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Peripheral neuropathy in Parkinson’s
disease: prevalence and functional impact on
gait and balance
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Ana Paula Sousa,? Inés Reis,? Firmina Sambayeta,? (®Joana Damaésio,?

Margarida Calejo,? Andreas Schicketmueller,>® Inés Laranjinha,? Paula Salgado,?
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and Luis F. Maia>?3

Peripheral neuropathy is a common problem in patients with Parkinson’s disease. Peripheral neuropathy’s preva-
lence in Parkinson’s disease varies between 4.8-55%, compared with 9% in the general population. It remains unclear
whether peripheral neuropathy leads to decreased motor performance in Parkinson’s disease, resulting in impaired
mobility and increased balance deficits. We aimed to determine the prevalence and type of peripheral neuropathy in
Parkinson’s disease patients and evaluate its functional impact on gait and balance.

A cohort of consecutive Parkinson’s disease patients assessed by movement disorders specialists based on the UK
Brain Bank criteria underwent clinical, neurophysiological (nerve conduction studies and quantitative sensory test-
ing) and neuropathological (intraepidermal nerve fibre density in skin biopsy punches) evaluation to characterize the
peripheral neuropathy type and aetiology using a cross-sectional design. Gait and balance were characterized using
wearable health-technology in OFF and ON medication states, and the main parameters were extracted using vali-
dated algorithms.

A total of 99 Parkinson’s disease participants with a mean age of 67.2 (+10) years and mean disease duration of 6.5 (+5)
years were assessed. Based on a comprehensive clinical, neurophysiological and neuropathological evaluation, we
found that 40.4% of Parkinson’s disease patients presented peripheral neuropathy, with a predominance of small fi-
bre neuropathy (70% of the group). In the OFF state, the presence of peripheral neuropathy was significantly asso-
ciated with shorter stride length (P=0.029), slower gait speed (P=0.005) and smaller toe-off angles (P=0.002)
during straight walking; significantly slower speed (P =0.019) and smaller toe-off angles (P = 0.007) were also observed
during circular walking. In the ON state, the above effects remained, albeit moderately reduced. With regard to bal-
ance, significant differences between Parkinson’s disease patients with and without peripheral neuropathy were ob-
served in the OFF medication state during stance with closed eyes on a foam surface. In the ON states, these
differences were no longer observable.

We showed that peripheral neuropathy is common in Parkinson’s disease and influences gait and balance para-
meters, as measured with mobile health-technology. Our study supports that peripheral neuropathy recognition
and directed treatment should be pursued in order to improve gait in Parkinson’s disease patients and minimize bal-
ance-related disability, targeting individualized medical care.
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Introduction

Parkinson’s disease is a neurodegenerative disorder leading to sig-
nificant disability and decreased quality of life. With disease pro-
gression, motor impairment represents a considerable burden,
and gait and balance deficits progressively increase the risk of falls
and the management of daily-life activities."? Apart from the hall-
mark motor symptoms, Parkinson’s disease is considered to be a
multi-systemic disorder of the nervous system, and non-motor
symptoms have received increasing interest in recent years.?
Among the main features of Parkinson’s disease, a growing number
of studies assessing peripheral nerve pathology have recognized
the increased prevalence of peripheral neuropathy in the
Parkinson’s disease population.*®

Peripheral neuropathy’s main manifestations are postural in-
stability, loss of peripheral sensation, weakness and pain.”® It can
be classified into large fibre neuropathy and small fibre neur-
opathy,”*° the first diagnosed via the assessment of nerve conduc-
tion velocity and amplitude of the electric signal and the latter
through a composite evaluation, including the assessment of
neurological signs and symptoms, specific neurophysiological tests
such as the quantitative sensory testing (QST) and nerve fibre quan-
titative characterization.'>* This diagnostic approach must be
systematic to increase specificity.'*

Peripheral neuropathy was initially considered only in rare gen-
etic forms of Parkinson’s disease,’>'® but a significant number of
Parkinson’s disease patients have shown peripheral neuropathy
first in case-series and later in multi-centric studies.’™°

The prevalence of peripheral neuropathy in Parkinson’s disease
varies depending on the diagnostic methods used and has been
shown to be present in up to 55% of Parkinson’s disease pa-
tients,®”"'7"182° compared with 8-9% in the general population of
similar age.”® The association of peripheral neuropathy with
Parkinson’s disease has different explanations: (i) it may be linked
to Levodopa (.-DOPA) intake,” proven by a higher prevalence of per-
ipheral neuropathy in patients treated with .-DOPA compared with
those not treated with 1-DOPA,?? and by a higher prevalence of per-
ipheral neuropathy in patients receiving duodopa or .-DOPA intes-
tinal gel compared with oral 1.-DOPA?*?%; (ii) it may also be an
intrinsic feature of Parkinson’s disease, related to loss of small
nerve fibres due to, e.g. a-synuclein aggregates (main component
of Lewy bodies) not only in the basal ganglia but also in peripheral
nerve structures®®?*; (iii) concomitant diseases, such as metabolic
diseases, autoimmune disorders or infections.**?

