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Abstract

Introduction

We compared changes in balance control due to chronic inflammatory demyelinating poly-

neuropathy (CIDP) and non-inflammatory (non-inf) polyneuropathy (PNP) to each other and

with respect to healthy controls (HCs). Differences in patients’ subjective impressions of bal-

ance capabilities were also compared.

Methods

Balance control of 11 CIDP patients (mean age 61.1±(sd) 11, 8 male) and 10 non-inf PNP

patients (mean age 68.5±11.7, all male) was examined and compared to that of 18 age- and

gender-matched healthy controls. Balance control during stance and gait tasks was mea-

sured as trunk sway angles and angular velocities with body-worn gyroscopes. Patients’

subjective impressions of balance were obtained using the Dizziness Handicap Inventory

(DHI). The Neuropathy Impairment Score in the Lower Limbs (NIS-LL) was used to measure

clinical disease status.

Results

Non-inf PNP patients had slightly lower NIS-LL (13.5±7.2 vs. 17.9±15.1) and DHI scores

(22.6±17.1 vs 27.6±16.3). Gait tasks showed a significant decrease in gait speed with

respect to HCs for both patient groups but reduced trunk sway for non-inf PNP patients.

Trunk sway during tandem walking and walking on the heels was greater for both groups

than that of HCs. Sway during 2-legged stance tasks with eyes closed on a firm or foam sur-

face was also greater than for HCs.

Discussion

Compared to HCs both groups of patients have significantly greater sway for most stance

and gait tasks accompanied by reduced gait speed. As for HCs, non-inf PNP patients
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reduced trunk sway with slower gait speed. In CIDP patients this compensatory strategy

was absent, possibly due to a greater deficit of efferent and motor nerve fibers. An interpre-

tation of these findings is that CIDP patients have reduced ability to decrease trunk sway

with slower gait speed and is possibly associated with an increased risk of falls.

Introduction

Polyneuropathy (PNP) is a generalized, relatively homogeneous disease process of the peri-

pheral nerves. Usually the distal nerves are affected most prominently. In PNP the sensory

proprioception of the lower legs (lower-leg proprioceptive loss (LLPL)) can be affected. As

this sensory system plays a key role in balance control, PNP patients experience balance

impairment during stance and gait [1, 2]. This balance impairment is one of the most promi-

nent symptoms of PNP and is primarily a result of absent sensory responses from the lower

legs [3, 4]. Without sensory input from the lower legs, balance corrections following perturba-

tions to stance are still initiated in LLPL patients [3] but pathological instabilities in trunk sway

are present [5]. These instabilities are also present in LLPL patients during quiet stance [2].

However it is not known if an equally unstable trunk sway is present during other standard

clinical tests such as tandem walking or walking on the heels as well as during normal gait.

To maintain balance the central integration of proprioceptive information from the legs

with other sensory information is necessary [6–9]. In polyneuropathy, because the afferent

conduction of tactile and proprioceptive information is impaired, a deficit in stance balance

control results and an increased risk of falling is assumed [10–12]. Furthermore, the amount

of nerve involvement is correlated with quiet stance [1, 11] and perturbed stance instability [3,

4, 6], as well as the number of falls experienced [13]. However, depending on the type of

peripheral neuropathy, different nerve structures are involved, possibly resulting in different

types of impaired balance.

The prevalence of polyneuropathy has been reported to be between 2% and 7% with an

increase to 13% in persons older than 80 years [14, 15]. Clinical symptoms include sensory

and neuropathic symptoms, autonomic dysfunction and motor symptoms [14, 16–19]. Most

polyneuropathies are length dependent and predominantly sensory [20, 21]. Common causes

are diabetes, vitamin B12 deficiency, alcohol abuse or infectious reasons, although in approxi-

mately 25% of cases, the cause remains unclear (cryptogenic) [22, 23].

Chronic inflammatory demyelinating polyneuropathy (CIDP) is a rare autoimmune medi-

ated variant of polyneuropathy affecting both sensory and motor fibers in both proximal and

distal segments of all four limbs, that is in a more length independent way. The inflammation

causes damage to the myelin sheaths leading to slowing or blocking the signal conduction

[24]. The prevalence is approximately 0.003% [25]. CIDP can affect all ages and men are more

affected than women [25]. The disease course can be progressive, relapsing-remitting or

monophasic [24].

