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and meta-analysis

Abstract

Background: In the presence of diabetic peripheral neuropathy, plantar ulceration occurs
on high plantar pressure areas due to the repetitive, excessive mechanical loadings which
causes tissue breakdown. Through this systematic review and meta-analysis, it is hoped that
the underlying mechanism of what causes plantar ulceration is understood by looking into
the effect of diabetic peripheral neuropathy (DPN) on gait patterns and plantar pressures.

Research Question: What are the effects of diabetic neuropathy on lower limb kinetics,
kinematics, muscle activity, spatiotemporal parameters and plantar pressure distributions
in type 2 diabetes?

Methods: A systematic literature search was done for studies evaluating the effect of DPN
on joint kinetics and kinematics, electromyography, spatiotemporal parameters and plantar
pressures during gait. Following a quality assessment of the sixteen studies, qualitative and
meta-analysis was performed on these outcome measures.

Results: The findings suggested that participants living with DPN exhibited reduced knee,
ankle and rearfoot (Sha-Cal) kinematics, higher midfoot and rearfoot peak pressures and
higher pressure-time integrals in the medial and lateral forefoot and midfoot regions.
However, conflicting results were present in the spatiotemporal and electromyographic
findings. Further research is required due to the paucity of information on this subject
matter.

Significance: Literature states that DPN may cause decreased knee and ankle joint
movement, resulting in inadequate dorsiflexion during heel strike, thus redistributing plantar
pressures to the midfoot and forefoot for longer periods, increasing the risk of ulceration.
Further research, even in the presence of active ulceration, is required to understand better
the underlying pathomechanics of DPN during gait.
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kinematics, electromyography

Background

Diabetic peripheral neuropathy (DPN) is the most common
complication of diabetes, affecting up to 50% of individuals and
their quality of life.!? DPN is characterised by the progressive loss of
proprioception, somatosensory sensitivity and intrinsic distal muscle
function.>* These manifestations may lead to modification in the
amount and quality of sensory information necessary for motor control
resulting in high instability during gait and muscle weakness. These
musculoskeletal complications may cause bony deformities, such
as clawing of digits and prominence of metatarsophalangeal joints
(MTPIJs) and increase plantar pressures resulting in skin breakdown
and ulceration.'® Since the repetitive action of mechanical stress
during gait in the presence of DPN may lead to ulcer development,
better understanding of the mechanism and biomechanical
components of ulcer development is of vital importance.®” Diabetic
foot ulceration (DFU) imposes a huge physical, psychological,
economic and social impact to the individuals themselves and the
health care system. Literature shows that DFU are found on high
plantar pressure areas, however, in the absence of neuropathy, high

pressure areas alone do not lead to ulceration.®'® This shows that
other underlying biomechanical factors, as a result of DPN, may play
arole in the increase in plantar pressure areas resulting in neuropathic
ulceration. In a systematic review conducted by Hazari et al,' it was
found that there were significant differences in hip, knee and ankle
joint kinematics and kinetics between individuals living with DPN
when compared to ‘healthy’ controls.! However, further analysis,
including the investigation of foot joint structures, lower limb muscle
activity and pressure-time integral (PTI) during gait, would also help
identify the underlying mechanism of plantar pressure distribution
and tissue breakdown in the presence of neuropathy. Therefore, this
systematic review and meta-analysis aims to provide a comprehensive
understanding of lower limb joint and muscle function and plantar
pressures during gait in the presence of DPN. This, in turn, may
provide evidence for the design of more efficient and specific
treatment options of healing in order to prevent risk of amputation
and reulceration. Reducing the mechanical loading on the ulcerated
foot during gait may influence the healing of DFU and provide
preventative mechanisms of ulceration and reulceration.®'>"1*
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Methods

The Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) guidelines were followed whilst conducting this
review.".