Importantly, peripheral neuropathy in Parkinson’s disease
could increase the disability of those affected, leading to additional

motor dysfunction,'® higher risk of falls and injuries,?® and worsen-
ing of the global functional mobility. Mobility can be evaluated
via wearable health-technology, which provides objective and
quantitative measures of movements, with a precise estimation
of spatio-temporal parameters, allowing high sensitivity, accuracy
and reproducibility.”’ In fact, the use of wearable health-
technology for the assessment of peripheral neuropathy in
Parkinson’s disease may provide complementary information to
clinical and conventional lab-based assessment tools.?

In order to clarify if peripheral neuropathy has a functional im-
pact on gait and balance in Parkinson’s disease,”® we specifically
aimed to: (i) investigate prevalence and types of peripheral
neuropathy in Parkinson’s disease with a comprehensive assess-
ment of clinical, neurophysiological and neuropathological
evaluation; and (ii) determine whether peripheral neuropathy con-
tributes to impaired mobility in Parkinson’s disease using wearable
health-technology.

Materials and methods

We conducted a cross-sectional study with consecutive Parkinson’s
disease participants diagnosed by a movement disorders specialist
from Centro Hospitalar Universitario do Porto (CHUPorto) based on
the UK Brain Bank criteria,”® and attending the CHUPorto move-
ment disorders outpatient clinic from July 2018 to February 2020.
The possibility of cohort enrichment for the purpose of groups com-
parison from movement disorders specialists not involved in this
study was also prespecified. We included patients fully able to
understand and cooperate with study procedures (maintenance
of general cognitive function and daily activities) and without any
relevant gait-impairment health issue other than Parkinson’s dis-
ease. Demographic and disease specific variables (disease duration,
information on daily dopaminergic intake (LEDD)*® and number of
falls, the complete Unified Parkinson’s Disease Rating Scale—
UPDRS—at both OFF and ON states) were collected. In addition,
cognitive tests [Dementia rating scale (DRS)], non-motor symptoms
scale (NMSS) and quality of life questionnaire [Parkinson’s
disease questionnaire (PDQ-39)] were performed. The study was
approved by the institutional review board of CHUPorto (N/REF
2018.087(076-DEF1/076-CES) and performed in accordance with
the Declaration of Helsinki. Written informed consent was ob-
tained from all subjects before participation.
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The presence and severity of clinical signs and symptoms charac-
teristics for peripheral neuropathy were evaluated with the use of
two scales. The Neuropathy Impairment Score for Lower Limbs
(NIS-LL) included the measurement of muscle strength, tendon re-
flexes and sensation of touch pressure, vibration and joint position
at the lower limbs.?! This scale is age-adjusted such that decreased
ankle reflexes were considered normal or absent over the age of 70.
Participants with a NIS-LL of 3-5 points for the reflexes and sensory
parts were considered having mild neuropathy signs, those achiev-
ing 6-8 points as having medium neuropathy signs, and those
achieving above 9-10 as having severe neuropathy signs.*?

The modified Toronto Clinical Neuropathy Score (mTCNS) was
used to collect information about participants’ perception of dis-
comfort and neuropathic symptoms (namely foot pain, numbness,
tingling and weakness).>* Participants with a total score of >6 points
were considered to have symptoms of peripheral neuropathy.>*

Sensory and motor nerve conduction studies were performed using
surface recording electrodes with standard placement. The evalu-
ation was performed in the lower limbs (sural sensory, medial plantar,
peroneal motor and tibial motor nerve conduction studies, including
F-waves). If any of the previous action potentials were below the nor-
mative values, the evaluation extended to the upper limbs (ulnar and
median sensory and motor nerve conduction studies and radial sen-
sory nerve conduction studies). If a response was absent for any of the
above-mentioned nerves (sensory or motor), nerve conduction stud-
ies of the contralateral nerve were performed.

In order to assess small nerve fibres, QST examination using the
CASE IV system was used to determine the thermal (cold) and heat-
pain thresholds through a multimodal approach.*+¢ Stimuli were
tested on the lower limb (dorsal foot), usually in the same limb as
the nerve conduction studies were performed. The testing algo-
rithms were the 4, 2 and 1 stepping method for cold thresholds
and the non-repeating ascending with null stimuli for heat-pain
thresholds. Normative data from the CASE IV system were used.
If any of the tests showed altered results, i.e. above the 97th per-
centile, the upper limb (dorsal hand) of the same side was also
evaluated.”

Skin specimens were obtained from all participants not taking anti-
coagulant medication (n=87) with a disposable 5-mm circular
punch under sterile technique after topical anaesthesia. The ana-
tomical sites of skin biopsies were the lateral side of the distal leg
(10 cm above the malleolus) and the proximal thigh (20 cm below
the greater trochanter). Fixation and incubation of specimens
were performed as previously reported.® Immunohistochemical
labeling was performed on 50-um frozen sections using rabbit poly-
clonal protein-gene-product (PGP9.5) antibody (Zytomed systems;
1:250), and appropriate Cyanine 3 (Jackson ImmunoResearch
Laboratories; 1:50) as the fluorescent secondary antibody. Density
was calculated as the number of intraepidermal nerve fibres
(IENF) per length of section (IENF/mm). All the tissue sections
were analysed using a Nikon Eclipse E400 fluorescence microscope
at x40 magnification. Two criteria were considered to quantify the
presence of nerve fibre loss: the normative distal cut-off values
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reported in literature, stratified by age and sex® and the gradient
between proximal and distal values of IENF (60% or less IENF in
the distal probe, compared with the proximal probe, were consid-
ered pathologic).*

