194 PMID: 19145650

23. Butler AA, Lord SR, Rogers MW, Fitzpatrick RC. Muscle weakness impairs the proprioceptive control of
human standing. Brain Res 2008; 1242:244–251. doi: 10.1016/j.brainres.2008.03.094 PMID:
18499088

24. Corriveau H, Prince F, Hébert R, Raîche M, Tessier D, Maheux P, et al. Evaluation of postural stability
in elderly with diabetic neuropathy. Diabetes Care 2000; 23:1187–1191. PMID: 10937520

25. DeMott TK, Richardson JK, Thies SB, Ashton-Miller JA. Falls and gait characteristics among older per-
sons with peripheral neuropathy. Am J Phys Med Rehabil 2007: 86:125–132. PMID: 17251694

26. Macgilchrist C, Paul L, Ellis BM, Howe TE, Kennon B, Godwin J. Lower-limb risk factors for falls in peo-
ple with diabetes mellitus. Diabet Med 2010; 27:162–168. doi: 10.1111/j.1464-5491.2009.02914.x
PMID: 20546259

27. Ledin T, Odkvist LM, VrethemM, Möller C. Dynamic posturography in assessment of polyneuropathic
disease. J Vestib Res 1990–1991; 1:123–128.

28. Uccioli L, Giacomini PG, Monticone G, Margini A, Durola L, Bruno E, et al. Body sway in diabetic neu-
ropathy. Diabetes Care 1995; 18: 339–344 PMID: 7555477

29. Oppenheim U, Kohen-Raz R, Alex D, Kohen-Raz A, Azarya M. Postural characteristics of diabetic neu-
ropathy. Diabetes Care 1999; 22:328–332. PMID: 10333953

30. Nardone A, Galante M, Pareyson D, Schieppati M. Balance control in sensory neuron disease. Clin
Neurophysiol 2007; 118: 538–550. PMID: 17224305

31. van der Linden Mh, van der Linden SC, Hendricks HT, van Engelen BG, Geurts AC. Postural instability
in Charcot-Marie-Tooth type 1A patients is strongly associated with reduced somatosensation. Gait
Posture 2010; 31: 483–488. doi: 10.1016/j.gaitpost.2010.02.005 PMID: 20226674

32. Accornero N, Capozza M, Rinalduzzi S, Manfredi GW. Clinical multisegmental posturography: age-
related changes in stance control. Electroenceph Clin Neurophysiol 1997; 105:213–219. PMID:
9216490

33. Lafond D, Corriveau H, Prince F. Postural control mechanisms during quiet standing in patients with
diabetic sensory neuropathy. Diabetes Care 2004; 27:173–178. PMID: 14693985

Stance Postural Strategies

PLOS ONE | DOI:10.1371/journal.pone.0151629 March 15, 2016 10 / 11

http://www.ncbi.nlm.nih.gov/pubmed/10502650
http://www.ncbi.nlm.nih.gov/pubmed/15740840
http://www.ncbi.nlm.nih.gov/pubmed/17652413
http://www.ncbi.nlm.nih.gov/pubmed/10200410
http://dx.doi.org/10.1152/jn.00007.2009
http://www.ncbi.nlm.nih.gov/pubmed/19420127
http://dx.doi.org/10.1111/j.1469-7580.2009.01072.x
http://dx.doi.org/10.1111/j.1469-7580.2009.01072.x
http://www.ncbi.nlm.nih.gov/pubmed/19538631
http://www.ncbi.nlm.nih.gov/pubmed/12205132
http://www.ncbi.nlm.nih.gov/pubmed/7882810
http://www.ncbi.nlm.nih.gov/pubmed/11323091
http://www.ncbi.nlm.nih.gov/pubmed/9208265
http://www.ncbi.nlm.nih.gov/pubmed/9088771
http://dx.doi.org/10.1002/mus.21194
http://www.ncbi.nlm.nih.gov/pubmed/19145650
http://dx.doi.org/10.1016/j.brainres.2008.03.094
http://www.ncbi.nlm.nih.gov/pubmed/18499088
http://www.ncbi.nlm.nih.gov/pubmed/10937520
http://www.ncbi.nlm.nih.gov/pubmed/17251694
http://dx.doi.org/10.1111/j.1464-5491.2009.02914.x
http://www.ncbi.nlm.nih.gov/pubmed/20546259
http://www.ncbi.nlm.nih.gov/pubmed/7555477
http://www.ncbi.nlm.nih.gov/pubmed/10333953
http://www.ncbi.nlm.nih.gov/pubmed/17224305
http://dx.doi.org/10.1016/j.gaitpost.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20226674
http://www.ncbi.nlm.nih.gov/pubmed/9216490
http://www.ncbi.nlm.nih.gov/pubmed/14693985


34. Turcot K, Allet L, Golay A, Hoffmeyer P, Armand S. Postural strategies in diabetes patients with periph-
eral neuropathy determined using cross-correlation functions. Diabetes Technol Ther 2012; 14:403–
410. doi: 10.1089/dia.2011.0181 PMID: 22309476

35. Horak FB, Nashner LM and Diener H.C. Postural strategies associated with somatosensory and vestib-
ular loss. Exp Brain Res 1990; 82: 167–177. PMID: 2257901

36. Gorson KC. An update on the management of chronic inflammatory demyelinating polyneuropathy.
Ther Adv Neurol Disord 2012; 5:359–73. doi: 10.1177/1756285612457215 PMID: 23139706