Literature search strategy

A systematic search was performed by the first author using
electronic databases (PubMed, CINAHL, Medline OVID, Cochrane
Library, and Google Scholar) for articles reporting on the effect of
DPN on lower limb joint kinematics, joint kinetics, spatiotemporal
parameters, muscle activity and plantar pressures during gait. The
literature search was limited to articles published between January
2000 and June 2025, since the aim of this review was to analyse
changes in gait strategies in the presence of DPN using the latest
three-dimensional technology which was introduced in the early
twenty-first century.'*8

The following keywords and MeSH headings were used:
i. plantar pressure AND diabetic neuropathy

ii. joint kinetics AND diabetic neuropathy

iii. joint kinematics AND diabetic neuropathy

Table | Inclusion/exclusion criteria during study selection
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iv. EMG AND diabetic neuropathy
v. spatiotemporal parameters AND diabetic neuropathy
vi. GRF AND diabetic neuropathy

vii. (diabetes MeSH) AND 1# AND 2# AND 3# AND 4# AND 5#
AND 6#

viii. (diabetic neuropathy MeSH) AND 1# AND 2# AND 3# AND 4#
AND 5# AND 6#

ix. (peripheral neuropathy MeSH) AND 1# AND 2# AND 3# AND
4# AND 5# AND 6#

Study selection

Eligibility assessment was performed independently in an
unblinded standardised manner by two reviewers. The initial database
search was done by the first author aiming to identify studies
investigating at least one of the outcome measures listed below.
Filtering of the articles was done and the full text of those meeting the
inclusion criteria were retrieved. Following the inclusion/exclusion
criteria adopted in this review as seen in Table 1, further evaluation
of the full text articles was performed by the first author and second
author.

Inclusion criteria

Exclusion criteria

Studies published between 2000 and 2019

Studies published before the year 2000

Studies written in the English language

Studies not written in the English language

Studies in the adult population (218 years of age)

Studies not in the adult population (<18 years of age)

Studies investigating barefoot walking

Studies investigating gait whilst shod and/or with orthotic devices

Gait data acquisition done using 3D gait analysis systems

Studies investigating treadmill walking

Studies investigating at least one outcome measure listed in section 2.3

Studies not investigating at least one outcome measure listed below

Studies including lower limb active ulceration, amputation or Charcot deformity

Studies not providing datasets which are comparable (mean and standard
deviation, SD)

At least one of the following outcome measures were required to
be investigated in studies for inclusion in this review:

i. Joint kinematics - reporting range of motion (ROM) findings
for at least one lower limb joint (hip, knee ankle or any foot
segment joint)

ii. Joint kinetics - reporting findings on joint moments (hip, knee
ankle or foot segment joints) and/or reporting vertical ground
reaction forces (GRFs) at initial contact and/or toe-off

iii. Spatiotemporal - reporting findings on gait velocity (m/s), stride
length (m) and/or stride time (s)

iv. Electromyography (EMG) - reporting findings on lower limb
muscle activation peak (mV) and/or temporal pattern (%
support)

v. Plantar pressure - reporting findings on peak plantar pressure
(kPa) and/or pressure-time integral (PTI) (kPa.s) in the rearfoot,
midfoot, forefoot, lateral heel, medial heel, lateral forefoot,
medial forefoot and/or hallux.

Study quality assessment

The quality of included studies were independently evaluated
by the first and last author using a modified version of the Downs

and Black quality assessment to.'>'” However, eleven items were
omitted to from the analysis due to their applicability. Each study was
classified as low quality (<7/18), fair quality (8-11/18) or good quality
(>11/18)."2 The average score of the two assessors for each domain, as
well as an overall total mean score is shown in Table 2.

Extraction of data

The process of data extraction was performed by the first author
with the aid of a qualified statistician. Studies that reported at least
one of the outcome measures listed in section 2.2 were included
for statistical analysis. The authors of studies having unreported or
missing data were contacted, and studies were omitted from this
review if there was no reply. As further discussed in the Results
section, descriptive statistics of participants from the included studies
were recorded in two tables. Table 3 illustrates participants’ age, body
mass index (BMI), duration of diabetes and site of recruitment. Table
4 illustrates the mode of DPN diagnosis and the exclusion criteria
used in each included study. Data from all included studies of the
outcome measures analysed in this review were illustrated in the
following tables; the spatiotemporal parameters (Table 5), lower
limb joint kinematics (Table 6), foot joint kinematics (Table 7), lower
limb joint kinetics (Table 8), vertical GRFs (Table 9), EMG (peak
activation and temporal patterns) (Table 10), peak plantar pressure
(Table 11) and PTI (Table 12).
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Table 2 Quality assessment of included studies. Adapted from Downs and Black (1998).
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Table 3 Characteristics of participants in included studies (DPN= diabetic peripheral neuropathy group; DM=diabetes mellitus group; C=control group)