Toinvestigate the possible link between peripheral nerve fibre loss
and Parkinson’s disease pathology, phospho-o;-synuclein detection
was performed with the same skin specimens to determine potential-
ly Parkinson’s disease-driven pathology. Serial cryosections (20-um)
were cut and double-immunofluorescence labelling was performed
using PGP9.5 and anti-phospho-synuclein (Biolegend; 1:500) and ap-
propriate Cy3 and Alexa Fluor488 (Biolegend; 1:1000)-conjugated sec-
ondary antibodies. Biopsies were evaluated at the same fluorescence
microscope and classified as positive if at least one dermal nerve fibre
phospho-g;-synuclein-immunoreactive in the entire tissue section.?*

A case-by-case laboratory work-up was performed by a peripheral
neuropathy specialist to screen for peripheral neuropathy’s aeti-
ology. Complete blood count, immunoglobulins, T4 lysozyme and
thyroid-stimulating hormone, fasting glucose, glucose tolerance
and haemoglobin (HbA1C), electrolytes, erythrocyte sedimentation
rate, HIV, hepatitis B and C virus serology, antinuclear antibodies,
creatinine, blood urea, liver function tests (alanine transaminase,
aspartate aminotransferase, alkaline phosphatase, bilirubin, lac-
tate dehydrogenase, gamma-glutamyl transferase), vitamin B6
and B12 levels, methylmalonic acid. homocysteine and folic acid le-
vels were conducted.’ We first checked vitamin B6 and B12 defi-
ciency and vitamin B6 toxicity.*>*? Vitamin B12 deficiency was
considered if vitamin B12 levels were below 191 pg/l, or vitamin
B12 levels were <500 pg/l, and methylmalonic acid and/or homo-
cysteine were above cut-off.*?

Participants were diagnosed with large fibre neuropathy via nerve
conduction studies.

Participants were diagnosed with small fibre neuropathy if at
least two of the following examinations were abnormal***?;

(i) The sensory part (items related to pinprick, touch pressure, vibration,
joint position) of NIS-LL scale > 1 and/or selected items of the mTCNS >
1 (namely foot pain, numbness, tingling, temperature).

(ii) Abnormal warm and/or cooling threshold at the foot assessed by QST
(>97th percentile compared to normative data from age and sex-
matched healthy controls).

(iii) Reduced IENF compared to normative values,*® and 60% and less IENF in
the distal probe, compared with the proximal probe.*

Gait and balance were assessed during ON and OFF medication.
Study participants were first evaluated in their OFF medication
states in the morning, at least 12 h after the last dose of L.-DOPA,
and in their ON medication states, after 1-3 h from taking the first
dose of L-DOPA during the same day. Participants were equipped
with three synchronized RehaGait inertial measurement units
(IMUs, Hasomed GmbH), each containing a tri-axial gyroscope
and tri-axial accelerometer with sampling frequencies of 100 Hz.
The positions of the IMUs were the lower back and lateral parts of
both feet.

Gait was assessed with a 20-m straight walking and a 1080° cir-
cular walking test. The latter was conducted around a 1.2-m diam-
eter carpet in both left and right directions.** The Timed Up and Go
(TUG) test was also performed. Postural control was assessed with
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30-s trials of each, side-by-side stance on the floor and on
foam, with eyes opened and eyes closed, and tandem stance on
the floor.

The following gait parameters were extracted using validated
algorithms:**™* from the straight and circular walking data, stride
time, cadence, gait variability, gait speed, stride length, heel-strike
and toe-off angles; from the TUG data, duration of turns and peak
angular velocity during turns; and from the static balance data,
jerk in anterior-posterior (AP) and medio-lateral (ML) directions, ac-
celeration in AP and ML directions, velocity in AP and ML directions,
as well as sway area.?®*®*® We computed both AP and ML direc-
tions, because they were shown to represent different pathologies
or compensation strategies of the body.***° Explanatory material
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for the gait and balance parameters used in this study is provided
in the Fig. 1.

Statistical analysis

Clinical and gait and balance parameters between Parkinson’s dis-
ease patients with peripheral neuropathy (PD-PNP) and without
peripheral neuropathy (PD-noPNP) were first compared using a
t-test or Mann-Whitney U test, as appropriate. Analysis of correla-
tions were used to measure the linear relationship between vari-
ables and define the parameters of the final model. Normality of
distribution was assessed with Shapiro-Wilk test and variances
with Levene’s test. Listwise deletion was applied.
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- Jerk (cm/s3): relative smoothness of postural sway, sum of postural corrections. Time derivative of acceleration

- Sway area (cm?/s%): sway area, computed as the area spanned from the COP per unit of time required to correct equilibrium
- Velocity (cm/s): mean velocity of oscillation needed to correct equilibrium

- Acceleration (cm/s?): mean sway acceleration needed to correct movement fluctuations