We performed this study to test the hypothesis that patients with length-dependent non-

inflammatory (non-inf) PNP and length-independent CIDP would have different deficits in

stance and gait balance control possibly due to the greater effect on motor fibres in CIDP. Fur-

thermore, we wanted to determine if, for both groups, gait and stance balance control mea-

sured in the form of trunk sway, was equally greater than that of healthy controls. As far as we

are aware, this is the first time such comparisons has been undertaken. The second objective of

this study was to determine whether differences in balance changes between these two patient
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groups are related to the patients’ own perceptions of vertigo and as measured with the Dizzi-

ness Handicap Inventory (DHI) questionnaire.

Materials and methods

Subjects and balance tasks

For this study balance control was examined in 11 CIDP patients (mean age 61.1±11, 8 male)

and 10 non-inflammatory (non-inf) PNP patients (mean age 68.5±11.7, all male). All patients

were diagnosed for polyneuropathy by experienced neurologists accordingly current guide-

lines [17, 26, 27]. Diagnosis and classification of the neuropathy was established by electro-

neurography and electromyography tests carried out no less than 6 months prior to the

current balance tests. Demographic details of the patients are provided in Table 1. All CIDP

patients underwent treatment with immunosuppressive treatment or intravenous immuno-

globulins or both at the time of the study. All CIDP patients had progressive neurological

symptoms before initiating treatment but had stable disease status with residual symptoms

over the last 6 months prior testing. Seven of the 10 non-inf PNP patients had cryptogenic

PNP, 2 had diabetes, and 1 nephrotic PNP. Patients’ balance scores for stance and gait tasks

were compared to those of 18 age- and gender-matched healthy controls whose data was

reported in prior publications [28–30]. To clinically quantify the involvement of peripheral

nerves we used the NIS-LL (Neuropathy Impairment Score in the Lower Limbs) [31] which

was assessed by a neurologist 30 mins prior to the balance tests. The NIS-LL scale ranges from

the normal value of 0, to the maximum of 88 with the absence of all motor, sensory and reflex

activity in the lower limbs. It is applied bilaterally for each modality tested and is additive for

all deficits. The NIS-LL includes an assessment of global sensory involvement of peripheral

nerves with a maximum deficit score of 16. For this assessment light touch, pinprick and vibra-

tion are tested with well-established clinical procedures [32]. In addition, we assessed proprio-

ception by using joint position matching which is also part of the NIS-LL. To assess motor

deficits the NIS-LL protocol was also used. The motor tests assess 8 leg muscle groups

Table 1. Patient Characteristics (means and standard deviations).

Demographics CIDP Patients Non-inf PNP Patients

Age in years 61.1 ±11.0 68.5 ± 11.7 ns

Male 8 of 11 10 of 10

Duration between diagnosis and balance tests (yrs) 2.6 ±3.0 1.8 ±2.7 ns

DHI score 27.6 ± 16.3 22.6 ± 17.1 ns

Neurological Examination

NIS–LL score 17.9 ± 15.1 13.5 ± 7.2 ns

Motor NIS-LL score 11.2 ± 9.8 2.7 ± 4.0 �

Gait and balance scores

Balance Control Indexa

score 438.6 ± 186.9

407.6 ± 179.5 ns

Gait speed m/s 1.1± 0.2 1.0 ± 0.2 ns

� p = 0.023

The following abbreviations have been used: DHI—Dizziness Handicap inventory

NIS–LL—Neuropathy Impairment Score in the Lower Limbs; Motor NIS LL—Motor part of the Neuropathy

Impairment Score in the Lower Limbs; ns–no significant difference (2-sided t test) between patient groups.
aThe Balance Control Index is a composite score based on measures from several of the tests–see methods for details.

https://doi.org/10.1371/journal.pone.0191957.t001
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bilaterally for muscle strength. The strength grading used for this ranges from 0 to 4 (paraly-

sis), and includes intermediate scores (eg 3.5) Thus for a complete lack of muscle strength, a

total score of 64 is possible. However, strength scoring is subjective and open to bias as it

depends on the degree of muscle weakness as judged by the examiner. Reflexes are scored by

measuring the reflex response at the quadriceps and triceps surae muscles. Reflexes are

assessed as normal, decreased or absent, with a total score of 8 if all reflexes are absent. The

clinical measures used in the NIS-LL have been shown to correlate well with electrophysiologi-

cal testing and with examination repetition by another experienced neurologist within the

same center [33].