Study Participants (n=) Mean Age (years) | Mean BMI (kg/m?) Mean DM duration (years) | Site of recruitment
Sacco et P’ DPN 24; C 20 DPN 552;C509 | DPN 27;C 243 >5 Diagnosed by physician
(site not specified)
Outpatient clinic,
DPN 20; DM 20; DPN 61.2;DM DPN 26.8; DM 26.4; Department of Metabolic
22 ; ; ; ; ; .
Sawacha et al clo 56.53;C 61.2 C244 DPN 13;DM 23.3 Disease, University of

Padova, Italy
Severe DPN 28; Severe DPN 55.5; Severe DPN 28.6; .
Wotari ot o Moderate DPN 16; | Moderate DPN 58.4; | Moderate DPN 29.5; Ee;’,fjrel 3D; '\P',“'I:';;'\Tﬁrfe Not soecified
atarieta Mild DPN 30; DM Mild DPN 56.1;DM | Mild DPN 28.5,DM | oo =" i ot specilie
43;C 30 56.7;C 54.1 28.4;C25.7 '
Gomes et al** DPN 23;C 23 <65 Not specified >5 Not specified
Outpatient clinic,
Sawacha et aF? DPN 12;C 12 DPN 62; C 60.3 DPN 25.2; C 24.| DPN 26.7 Department of Metabolic
Disease, University of
Padova, Italy
Deschamps et al?® DPN 13;DM 13; DPN 62.6; DM 63; DPN 29.8; DM 27.5; Not specified Multicentre (3 Belgian
P ci3 C57.7 C269 P Foot Clinics)
Nagwa et al* DPN 30; C 30 DPN 55;C 53.8 DPN 29.8; C 28.1 Not specified Not specified
DPN with h/o DPN with h/o DPN with ho . . Flyers placed around a
.oy - i - . . . DPN with h/o ulceration 16; university health sciences
Raspovic ulceration 10; DPN ulceration 64; DPN ulceration 29.4; DPN DPN 12.9: DM 8.3 clinic: advertising in a local
10;DM 10;C 10 64;DM 59; C 63 32.3;DM 31.4,C 27.3 Sehtihe e &
diabetes group newsletter
DiLiberto et al?’ DPN 15;C I5 DPN 57.4;,C 55.7 DPN 30.9;C 31.9 DPN 19.6 Not specified
Foot and Ankle Group
Outpatient Sector Clinical
DPN 16; DM 10; DPN 63; DM 63; DPN 28.8; DM 27.7; Management, Hospital
25 .
Saura et af cio ce2 C274 DPN 12.1: DM 12 das Clinicas, Faculdade de

Medicina da Universidade
de Sao Paulo
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Table 3 Continued....
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DPN 68.9; DM 60.5;

DPN 28;DM 29.2;

Outpatient clinic,

32 N . N : H H
Savelberg et al DPN 8;,DM 10;C 10 C 724 C 247 DPN 19;DM 10.2 Maas.trlcht University
Medical Centre

Rao et af° DPN I5C 15 DPN 58;C 56 DPN 28.9; C 24.4 DPN 19 Not specified

DPN with h/o DPN with h/o DPN with h/o DPN with h/o ulceration 17.5: The National Association
Bacarin et alf ulceration 10; DPN ulceration 58.2; ulceration 27; DPN DPN \INE; 4 ou '© = for Assistance to

17,C 20 DPN 54.7;C 48.7 26.1;C 24.3 ’ Diabetics

DPN with h/o DPN with h/o DPN with h/o ) . .
Akashi et al* ulceration 10; DPN ulceration 53.8; ulceration 27.8; DPN g::z Tvzltz hfo ulceration [6.4; Not specified

19;C 16 DPN 57.6;C 51.1 26.6;C 23.9 ’

Guldemond et al®®

DPN 44; C 49

DPN 61.85;C 53.6

DPN 30.4;C 28.6

Outpatient clinic,
University Hospital

Maastricht

Sacco et al?