Figure 1 Visual representation of gait cycle and postural sway. (A) Gait cycle and main gait parameters extracted from the IMU. (B) Postural sway and
main balance parameters extracted from the IMU. (i) Postural sway representation in ML and AP directions and description of main balance para-
meters. (ii) Representation of sway area on a balance platform. (iii) Position of feet during static balance tasks.
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Subsequently, a multivariate analysis of variances was used to
evaluate the possible effects of peripheral neuropathy on gait and
balance parameters. The analysis was carried out considering
PD-PNP and PD-noPNP groups as independent variables and the
combined gait and balance features as dependent variables. The
analysis was carried out for both OFF and ON medication states
separately and controlling for age. For the comparison of different
peripheral neuropathy types, a univariate analysis of variance
was performed using gait and balance parameters, after controlling
for age. The SPSS 25® software package was used. P <0.05 was con-
sidered significant.

The data presented in this study are available upon request to the
corresponding author.

Results

We assessed 99 consecutive Parkinson’s disease study participants
(39.4% women) with a mean age of 67.2 (+10) years and a mean dis-
ease duration of 6.5 (+5)years (Table 1). Mean .-DOPA daily dose
was 719.1 (+10) mg.

Clinical, neurophysiological and neuropathological assessment
showed that 40.4% patients (n=40) of this Parkinson’s disease co-
hort presented signs and symptoms allowing peripheral neur-
opathy diagnosis, with a predominance of small fibre neuropathy
(70% of the PD-PNP group) (Fig. 2). The main demographic and clin-
ical characteristics of PD-PNP compared with PD-noPNP partici-
pants were not significantly different, except for UPDRS-II in the
ON state (P=0.004) (Table 1).

Mean NIS-LL and mTCNS scores were 2.3 (+2.7) and 2.2 (+2.3), re-
spectively. A total of 36.3% (n=236) of the Parkinson’s disease group
showed neurological signs of peripheral neuropathy based on the

Table 1 Demographic and clinical characteristics of
Parkinson’s disease groups

PD-PNP PD-noPNP P-value

(n=40) (n=59)
Sex, n (%) 18F (45%) 21F (36%)  0.350
Age, years 66.1 (10) 67.9 (9) 0.630
Age at disease onset, years 59.2 (12) 61.4 (9) 0.737
Disease duration, years 7.1(6) 6.1 (4) 0.738
H&Y Stage 2 2 0.344
LEDD, mg 738 (362)  706.1(413)  0.431
UPDRS I ON 7.3 (4) 5.2 (4) 0.004*
UPDRS II OFF 8.8 (4) 7.5(5) 0.095
UPDRS III ON 15 (9) 14.9 (8) 0.849
UPDRS III OFF 24.1(11) 24.7 (10) 0.754
UPDRS IV 2.7 (2) 2.3(2) 0.188
NMSS 29 (21) 33.2(27) 0.638
DRS 122.4 (15) 123.2 (16) 0.603

Main demographic and clinical characteristics between PD-PNP and PD-noPNP
patients. Values are expressed in mean (standard deviation). Mean comparison
(t-test or Mann-Whitney U-test, where appropriate). F = female; H&Y =Hoehn and
Yahr stage. *P<0.01.
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NIS-LL scale cut-off, while 12.1% (n=12) showed noticeable neuro-
pathic symptoms, according to mTCNS results.

Twelve percent (n=12) of Parkinson’s disease participants
showed axonal large fibre neuropathy, based on nerve conduction
studies. No demyelinating features were observed. Sural sensory
nerve mean amplitude was 14.5 (+9.3) pV, while superficial pero-
neal sensory nerve mean amplitude was 13.3 (+7.1) pV. Peroneal
motor nerve analysis showed a mean amplitude of 4.9 (+2.1) mV,
mean velocity of 47.7 (+6.3) m/s and mean latency of 3.4 (+0.6)
ms. QST tests revealed that 21.2% (n=21) of study participants
had impaired sensitivity to cold temperatures and heat-pain, based
on temperature thresholds above the 97th percentile.

Mean IENF at the proximal thigh in the entire group was
11.5 (+3.6) and 7.3 (+3.2) at distal leg. A total of 35.3% (n=35)
Parkinson'’s disease subjects showed lower IENF at distal leg com-
pared with normative values® and proximal-distal gradient above
40%. Detailed clinical, neurophysiological and neuropathological
results of the peripheral neuropathy investigation are provided in
Supplementary Table 1.

Demographic and clinical characteristics of large and small
fibre neuropathy participants were not significantly different
(Supplementary Table 2). Since large fibre neuropathy often pre-
sents with more clinically relevant dysfunction than small fibre
neuropathy,? Parkinson’s disease participants with both small
and large fibre neuropathy were included in the large fibre neur-
opathy group for further analysis.