To obtain a subjective assessment of the patient’s balance problems we used the dizziness

handicap inventory (DHI) questionnaire [34]. The DHI is a self-assessment tool to quantify

the impact of dizziness on the patient’s everyday life. The questionnaire consists of 25 ques-

tions divided into 3 groups: functional, emotional, and physical. The answers to the questions

are scored yes score 4, perhaps score 2 or no score 0. The total score ranges from 0, indicating

no handicap, to 100, indicating a profound self-perceived handicap. DHI scores have been

shown to increase with the frequency of a patient’s episodes of dizziness [34].

Exclusion criteria for all patients were the inability to walk without a walking aid and the

presence of orthopedic problems or other diseases/disabilities e.g. a history of stroke, vestibular

or extrapyramidal disorders that could affect balance. All subjects gave written informed con-

sent in accordance with the Declaration of Helsinki prior to the experiments. The protocol was

approved by the ethics committee of North-Central Switzerland (EKNZ), Approval No: 2015–

096.

Balance of the patients was assessed by measuring trunk sway during a sequence of 12

stance and gait tasks. Based on previous data we have equated increased (with respect to HCs)

values of trunk sway angle and angular velocity during gait with gait instability for two reasons.

Firstly, because the sway is measured at lumbar 1–3 is close to the position of the center of

body mass [35]. Secondly because in our work with elderly subjects [36, 37] as well as patients

with Parkinson’s disease [30, 38] we have demonstrated that trunk sway angle and angular

velocities outside of normal limits indicate a risk of falling. This conclusion is supported both

on the records of the number of falls over the 6 months prior to testing elderly fallers and non-

fallers, as well as an independent measure of risk of falling–the stops-walking-when-talking

test [36].

All stance and gait tasks were performed in the same order by each patient and executed

without shoes. The tasks used were chosen based on previous studies in our laboratory com-

paring balance for 12 stance and gait balance tasks between different patient groups and

healthy controls [30, 39–41]. Trunk sway was measured with the SwayStar device (Balance

International Innovations GmbH, Switzerland) which uses two gyroscopes to measure pitch

(anterior-posterior) and roll (lateral) angular velocities of the lower trunk at a sample rate of

100 Hz. Angles were determined on-line by trapezoid integration of the velocity signals. The

device is worn at the level of L3-L5 in the middle of the lower back of the patients near the

body’s center of mass [30]. The SwayStar device has been validated by a number of patient

studies, specifically those affected by multiple sclerosis and vestibular loss [30, 39–42].

Four 2-legged tests were performed with the feet spaced shoulder width apart. Two were

performed with eyes open–on a normal surface and on a foam surface (height 10 cm, density

25 kg/m3)–and 2 eyes closed. Three 1-legged stance tasks were performed eyes open, two on a

normal surface (right and left leg) and one on the foam surface. For the latter foam task, the

patients were asked to use their better leg to stand on. The stance tasks were performed on

foam to reduce the remaining contribution of lower-leg proprioceptive to balance control.

Stance tasks were performed for 20 seconds or until the patient lost balance. The patients
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performed 4 walking tasks with eyes open, one with eyes closed: a tandem gait task which was

performed by walking 8 tandem steps (W8tan); walking on heels for 3 meters (W3mheels);

walking 3m while pitching the head up and down; walking 3 meters, eyes closed (W3mEC)

and walking 8 meters, eyes open (W8mEO). Tasks were performed with eyes closed to elimi-

nate visual inputs to balance control. For gait tasks, patients were asked to walk at their com-

fortable pace. At the beginning of each gait task the patients were asked to stand comfortably

with feet hip-width apart to standardize the start of each test. Prior to the balance assessments

patients filled out the Dizziness Handicap Inventory (DHI). The DHI is used clinically and in

research to assess the impact of a person’s dizziness on their quality of life [34].