31 (dividing of
participants into
DPN and C not
specified)

DPN 57; C 46

The Brazilian Association
for Assistance to
Diabetics

DPN 28.2;C 25.3 >5

Table 4 Other characteristics of participants in included studies

Study

Mode of DPN diagnosis

Exclusion criteria

Sacco et aP’

10-g monofilament; MNSI-q (score of >6)

<5 years diagnosed with DM; >65 years of age; lower limb amputation; orthopaedic
lower limb disorders; pain during data collection; walk aided; active ulceration

Sawacha et al*?

Patellar reflexes; ankle reflexes; muscle
strength; pinprick; 10-g monofilament;
tuning fork; biothesiometer; pain
sensitivity; nerve conduction studies;
MNSI-q (pathological if score of 23)

Walk aided; history of ulceration; neurological disorders (apart from DPN);
orthopaedic problems; lower limb surgery

Watari et al**

tuning fork; 10-g monofilament; MNSI-q
(score not specified)

>65 years of age; amputation; neurological conditions (apart from DPN); orthopaedic
impairments; major vascular complications; active ulceration; severe retinopathy;
severe nephropathy causing oedema or requiring haemodyalisis; walk aided and with
pain

Gomes et al**

MNSI-f (score of >4); MNSI-q (score of
>3)

>65 years of age; amputation; Charcot arthropathy; other major orthopaedic foot
alteration; neurological disorders (apart from DPN); retinopathy; nephropathy; active
ulceration; walk aided

Sawacha et al”’

MNSI-q (score of 23); patellar reflexes;
ankle reflexes; muscle strength; pinprick;
10-g monofilament; tuning fork;
biothesiometer; pain sensitivity; nerve
conduction studies

Walk aided; history of ulceration; neurological disorders (apart from DPN);
orthopaedic problems; lower limb surgery; cardiovascular disease

Deschamps et al’®

Not specified

Walk aided; active ulceration; amputation; history of orthopaedic lower limb surgery;
Charcot’s neuroarthropathy

Clinical examinations (not specified); nerve

Uncontrolled DM; walk aided with pain; active ulceration; Charcot’s neuroarthropathy;

Nagwa et al*® . ) orthopaedic or surgical problems influencing gait parameters; neuropathy (apart from
conduction studies DPN); non DM related vestibular or visual disorder
Raspovic® Biothesiometer; Neuropathy Deficit Score Orthopaedic problems; visual problems; neurological problems (apart from DPN);

painful gait; recent injury; active ulceration; amputation (apart from a toe)

DiLiberto et al’”

10-g monofilament; pinprick; tuning fork

Rigid foot deformity; active ulceration; foot or ankle pathology; foot or ankle surgery

Saura et al*®

10-g monofilament; tuning fork

PAD; Charcot neuroarthropathy; walk aided

Savelberg et af?

Sensory testing; tendon reflexes; muscle
strength

Walk aided and with pain; uncontrolled DM; foot deformities; active ulceration;
amputation; severely restricted range of motion (ROM) of joints; cardiopulmonary
disease; neuromuscular disease (except DPN)

Rao et aF?

10-g monofilament; biothesiometer

Active ulceration; hallux or transmetatarsal amputation; Charcot neuroarthropathy

Bacarin et al®

10-g monofilament; MNSI-q (score of >6)

Active ulceration; >65 years of age; amputation; major foot shape alterations;
orthopaedic disorders; walk aided with pain; Charcot arthropathy

Akashi et aP’

10-g monofilament; MNSI-q (score of 26)

<5 years diagnosed with DM; ulcer present before 2 years at the time of experiment
in the DPN with h/o ulceration group; >65 years of age; amputation; Charcot
arthropathy; other orthopaedic foot alterations; neuropathy (apart from DPN);
alcohol abuse; active ulceration; walk aided with pain
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Table 4 Continued....
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Guldemond et al?®

Biothesiometer

TIDM for at least 10 years;T2DM for at least | year;aged 30-75; walk unaided;
no history of RA; severe foot trauma; severe deformity which require specialised
footwear or surgery

Sacco et al®

10-g monofilament; MNSI-q (score of >6)

<5 years diagnosed with DM; >65 years of age; amputation; orthopaedic lower limb
disorders; pain during data acquisition; walk aided; Charcot arthropathy; other major
orthopaedic foot alterations; active ulceration

Table 5 Spatiotemporal parameters (mean *standard deviation) (NR = Not Reported)