With regard to aetiology, 25% (n=10) of the PD-PNP group pre-
sented glucose dysmetabolism, while these abnormalities were
found in 20.3% (n=12) of the PD-noPNP group (P=0.584). Glucose
dysmetabolism included patients with diagnosis of Diabetes
Mellitus (17.5% of the PD-PNP cohort, n=7) and patients with
HbA1lc values >6.5% (n=3).°" Three patients with diabetes showed
a multifactorial aetiology of peripheral neuropathy. A total of
27.5% of the group (n=11) showed alterations in vitamin B6
and B12, methylmalonic acid, homocysteine or folic acid levels.
Of this group, 63.3% (n=7) presented vitamin B12 deficiency,
18.1% (n=2) showed low B12 values and high B6 values, and 18.1%
(n=2) presented high vitamin B6 levels. Finally, 45% (n=18) of the
PD-PNP group had normal blood results. In these cases with undis-
closed aetiology, no significant relation was found with LEDD va-
lues. One patient in the PD-PNP group refused to perform the
blood test (Fig. 2 and Supplementary Table 3).

Phospho-g;-synuclein deposits were observed in 14.9% of the
study cohort (n=13), mostly in the somatosensory nerve fibres of
the subepidermal plexus (n=11), but also in small nerve fibres around
sweat glands (one participant), and in nerve fibres in proximity of the
erector pilorum muscle (one participant). Phospho-o;-synuclein de-
posits location were more frequent at proximal thigh level (61.5% of
participants (n=8) compared to 15.3% (n=2) with an exclusive distal
involvement and 23.2% (n=3) showing phospho-a;-synuclein depos-
ition at both proximal and distal sites (Supplementary Fig. 1).
Phospho-g;-synuclein was present in 30.7% of small fibre neuropathy
participants (n=4). Of this group, two small fibre neuropathy subjects
showed diabetes mellitus as main cause of peripheral neuropathy,
one participant had abnormal metabolic alterations and one patient
presented undisclosed peripheral neuropathy aetiology.

In order to investigate the functional impact of peripheral neur-
opathy on gait and balance, three additional Parkinson’s disease
participants with neuropathic symptoms were subsequently added
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to the cohort in response to a random selection. A total of 102 (43
PD-PNP and 59 PD-noPNP) participants were therefore included in
the following analysis, with a mean age of 67.2 (+10)years and
mean disease duration of 6.6 (+5)years. The three additional
PD-PNP patients did not relevantly alter the overall cohort charac-
teristics. Gait and balance impairments were firstly analyzed at
baseline during the OFF medication state; subsequently, the same
functional parameters were investigated in the ON state, to look
at the medication effect.

Sensor-based gait parameters

We first performed a preliminary univariate and correlation ana-
lysis with all the gait parameters and removed stride time, cadence
and gait variability from the final multivariate model, because they
did not show a statistical difference between groups and for not sat-
isfying the model’s assumptions.

We observed significant differences between the PD-PNP and
PD-noPNP groups on the combined dependent parameters of gait
across all gait tasks (Table 2). In particular, at baseline, stride length
(P=0.029), gait speed (P=0.005) and toe-off angles (P=0.002) were
different between groups during straight walking at normal pace.
During circular walking, PD-PNP participants showed slower speed
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(P=0.019) and smaller toe-off angles (P=0.007) at OFF state.
Peak angular velocity was slower in the PD-PNP group during turns
(P=0.002).

In the ON medication state, the above effects remained, al-
though moderately reduced: during straight walking, all aforemen-
tioned parameters remained significantly different between
groups; in circular walking and turns, toe-off angles were smaller
(P=0.001) and peak angular velocity lower (P=0.01) in the PD-PNP
group, compared with PD-noPNP (Supplementary Table 4 and
Fig. 3).

Sensor-based static balance parameters

Multivariate analysis of variances on the combined dependent
parameters of postural stability was performed for all the balance
tasks: side by side stance; tandem stance; and stance with open
and closed eyes on a foam surface. No significant differences
between groups were observed during static stance on firm surface
and stance with open eyes on foam. Notably, only during stance
with closed eyes on foam, we found a significant difference
between PD-PNP and PD-noPNP on the combined dependent
parameters of balance in the OFF medication state, after
controlling for age (Table 3). Specifically, jerk in both AP (P=0.028)

A 30
n=28
(70%)
25
20
15
10
n=7
5 (17.5%)
n=5
(12.5%)
0
B Small fibre neuropathy Large and small fibre involvement Large fibre neuropathy

5 Glucose Undisclosed aetiology Glucose Abnormal

U::;;:Ilggs;d dysm;?z%?;i)sm n=2 (29%) dysmetabolism n;etah_olic

= n= D =3 43% alterations

n=13 (46%) =3 (43%) =l (25%)

fnl;rggg;rcl Abnormal Undisclosed
; metabolic aetiology
?}EEBT;;;; alterations n=4* (75%)
n= 2 (28%)

Figure 2 Prevalence of peripheral neuropathy in the Parkinson’s disease cohort and related aetiology. (A) Prevalence of peripheral neuropathy types in
Parkinson’s disease. Small fibre neuropathy (left column) was observed in 70% (n =28) of Parkinson’s disease participants; large and small fibre involve-
ment (middle column) represents 17.5% (n=7) of cases; large fibre neuropathy (right column) was observed in 12.5% (n=5) of Parkinson’s disease parti-
cipants. (B) Representation of peripheral neuropathy aetiology for small fibre neuropathy (left), large and fibre neuropathy involvement (middle) and
large fibre neuropathy (right) types. Values are expressed as number of subjects (%). *n=1 patient due to incomplete blood investigation.
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Table 2 Multivariate analysis of variances of combined gait
parameters