Data processing and statistical analysis

The outcome measurements of each trial were 90% range and peak-to-peak roll angle range

(RAR), pitch angle range (PAR), roll angular velocity range (RVR), pitch velocity range (PVR)

for the complete trial and trial duration. The 90% range was determined using the histograms

of pitch and roll angle and angular velocity having divided the peak to peak range into 40 bins.

As there were few differences in significance for 90% and peak to peak ranges (see Tables 2

and 3), here we report the 90% ranges and associated statistics.

We concentrated on 3 primary measures to compare between the groups. Firstly, a global

balance control index (BCI) which combines results from several different trials into one

index (see details below), secondly trunk sway measures for walking eyes open and closed

which we hypothesised would be different from HCs, and thirdly trunk velocity measures dur-

ing stance eyes closed which we expected to differ from those of HCs based on prior research

[2]. The remaining tests explored were basically typical clinical tests–tandem walking and

walking on the heels. The BCI is an additive composite score based on measures from several

tests: From the test standing on 2 legs on foam with eyes closed (2�pitch velocity), for walking

8 tandem steps (1�roll angle), for walking 3m eyes closed (1.5�pitch velocity + 20�duration),

walking 3m while pitching the head up and down (1.5�pitch velocity) [28]. The step-wise dis-

criminant analysis used to select the above tests and measures entering the BCI is described in

Allum and Adkin, 2003 [43]. The upper 95% limit of this index for healthy persons of the age

of the patients is 340 [28]. This combination of the selected balance outcome measures has

been shown previously to have a high accuracy in detecting patients with impaired balance

[43].

To compare the PNP and CIDP patients, ANOVAs were performed followed by post-hoc t-

tests. As statistical significant differences between these patient groups were only found for the

walking 8m eyes open and 3m eyes closed gait, we also pooled the patient data for comparisons

with health controls (HCs) using ANOVA tests. Comparisons with healthy age- and gender-

Table 2. Means of CIDP and non-inf PNP patients for 90% ranges and task durations of gait tasks.

Roll Velocity (deg/sec) Pitch Velocity (deg/sec) Roll Angle (deg) Pitch Angle (deg) Duration

(sec)

CIDP non-inf PNP p CIDP non-inf PNP p CIDP non-inf PNP p CIDP non-inf PNP p CIDP non-inf PNP p

Gait tasks

w3mec

(+/- SD)

33.40

(3.57)

24.15

(1.73)

ns 48.8

(3.99)

32.39

(4.05)

0.017
p

4.79

(0.40)

3.70

(0.43)

ns 5.67

(0.60)

4.63

(0.55)

ns 7.88

(0.98)

7.85

(1.28)

ns

w8meo

(+/- SD)

39.25

(3.45) 27.57

(1.07)

0.014
p

60.79

(5.79)

38.70

(5.86)

0.025
p

4.35

(0.40)

3.51

(0.30)

ns 5.85

(0.66)

5.01

(0.57)

ns 10.77

(0.92)

9.92

(0.94)

ns

https://doi.org/10.1371/journal.pone.0191957.t002
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matched normal values and between patient populations were performed post-hoc using inde-

pendent-samples t-tests with a Bonferroni correction for 5 comparisons per balance test. Sig-

nificance was set at p<0.05 after the Bonferroni correction.

Results

Differences between non-inf PNP and CIDP patients

As Table 1 indicates, there were no statistical differences between most of the 2 groups of

patients’ measures even though the DHI, NIS-LL and BCI measures were slightly higher for

the CIDP compared to non-inf PNP patients and the motor part of the NIS-LL revealed signif-

icantly higher scores for the CIDP patients. Thus our first primary measure (BCI) was not dif-

ferent between the two patient groups. There was, however, a major difference in trunk sway

measures between the groups for normal walking with eyes open and closed (see Figs 1 and 2,

Fig 1. Examples of pitch and roll trunk sway during walking 8m with eyes open for a typical CIDP and a non-inf PNP patient. The upper traces are the time plots

with the 8m measurement sequence marked with vertical lines indicating when the subject passed light barriers spaced 8m apart. The lower x-y plots are of pitch versus

roll velocity over the 8m walking interval. The envelope of the angular velocity excursions is presented as a convex hull around each x-y plot. As indicated, both subjects

are of the same age and walk with similar gait speeds. Note the larger trunk velocity for the CIDP patient.