S . Gait Single
Study Group sS;r:ple % Stance % Swing (Sst)nde time Is::(:ﬁ (m) velocity support é::e;:;?n)
g (mis) () P
Sawachaet | DPN 20 61.07 (+3.14) | 389 (£3.14) | 1.14(£0.137) | 124(x0.19) | I.I1 (x021) NR NR
ar? DM 20 59.7 (:2.20) | 403 (£220) = 1.07 (0.104) | 1.33 (£0.2) 123 (021) = NR NR
Control 10 59.4 (£2.32) | 40.5 (+2.32) | 1.07 (£0.085) | 1.207 (x0.11) (' ;'OZI 84) NR NR
1.016 0.83 88.5
Nagwa et o’ DPN 30 68.967 (+3.2) NR 1.387 (x0.12) (£0.073) (0.122) NR (+4.493)
63.567 1.222 1.106 104.6
Control 30 +2.285 NR +0.142 129 (0.1 +0.137 NR +6.355
( ) ( ) ( ) ( )
DPN with
o ulear 10 NR NR NR 1.2(0.2) 1.1 (£0.2) 0.4 (x0.1) | 111.6 (6.3)
Raspovic?! DPN wlo hlo 114.9
ulcer 10 NR NR NR 1.3 (£0.1) 1.2 (0.1) 0.4 (+0.0) (£10.5)
DM 10 NR NR NR 1.4 (£0.1) 1.4 (£0.2) 04 (x00) | 166
T B B (x10.3)
Control 10 NR NR NR 1.3 (0.1) 1.3 (0.1) 0.4 (x0.0) | 118.7 (6.3)

Table 6 Lower limb joint kinematics (mean *standard deviation) (NR = Not Reported)

Study

Raspovic?!

Saura et al'

Nagwa et al?

Gomes et al**

Group

DPN with h/o ulcer
DPN w/o hlo ulcer
DM

Control

DPN

DM

Control

DPN

Control

DPN

Control

Hip transverse ROM (°)
14.7 (£4.0)
21.4 (£6.0)
22.2 (£5.46)
21.4 (£6.15)
NR

NR

NR

NR

NR

NR

NR

Knee sagittal ROM (°)
269 (+4.3)
25.5 (6.1)
32.2 (£5.6)
30.7 (+4.7)

NR

NR

NR

44.4 (+6.061)
49.967 (+3.746)
25.22 (+4.21)
28.66(+3.32)

Ankle sagittal ROM (°)
20.2 (+4.0)
23.6 (+2.7)
26.6 (£6.6)
25.7 (£4.0)
20.24 (+4.08)
20.92 (+3.56)
29.01 (£3.29)
22.2 (+3.0)
28.733 (+2.463)
17.74 (£2.65)
17.13 (£2.54)

Table 7 Foot joint kinematics (mean *standard deviation) (NR = Not Reported)

Study Group Sample size Ist MTP) ROM (°) Sha-Cal ROM (°)
DPN 12 NR 11.98
Sawacha®
Control 12 NR 37.98
DPN 15 6.8 (2.7 12.1 3.3
DiLiberto et al*’ @7 (3.3)
Control 15 10.8 (2.3) 15.7 (3.0)
DPN 3 35.2 (9.6) 16.0 (2.6)
Deschamps et al”® DM 13 37.4 (4.6) 19.3 (3.2)
Control 13 39.1 (6.3) 204 (4.1)
DPN with hio ulcer 10 8.0 (2.0) NR
. DPN with no h/o ulcer 10 10.8 (3.1) NR
Raspovic?!
DM 10 13.0 (4.4) NR
Control 10 11.8 (3.4) NR
DPN 5 13.0 (2.5) 12.7 (4.3)
Rao et af°
Control 15 14.7 (3.3) 19.6 (4.4)
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Table 8 Lower limb joint kinetics (mean *standard deviation) (NR=Not Reported)

Savelberg et al (2009) ‘ Raspovic (2013) Rao et al (2010)

DPN DM Control DPN with hfo DPN'wio hlo DM Control DPN Control
ulcer ulcer

Max ankle
plantarflexion
moment (Nm/
kg)

1.64(£0.26) 1.51(£0.21) 1.59(0.17) | NR NR NR NR 127(0.17) | 1.40(x0.17)

Max knee
extension
moment (Nm/
kg)