Gait task Medication Value F-value df Error P-value
state df
Straight OFF 0.886 2.83 4 88 0.029*
walking ON 0.84 3904 4 82 0.006™*
Circular OFF 0.888 2861 4 91 0.028*
walking ON 0.883 292 4 88 0.026*
Turns OFF 0914 4313 2 92 0.012*
ON 0944 2765 2 93 0.027*

Multivariate analysis of variances of combined gait parameters controlled for age
during different gait tasks and during OFF and ON medication states. df = degrees of
freedom. *P <0.0; *P <0.01.

and ML (P=0.001) directions, acceleration AP (P=0.03), velocity AP
(P=0.034) and sway area (P<0.001) differed between PD-noPNP
and PD-PNP. In the ON medication states, no significant difference
was observed between groups (Supplementary Table 5 and Fig. 4).

Comparison between small and large fibre neuropathy
groups

An exploratory analysis was conducted to investigate differencesin
mobility outcomes between large and small fibre neuropathy types.
Both large and small fibre neuropathy types contributed to im-
paired gait (Supplementary Table 6). In particular, the large fibre
neuropathy group showed lower toe-off angles, compared
to PD-noPNP during all gait tasks, at both OFF (P=0.001) and ON
(P <0.001) medication states. In contrast, gait speed was consistent-
ly affected by both large and small fibre neuropathy, which was sig-
nificantly slower compared to PD-noPNP during all gait tasks and all
medication states.

With regard to postural stability, the effect of peripheral neur-
opathy was more pronounced in the large fibre neuropathy group,
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especially in Jerk ML (P=0.004), Acceleration ML (P=0.005) and
sway area (P <0.001) (Supplementary Table 6).

Discussion

In this study, we found that peripheral neuropathy worsens gait
and balance in patients with Parkinson’s disease, regardless of its
aetiology or the peripheral neuropathy type. Our study shows to
the best of our knowledge, for the first time, the impact of periph-
eral neuropathy on mobility in Parkinson’s disease using wearable
health-technology.

Our comprehensive assessment of peripheral neuropathy
showed that 40.4% of the Parkinson’s disease population presented
peripheral neuropathy, in line with the previously reported preva-
lence of 4.8-55%.%%°2 This variability may be due to differences in
population size and use of different methodologies to diagnose per-
ipheral neuropathy.?® For example, previous studies used method-
ologies directed only to a single type of peripheral neuropathy such
as small, autonomic or large fibre neuropathy.>*”*° Other studies
were directed to clinical signs alone versus neurophysiological
data.>®**In our cohort, we comprehensively screened for both large
and small fibre neuropathy. Large fibre neuropathy was present in
12.2% of the Parkinson’s disease population. Similar proportions
were also observed in previous reports: prevalence of large fibre
neuropathy in idiopathic Parkinson’s disease was from 6 to 58%.”
More particularly, a recent systematic review on peripheral neur-
opathy in Parkinson’s disease addressed an estimated prevalence
of large fibre neuropathy of 16.3% from a total of 17 studies and
1376 Parkinson’s disease participants, confirming a higher inci-
dence of peripheral neuropathy in Parkinson’s disease than in the
general population.” With regard to small fibre neuropathy, we
found that sensory disturbances were more frequent (35.3% of the
Parkinson’s disease cohort) than large fibre neuropathy
type.?**>® Small fibre neuropathy in Parkinson’s disease was first
investigated by different research groups,®®*’ who demonstrated
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Table 3 Multivariate analysis of variances of combined balance
parameters

Balance task Medication Value F-value df Error P-value

state df
Side by side OFF 0.984 0.153 7 64 0.993
stance ON 0.956 0.398 7 61 0.9
Tandem stance OFF 0.595 2436 7 25 0.111
ON 0.827 1.734 7 58 0.119
Open eyes OFF 0.904 0.818 7 54  0.577
stance on a ON 0.804 1.848 7 53 0.097
foam
Closed eyes OFF 0.633 4.216 7 51 0.001**
stance on a ON 0935 0546 7 55 0.796
foam

Multivariate analysis of variances of combined balance parameters controlled for
age, during different gait tasks and during OFF and ON medication states. df=
degrees of freedom. **P <0.01.

reduced small fibre density in Parkinson’s disease subjects. Based
on IENF density, the reported prevalence of small fibre neuropathy
ranged from 37 to 91%, whereas the pooled estimated prevalence
was 56.9% as reported in three studies with a total of 72 participants
with Parkinson’s disease.” A decreased IENF density was also ob-
served in 61% of our cohort. Differently to these previous reports,
in our study we used specific and strict criteria for the diagnosis
of peripheral neuropathy and its classification, including nerve
conduction studies and a comprehensive clinical, QST and neuro-
pathological (IENF density and proximal and distal gradient) cri-
teria to diagnose large and small fibre neuropathy, respectively.'