37. Dyck PJ, ShermanWR, Hallcher LM, Service FJ, O'Brien PC, Grina LA, et al. Human diabetic endo-
neurial sorbitol, fructose, and myo-inositol related to sural nerve morphometry. Ann Neurol 1980;
8:590–6. PMID: 7212646

38. Research criteria for diagnosis of chronic inflammatory demyelinating polyneuropathy (CIDP). Report
from an AD Hoc Subcommitte of the American Academy of Neurology AIDS Task Force. Neurology
1991; 41: 617–618. PMID: 2027473

39. Koski Cl, Baungarten M, Magder LS, Barohn RJ, Goldstein J, Graves M, et al. Derivation and validation
of diagnostic criteria for chronic inflammatory demyelinating polyneuropathy. J Neurol Sci 2009; 277:1–
8 doi: 10.1016/j.jns.2008.11.015 PMID: 19091330

40. Gorson KC, van Schaik IN, Merkies ISJ, Lewis RA, Barohn RJ, Koski CL, et al. Chronic inflammatory
demyelinationg polyneuropathy disease activity status: recommendations for clinical research stan-
dards and use in clinical practice. J Peripher Nerv Syst 2010; 15:326–333 doi: 10.1111/j.1529-8027.
2010.00284.x PMID: 21199104

41. Frohman EM, Tusa R, Mark AS, Cornblath DR. Vestibular dysfunction in chronic inflammatory demye-
linating polyneuropathy. Ann Neurol. 1996 Apr; 39:529–35. PMID: 8619531

42. Rinalduzzi S, Cipriani AM, Capozza M, Accornero N. Postural responses to low-intensity, short dura-
tion, galvanic vestibular stimulation as a possible differential diagnostic procedure. Acta Neurol Scand
2011; 123:111–6 doi: 10.1111/j.1600-0404.2010.01349.x PMID: 20456247

43. Horlings CG, Küng UM, Bloem BR, Honegger F, Van Alfen N, Van Engelen BG, et al. Identifying deficits
in balance control following vestibular or proprioceptive loss using posturographic analysis of stance
tasks. Clin Neurophysiol 2008; 119:2338–2346. doi: 10.1016/j.clinph.2008.07.221 PMID: 18782677

44. Bloem BR, Allum JH, Carpenter MG, Verschuuren JJ, Honegger F. Triggering of balance corrections
and compensatory strategies in a patient with total leg proprioceptive loss. Exp Brain Res 2002;
142:91–107. PMID: 11797087

45. Mergner T, Siebold C, Schweigart G, Becker W. Human perception of horizontal trunk and head rota-
tion in space during vestibular and neck stimulation. Exp Brain Res 1991; 85:389–404. PMID: 1893987

46. Pearson MB, Bassey EJ, Bendall MJ. Muscle strength and anthropometric indices in elderly men and
women. Age Ageing 1985; 14:49–54. PMID: 4003178

47. Vandervoort AA, Hayes KC. Plantarflexor muscle function in young and elderly women. Eur J Appl Phy-
siol Occup Physiol 1989; 58:389–394. PMID: 2920717

48. Allet L, Kim H, Ashton-Miller J, De Mott T, Richardson JK. Frontal plane hip and ankle sensorimotor
function, not age, predicts unipedal stance time. Muscle Nerve 2012; 45:578–85. doi: 10.1002/mus.
22325 PMID: 22431092

49. Horak FB, Shupert CL, Mirka A. Components of postural dyscontrol in the elderly: a review. Neurobiol
Aging 1989; 10:727–38. PMID: 2697808

50. Manchester D, Woollacott M, Zederbauer-Hylton N, Marin O. Visual, vestibular and somatosensory
contributions to balance control in the older adult. J Gerontol 1989; 44:118–27.

Stance Postural Strategies

PLOS ONE | DOI:10.1371/journal.pone.0151629 March 15, 2016 11 / 11

http://dx.doi.org/10.1089/dia.2011.0181
http://www.ncbi.nlm.nih.gov/pubmed/22309476
http://www.ncbi.nlm.nih.gov/pubmed/2257901
http://dx.doi.org/10.1177/1756285612457215
http://www.ncbi.nlm.nih.gov/pubmed/23139706
http://www.ncbi.nlm.nih.gov/pubmed/7212646
http://www.ncbi.nlm.nih.gov/pubmed/2027473
http://dx.doi.org/10.1016/j.jns.2008.11.015
http://www.ncbi.nlm.nih.gov/pubmed/19091330
http://dx.doi.org/10.1111/j.1529-8027.2010.00284.x
http://dx.doi.org/10.1111/j.1529-8027.2010.00284.x
http://www.ncbi.nlm.nih.gov/pubmed/21199104
http://www.ncbi.nlm.nih.gov/pubmed/8619531
http://dx.doi.org/10.1111/j.1600-0404.2010.01349.x
http://www.ncbi.nlm.nih.gov/pubmed/20456247
http://dx.doi.org/10.1016/j.clinph.2008.07.221
http://www.ncbi.nlm.nih.gov/pubmed/18782677
http://www.ncbi.nlm.nih.gov/pubmed/11797087
http://www.ncbi.nlm.nih.gov/pubmed/1893987
http://www.ncbi.nlm.nih.gov/pubmed/4003178
http://www.ncbi.nlm.nih.gov/pubmed/2920717
http://dx.doi.org/10.1002/mus.22325
http://dx.doi.org/10.1002/mus.22325
http://www.ncbi.nlm.nih.gov/pubmed/22431092
http://www.ncbi.nlm.nih.gov/pubmed/2697808