023(20.30) | 0.42(x0.22) 0.45(x0.36) | NR NR NR NR NR NR

Max knee
flexion
moment (Nm/
kg)

029(2021) | 0.16(x0.11) 028(027) | NR NR NR NR NR NR

Max hip
extension
moment (Nm/

kg)

1.08(£0.39) 1.09(+0.25) 0.85(x0.40) | NR NR NR NR NR NR

Max hip
flexion
moment (Nm/

kg)

0.75(x0.36) | 0.55(£0.26) 070(£0.12) | NR NR NR NR NR NR

Hip max

power NR NR NR 1124.6(530.8) | 1329.2(£324.1) | 1624.7(£8038) | 13343(2610.1) | NR NR

(mW)

Knee max

NR NR NR 766.7(+188.8 964.6(+282.9 823.0(+240.0 1039.7(+438.6 NR NR
bower (mW) (£1888) (£2829) (£240.0) (£438.)

Ankle max

NR NR NR 2370.7(£567.1) | 2586.6(£567. 29843(£728.9) | 2986.9(x564.1) | NR NR
Sower (mW) 370.7(£567.1) | 2586.6(£567.6) 984.3(+728.9) 86.9(+564.1)

Hip max
moment NR NR NR 1131.9(x480.5) 1171.2(x310.2) 1311.6(x679.5) | 1319.4(x577.0) | NR NR
(Nmm)

Knee max
moment NR NR NR 303.9(x165.6) 312.7(x161.5) 421.6(x178.7) 337.3(x105.8) NR NR
(Nmm)

Ankle max
moment NR NR NR 1279.7(x173.9) 1388.7(£256.8) 1358.0(+108.0) 1382.0(x118.2) NR NR
(Nmm)

Table 9 Vertical ground reaction forces (mean *standard deviation) (NR = Not Reported)