Our results are also comparable in terms of clinical and nerve
conduction studies’ profiles with results from preliminary stud-
ies®>°? and studies investigating only one type of peripheral neur-
opathy." We found mostly mild neuropathy signs (83.3%) in the
Parkinson’s disease group, confirmed by NIS-LL cut-offs.
Strongest neuropathic symptoms confirmed by the mTCNS were
observed in only 12.2% of the cohort. These results are in line
with previous reports showing higher proportion of altered clinical
results in Parkinson’s disease population with peripheral neur-
opathy compared with Parkinson’s disease participants without
peripheral neuropathy and healthy controls.*?

We demonstrated that the PD-PNP group did not have a more
advanced age and disease duration, compared with the PD-noPNP
group. Two reasons may explain the differences between the previ-
ous studies and our results: first, peripheral neuropathy and
Parkinson’s disease may not be directly related and have independ-
ent disease developments; second, it could be that peripheral neur-
opathy and Parkinson’s disease are related, but evolve distinctively
in the central and peripheral nervous systems. Our findings were
not in line with previous reports, probably because these studies
excluded some peripheral neuropathy aetiologies (such as diabetes
mellitus and inflammatory types of peripheral neuropathy), nar-
rowing the scope of the peripheral neuropathy investigation.'***
The advantage of our study is that we evaluated an unbiased, con-
secutive series of patients, which may be more representative of
the Parkinson’s disease population.

Regarding the aetiology of peripheral neuropathy, 25% of the
PD-PNP group was related to glucose dysmetabolism, which is
also consistent with published literature.'>*®>° The perecentage
of PD-PNP patients with a diagnosis of Diabetes Mellitus was
17.5% (n=7) compared with 16.9% (n=10) of the PD-noPNP group
(P=0.943). According to recent surveillance data, the prevalence
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of Diabetes Mellitus and pre-diabetes forms among adults over 65
years of age varies from 22 to 33%, depending on the diagnostic cri-
teria used.®® Our data showed a total prevalence of 22.2% of patients
with glucose dysmetabolism, which is in line with average preva-
lence of the elderly population. Metabolic alterations are another
frequent cause of peripheral neuropathy and were present in less
than one-third of the cohort. Low levels of vitamin B12 have already
been reported in studies on the aetiology of peripheral neuropathy
in the Parkinson’s disease population.?>®! .-DOPA toxicity has been
considered a contributing factor to peripheral neuropathy in
Parkinson’s disease patients.?? In our cohort we did not find a sig-
nificant difference in terms of mean LEDDs between Parkinson’s
disease patients with and without peripheral neuropathy (P=
0.431). Moreover, methylmalonic acid and homocysteine levels of
the PD-PNP group with undisclosed aetiology were within the nor-
mal range, and no significant correlation was found with LEDD va-
lues. Hence, a causal relationship with .-DOPA was not considered
in our group of patients with peripheral neuropathy.?*%* We also
found a low prevalence of phospho-o;-synuclein deposits in our co-
hort, with a higher percentage in the proximal thigh area, com-
pared with the distal leg. Due to the low number of active
phospho-a;-synuclein-small fibre neuropathy subjects (n=4), and
in particular of small fibre neuropathy subjects with undisclosed
aetiology (n=1), o;-synuclein deposition was not considered to be
directly associated with the pathophysiology of peripheral
neuropathy.

Importantly, we found that peripheral neuropathy had a func-
tional impact on gait during all gait tasks. During straight walking,
PD-PNP patients presented slower gait speed, shorter stride length
and smaller toe-off angles, compared with PD-noPNP patients. This
observation is in line with the reduced gait speed and increased risk
of falling reported in earlier studies on peripheral neuropathy pa-
tients.®®>®® Similar results related to gait speed and stride length
were also shown by Beaulieu et al.®® in a small cohort of
Parkinson'’s disease participants with peripheral neuropathy. This
promising but still preliminary work had less strict diagnostic cri-
teria, based on signs and symptoms and gait assessment in pres-
sure mapping walkway of only 8 m, which limited the assessment
of different gait tasks or specific parameters such as foot angles.
We used a more comprehensive peripheral neuropathy assessment
protocol and, supported by wearable health technology, we also ob-
served gait deficits during several other gait tasks (such as circular
gait and turns), allowing for a more ecological functional
assessment.

Smaller toe-off angles during gait were also reported by Hazari
etal.*” in a cohort of patients with peripheral neuropathy: the study
showed that peripheral neuropathy participants walked with
greater knee flexion angles than healthy controls, which may be as-
sociated with musculoskeletal changes as a consequence of motor
peripheral neuropathy, resulting in weakness and tightness of flex-
ors muscles. Although considering that the patient population
studied is different, this study also showed no significant differ-
ences in relation to heel strike angles, consistent with our results.
These results suggest a more cautious gait in PD-PNP patients
(smaller toe-off angle) that, in our case, may be not due to muscular
weakness of the extensor muscle of the lower leg (normal heel
strike angle) suggesting that, along with motor impairment, sen-
sory and proprioceptive neuropathy may interfere and contribute
to such finding.