https://doi.org/10.1371/journal.pone.0191957.g001
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and Table 2). This difference in our second primary measure is illustrated for eyes open walk-

ing in Figs 1 and 2. Both the non-inf PNP and CIDP patients have reduced gait speed com-

pared to the approximately 7 seconds HCs required on average to walk 8m at their normal

walking speed. However, in contrast to HCs [29] and the non-inf PNP patients (Fig 2), CIDP

patients did not have reduced trunk sway velocities with slower gait speed. A similar effect was

noted for pitch velocity walking eyes closed. No other differences between the two patient pop-

ulations were noted in the balance control measures for the stance and other gait tasks even

though CIDP patients tended to have large roll sway across all tests (see, for example, Fig 3).

Due to the lack of a large number of patient group differences, we pooled the patient data

when comparing the patient data with that of HCs (see Table 3 and Figs 2 and 3).

Fig 2. Mean 90% trunk sway measures for walking 8m with eyes open for trunk sway pitch and roll angle and angular velocity. The height of the column represents

the mean value and the vertical bar above the column the standard error of the mean (sem). Significance is shown in the figure between the means of the non-inf PNP

and CIDP patients, and between the pooled mean of the patients and that of the healthy controls (HCs). The concomitant reduction of sway velocity observed in our

non-inf PNP patients has been observed previously in healthy elderly controls when they reduce gait speed. Note that sway velocity for the CIDP patients is not less than

that of HCs despite the markedly reduced gait speed (walking duration over 8m is significantly greater for the patients).

https://doi.org/10.1371/journal.pone.0191957.g002
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Differences between healthy controls and patients

For the two-legged stance tests standing eyes closed on a normal and on a foam surface, the

patients had significantly greater trunk sway velocities than HCs (Table 3). Thus our second

and third primary measures, respectively gait and stance eyes closed were significantly differ-

ent from HCs. This difference to HCs was also observed for trunk sway velocities eyes open on

a foam surface (Table 3). Significant increases in sway angles with respect to HCs were also

present for standing eyes closed on foam (Table 3 and Fig 3). Generally, sway for two-legged

tests tended to be larger for CIDP compared to non-inf PNP patients but, as mentioned above,

this difference was not significant.

As expected from the results with two-legged tasks, one-legged eyes open stance tests also

showed highly significant differences to HCs. Table 3 indicates that the duration of one-legged

stance was considerably shorter than that of HCs. The shorter duration was often accompanied

by large sway deviations at the end of recording as the patients lost balance control.

Fig 3. Mean trunk sway measures for standing on two legs eyes closed on a foam surface. The layout of the figure is identical to that of Fig 2. Note that all sway

measures showed highly significant increases (p�0.006) with respect to HCs.

https://doi.org/10.1371/journal.pone.0191957.g003
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For common gait tests used in neurology clinics to test patients (walking on the heels and

walking tandem steps) significantly larger sway angles and velocities differences were also

observed (Table 3).

Across all tests there was little difference between using peak-to-peak or 90% range mea-

sures. Peak-to-peak measures led to a slightly lower number of significant findings (28 versus

33 sway measures).

Discussion

In this study we performed stance and gait posturography on patients with non-inflammatory

polyneuropathy (non-inf PNP) and CIDP in order to investigate differences in trunk sway

between the patient groups. As there is evidence that patients with polyneuropathy in general

have trunk instabilities during stance tests [2], we also investigated whether patients with poly-

neuropathy have trunk instability (larger values than HCs) also during complex gait tasks and

normal walking.

We found that both CIDP and non-inf PNP patients have significantly greater sway than

HCs during stance tests and complex gait tasks (walking on the heels and walking tandem

steps). (Fig 3, Table 3). In these tasks no significant differences have been found between non-

inf PNP patients and patients with CIDP. However, while walking normally with eyes open

and walking with eyes closed non-inf PNP and CIDP patients had slower preferred walking

speeds (Fig 2). In non-inf PNP patients compared to CIDP patients we found clearly reduced

trunk sway in addition to the slowing of gait (Fig 2). Interestingly, reduced trunk sway veloci-

ties have been reported in healthy controls when they slow their gait and we assume that this is

a mechanism to increase trunk stability [29]. As the reduction of trunk sway velocity is associ-