Vertical GRF Vertical GRF Vertical
. A Vertical GRF initial contact GREF toe-off
Study Group Sample size initial contact £ (N/k i i
(Nikg) toe-off (N/kg) (normalised to (normalised to
BW) BW)
DPN with h/o ulcer 10 NR NR 1.05 (+0.06) 1.02 (x0.06)
Akashi et af? DPN wlo hlo ulcer 19 NR NR 1.07 (x0.07) 1.05 (x0.06)
Control 16 NR NR 1.05 (+0.09) 1.09 (£0.07)
DPN with hlo ulcer 10 106 (£7.0) 99 (+4.0) NR NR
. DPN wlo hlo ulcer 10 106 (£7.0) 103 (£8.0) NR NR
Raspovic?!
DM 10 114 (£15.0) 107 (£6.0) NR NR
Control 10 106 (+5.0) 106 (+5.0) NR NR
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DPN 16 103.88 (+4.82) 106.38 (+8.83) NR NR
Saura et al* DM 10 91.8 (+8.45) 93.63 (+6.85) NR NR
Control 10 91.2 (¥4.42) 93.82 (+5.26) NR NR
DPN 24 NR NR 1.08 (+0.06) 1.04 (£0.07)
Sacco et aP'
Control 20 NR NR 1.04 (+0.09) 1.09 (£0.07)
DPN 12 82.50 (+2.87) NR NR NR
Sawacha®
Control 12 80.64 (+3.17) NR NR NR
Table 10 Electromyography (mean #standard deviation) (NR = Not Reported)
Tibialis Gastrocnemius
Vastus lateralis | Vastus anterior Tibialis . .
Sample . o . . lateralis Gastrocnemius
Study Group R peak time (% lateralis peak anterior . o .
size . o, peak time (% lateralis (mV)
support) (mV) time (% (mV)
support)
support)
DPN 20 NR NR I:]I 2.40 (x0.11) 38.1 (x1.66) 3.12 (x0.12)
Sawacha et (£1.13)
ar? DM 20 NR NR 6.96 (£1.10) | 2.38(x0.109) | 35.9 (x1.38) 3.39 (x0.10)
Control 10 NR NR 9.27 (£1.63) | 2231 (x0.16) | 41.60 (¥2.29) 3.05 (x0.16)
5,2’ g with hlo 1o 14.83 (£3.53) 248 (£0.47) | 464 (£159) | 278 (:062) | 68.00 (+4.78) 242 (£0.44)
Akashi et aF?
5,5 ('e"r wlohlo | g 11.97 (+2.31) 261 (£0.60) | 6.10 (£1.68) | 3.04 (:067) | 62.84 (+5.06) 2.60 (£0.51)
Control 16 10.82 (£3.33) 2.49 (+0.70) | 6.05 (+2.15) | 2.85 (+0.73) 63.53 (£3.65) 2.72 (0.49)
s P! DPN 24 14.14 (£2.35) NR 5.61 (¥2.39) | NR 65.29 (£5.35) NR
acco a1 Control 20 10.76 (£2.81) NR 546 (£236) | NR 64.17 (£3.92) NR
Severe DPN 28 13.5 (£3.6) 17.1 (£15.6) | 3.3 (x2.6) NR NR NR
’E‘,";’:f"’te 6 9.7 (+2.5) 68(+3.1) | 22(#20) | NR NR NR
Watari et al* -
Mild DPN 30 11.0 (£3.3) 13.6 (£10.0) | 3.6 (x2.1) NR NR NR
DM 43 12.1 (£2.3) 11.0 (x6.5) 4.2 (x2.4) NR NR NR
Control 30 9.7 (£3.2) 8.3 (+4.0) 3.7 (¥2.0) NR NR NR
DPN 23 10.37 (£3.18) NR 342 (x1.73) | NR NR NR
Gomes et al**
Control 23 9.02 (+3.90) NR 433 (£1.80) | NR NR NR
Table 11 Peak plantar pressure (mean *standard deviation) (NR = Not Reported)
Medial Lateral Midfoot Rearfoot Forefoot
Hallux peak forefoot forefoot
Sample peak peak peak
Study Group R pressure peak peak
size (kPa) pressure pressure pressure pressure pressure
(kPa) (kPa) (kPa) (kPa) (kPa)
DPN 15 NR 839 (+347) 621 (+341) NR NR NR
Rao et af®
Control 15 NR 657 (+275) 582 (+¥293) NR NR NR
Sawacha et DPN 12 NR NR NR 515.62 775.78 410.486
al”? Control 12 NR NR NR 312.32 427.26 584.16
Guldemond DPN 44 405 (+257) NR NR NR NR 689 (+¥279)
et al Control 49 455 (+264) NR NR NR NR 551 (+226)
DPN 24 NR NR NR 114.0 (£52.2) 220 (+40.4) 245.7 (+56.3)
Sacco et al*
Control 20 NR NR NR 75.7 (£31.1) 196.8 (+27.8) 218.9 (¥35.3)
) DPN with ulcer 10 269.6(+136.7) 351.6 (£92.5)  367.2 (+86.2) 290.7 (£151.5) 3423 (£119.1) NR
S::‘;}rm DPN wlo ulcer 17 305.6(x111.7) 365.4 (£93.7)  367.7 (+89.2) 205.3 (£118.6)  342.1 (£76.9) NR
Control 20 306.8(x110.7) 347.5 (+88.4)  328.8 (+67.5) 139.4 (£76.4) 337.4 (£95.9) NR
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Table 12 Pressure time integral (mean *standard deviation) (NR = Not Reported)

Sample | Hallux Medial Lateral Midfoot PTI  Rearfoot PTI  Forefoot PTI
Study Group size PTI forefoot forefoot (kPa.s) (kPa.s) (kPa.s)
(kPa.s) PTI (kPa.s)  PTI (kPa.s) i i i
DPN 5 NR 362 (£135) 269 (£68) NR NR NR
Rao et al?
Control 5 NR 201 (£92) 195 (+69) NR NR NR
DPN 24 NR NR NR 39.1 (£17.3)  27.4 (#5.5) 53.4 (£16.0)
Sacco et al*®
Control 20 NR NR NR 30.6 (£9.7) 25.1 (£3.1) 445 (+8.8)
DPN with hlo ulcer 10 60.0 (£242) 1100 (£31.7) 1259 (£334) 687 (£365) 1025 (37.9) NR
o .
Bacarin et af ZCP g withouthlo 743 (£264) 1109 (265) 1193 (£31.8) 433 (9.1) 94.9 (+29.4) NR
Control 20 682 (+245) 979 (+232)  97.7 (x184) 373 (xl14)  833(212) NR

Statistical analysis

For ease of comparison and statistical analysis, data from the
outcome measures of interest was transformed into standardised units.
Meta-analyses were carried out on three or more studies reporting
comparable data on any of the outcome measures analysed in this
review. Cohen’s d was used to compute the effect size, where the
difference in mean values was divided by pooled SD. Moreover, the
heterogeneity of the included studies was calculated using the Q, I?
and Tau? statistics. Finally the results were reported as standardised
mean differences with 95% confidence intervals and p values, in
which forest plots were also provided.