Overall, our results confirmed that loss of somatosensory func-
tion significantly affected gait, both in more ‘automatic’ conditions,
such as straight walking at normal pace, as well as during more
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demanding tasks, such as circular walking and turning. A more im-
paired gait in the PD-PNP group during straight walking may be re-
lated to the inability of the neuromuscular control system to
respond to environmental influences when attention is reduced,
such as when gait is more automatic.?® Also in the ON medication
state, PD-PNP gait remained significantly impaired, compared
with PD-noPNP, as also evidenced clinically.

PD-PNP patients also had worse performance during static bal-
ance tasks. This was particularly evident in more challenging tasks
with closed eyes stance on a foam, where PD-PNP patients pre-
sented greater Jerk, acceleration, velocity and sway area values.
This observation is best explained by reduced proprioception that
cannot be compensated by visual feedback.?® The obvious in-
creased reliance on vision of PD-PNP subjects to have more postural
control could also reflect a sensory re-weighting problem. One of
the parameters that best discriminated postural control between
PD-PNP and PD-noPNP groups was Jerk. Jerk is the sum of active
postural corrections to maintain static balance, and represents a
measure of smoothness of static balance.*” Studies in peripheral
neuropathy patients suggest that increased sway in the AP direc-
tion is associated with increased movement in the hip joint (‘hip
strategy’).”>®7° We found that most parameters related to static
balance, particularly Jerk, acceleration and velocity, were signifi-
cantly different in the AP direction, confirming the concept that
peripheral neuropathy subjects may predominantly show a hip
strategy to compensate for the existing balance deficits.”*

Significant effects of peripheral neuropathy on static balance
were observed only in the OFF medication state, and not in the ON
states. This finding suggests that optimizing dopaminergic therapy
has a highly relevant effect on static balance in Parkinson’s disease
patients suffering from concomitant peripheral neuropathy. The
most plausible underlying mechanism may be the dopaminergic
system compensation for the lack of information from the somato-
sensory system, which is caused by peripheral neuropathy.
However, a link between the effect of .-DOPA on the basal ganglia
system and somatosensory feedback has never been established.
We argued that the effect of peripheral neuropathy may be most
evident when Parkinson’s disease subjects are not in their best
health status and during their best motor performance (in their
OFF states), because the lack of dopaminergic compensation

typically exacerbates motor impairments in Parkinson’s disease.*
For this reason, it is particularly relevant to ensure an optimal dopa-
minergic treatment for this specific PD-PNP subgroup.

Regarding the difference between peripheral neuropathy types
and their effect on Parkinson’s disease mobility, both peripheral
neuropathy types contribute to impaired gait and balance, albeit
at different levels. Large fibre neuropathy seemed to affect foot an-
gles and static balance more severely, likely due to more severe re-
duction of strength and proprioceptive feedback. Small fibre
neuropathy may lead to slower speed due to its progressive lack
of peripheral sensation.?"’2

The results of this study must be viewed in light of some limita-
tions. We evaluated a cohort of Parkinson’s disease participants
from a single centre at University hospital. However, our
Movement Disorders Outpatient Clinic receives Parkinson’s disease
patients at all disease stages, and the consecutive nature of the re-
cruitment, with an extremely high acceptance rate and large sam-
ple size, decreasing potential selection biases. Second, the sample
size, particularly of large fibre neuropathy patients, was small,
not allowing more in-depth peripheral neuropathy types compari-
son. Further studies with larger cohorts should be performed to
understand the effect of peripheral neuropathy on quality of life,
including its relation to falls.

Some strengths can also be highlighted: first, the accurate and
well-defined diagnosis and clinical evaluation of Parkinson’s dis-
ease patients by Movement Disorders’ specialists, even though
we acknowledge the possibility of misdiagnosis in the initial phases
of the disease (e.g. atypical parkinsonian syndromes); second, we
evaluated peripheral neuropathy using a comprehensive assess-
ment with no restriction on peripheral neuropathy types and based
on well-defined and complete diagnostic criteria. This enabled our
understanding of the overall effect of peripheral neuropathy in
Parkinson’s disease and the establishment of some initial steps
for its evaluation in clinical routine. Finally, the use of wearable
health-technology may be an important new tool for assessing per-
ipheral neuropathy in Parkinson’s disease, allowing easier and
faster assessments and monitoring, and the accurate quantifica-
tion of different parameters may open perspectives in establishing
cut-offs for gait and balance characterization of Parkinson’s disease
patients with peripheral neuropathy.
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In conclusion, the results of this study suggest that clinicians
and researchers should evaluate and consider peripheral neur-
opathy in the assessment of Parkinson'’s disease, especially with re-
gard to gait and balance difficulties as they increase Parkinson’s
disease patient disability. Gait and balance complications of periph-
eral neuropathy may be partially addressed by optimizing .-DOPA
therapy. Preventive peripheral neuropathy strategies and directed
treatment, if effective, may decrease Parkinson’s disease patient
disability. In addition, applying peripheral neuropathy-oriented
physical therapy, technical aids, physical exercise and tactile or vi-
bratory feedback techniques may prevent peripheral neuropathy
progression and decrease patient disability. This work provides
consistent evidence for the implementation of peripheral neur-
opathy assessment and treatment optimization aiming at indivi-
dualized Parkinson’s disease patient care and quality of life
improvement.
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