ated with a reduced risk of falls in the elderly [36, 37], it would be interesting to investigate

whether the reduction of gait speed in non-inf PNP patients is an attempt to improve overall

gait stability by reducing trunk sway velocity. Based on this assumption, for CIDP patients the

lack of a reduction of sway velocities despite a reduction of gait speed (Figs 1 and 2) may be an

expression of a gait deficit due to the higher extent of nerve fiber involvement in CIDP. While

the majority of non-inf PNP deficits are length dependent and sensory predominant, in CIDP

sensory and motor fibers of the arms and legs are involved [21, 44, 45]. In contrast to pure sen-

sory involvement with impaired afferent conduction of tactile and proprioceptive information

in non-inf PNP, the additional motor involvement in CIDP may lead to impaired motor

responses. Our CIDP patients had noticeably increased (weaker) motor scores (Table 1). It is

known that distal muscle weakness has a more profound effect on balance control than proxi-

mal muscle weakness [35] which could explain our findings in CIDP patients. There is evi-

dence that in patients with motor neuropathy the recruitment of lower limb muscles is delayed

resulting in decreased stability during gait [13, 46, 47]. There is a clear proportionally increas-

ing relationship between walking speed and trunk sway velocity in the elderly [29]. This effect

may be more prominent during normal walking than during complex gait tasks such as walk-

ing while pitching the head up and down, which are usually performed with lower speed and

less counterbalancing arm movements. It should be noted that the effect we observed for

CIDP patients cannot be explained by any age effect as the CIDP patients were slightly younger

than the non-inf PNP patients (61 vs 68 years on average). Sway increases with age after 60

years in healthy controls [28, 29]. Furthermore, as all CIDP patients had stable disease state at

the time of the study, the behavior of CIDP (relapsing-remitting vs. progressive) had no influ-

ence of the results.

During the gait task walking 8m both groups of PNP patients slowed gait presumably in

order to reduce trunk sway to within normal stability (trunk sway) bounds for that gait speed
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[29]. Our findings indicate that the CIDP patients did not reduce sway to amplitudes expected

for their slower walking. In addition, amplitudes for stance tasks are increased in both groups

of PNP patients. The question arises whether these results imply, particularly for the CIDP

patients, an increased risk of falls in these patients. An association between sway angle and

angular velocity amplitudes and the risk of falls has been shown in earlier studies with elderly

persons as well as in patients with Parkinson’s disease [36–38].

Given the contribution of both vestibular and lower leg proprioceptive inputs to postural

control [2–4] it is interesting to compare the effects of the two types of loss on balance control.

Our results during stance with a greater number of PNP patients confirm previous trends [2]

that 2-legged stance tests with eyes closed on a normal or foam surface or eyes open on foam

are pathological in lower leg proprioceptive loss (LLPL) patients whereas as only standing eyes

closed on foam is pathological for bilateral peripheral vestibular loss (BVL) patients [2] but not

pathological for chronic unilateral vestibular loss patients [43]. Common to both types of sen-

sory loss is the inability to walk within normal trunk stability bounds with eyes closed (see

Table 3 for LLPL and Allum et al [48] for unilateral vestibular loss patients). However, apart

from reduced durations more complex gait tasks (such as walking with head-pitching move-

ment) are performed normally (Table 3 and Allum et al [48]) by both vestibular and lower leg

proprioceptive loss patients. Thus, it appears both types of sensory inputs are equally impor-

tant during gait, with leg proprioceptive inputs more important during stance.

In conclusion, in addition to unstable stance eyes closed, we found that patients with CIDP

and patients with non-inf PNP have slower preferred gait speed than healthy persons. How-

ever, patients with non-inf PNP showed a reduction of trunk sway velocity while slowing gait

which is similar to HCs when they slow their gait [29]. In contrast, in patients with CIDP we

found a pattern different from HCs with no reduction of trunk sway despite reduced gait

speed. Whether our findings are the expression of more severe balance deficits in patients with

CIDP and whether their reduction of sway while slowing gait is part of an attempt to improve

overall gait stability remains unclear. An expanded investigation of overall gait stability at dif-

ferent gait speeds would appear to be necessary to identify those PNP patient groups with a

higher risk of falling and offer them an appropriate physiotherapy.
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