Results
Study selection

A total of 4932 articles were retrieved from electronic databases
as discussed in section 2.1, whilst ten additional articles were chosen

whilst hand searching through references lists of other studies. 1993
records were selected after studies which were not relevant to the
subject matter and duplicates were removed. However, 1871 abstracts
were further excluded from this review and 107 full text articles
were analysed for inclusion, where sixteen studies fit the inclusion/
exclusion criteria for qualitative synthesis. Fourteen articles were
excluded due to the use of unsuitable methods of data acquisition.
Nineteen articles were excluded due to their inappropriate study
design or control groups. Twenty-five articles were excluded since
the authors reported irrelevant outcome measures to this review.
Eight articles were excluded due to an inadequate or an unspecified
inclusion/exclusion criteria for recruitment of participants. Three
articles were excluded due to the inability to achieve the full text
versions. Finally, twenty-two articles were excluded from this review
since there was missing data in their results which were not able to be
acquired. Below, Figure 1 shows a flow chart of the whole process of
selection of studies.

Figure | Flow chart of selection of studies. Adapted from Moher et al., 2009.

—
.§ Records identified through Additional records identified
database searching through other sources
(n= 4932) (n=10)
g
2
e
P Records after duplicates removed
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e
g
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(n = 1993) (n=1871)
J
—_—
Full-text articles assessed Full-text articles
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= (n=107) (n=291)
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acquisition (n=14)
S Studies included in & Inappropriate study
qualitative synthesis design or control
(n=18) groups (n=19)
® Irrelevant outcome
3 measures (n=25)
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g Studies included in unspecified
= quantitative synthesis inclusion/exclusion
[meta-analysis) criteria (n=8)
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Study quality

Based on the Downs and Black quality assessment tool as seen
in Table 2, eight studies were scored as being of fair quality, whilst
the other eight studies were scored as being of good quality. The
main difference between the ‘fair quality’ studies and the ‘good
quality’ studies was the reporting of actual probability values in the
results rather than approximate values, which describes item 10.
Most of the studies scored poorly in items 5 and 25, since they only
partially addressed any confounding variables, such as the presence
of peripheral arterial disease (PAD) which might affect gait patterns
and alter results in the studies. Moreover, none of the studies clearly
stated their source of funding, which describes item 11. Internal and
external validity was also compromised since most of the studies did
not provide information as to whether participants were representative
of the whole population or if they were recruited from the same
population, which describes items 12 and 22 respectively. Finally,
only one study reported the sample size calculations done and scored
positively in the last item.

Participant characteristics

Participant information was extracted from each included study
as seen in Tables 3 and 4. There was a total of 759 participants from
the sixteen included studies, with a mean group size of 18.5 and
ranging from 10 to 49 participants. Individuals were characterised as
living with DPN, living with type II diabetes or healthy controls. The
mean BMI value for individuals living with DPN was 28.4 kg/m? and
ranging from 25.2 to 32.3 kg/m?, whilst the mean age was 59.5 years
and ranging from 55 to 68.9 years. Seven studies have not specified
the site of recruitment of participants, whilst the rest of the studies
recruited all of the groups from the same setting as seen in Table 3.
Two studies have not recorded the participants’ duration of living
with type II diabetes, whilst another three studies have just stated a
duration of more than five years living with type Il diabetes as an
inclusion criteria. The rest of the studies included participants with a
mean duration of living with type II diabetes of 15.1 years and ranging
from 8.1 to 26.7 years.

Table 4 shows that the most common mode of diagnosing DPN
was by using the 10-g monofilament (n=10), followed by the use
of the Michigan Neuropathy Screening Instrument questionnaire
(MNSI-q) (n=8 studies). Other methods were tendon reflexes (n=3),
muscle strength (n=3), pinprick (n=3), 128 Hz tuning fork (n=5),
biothesiometer (n=5), nerve conduction studies (n=3) and the
Neuropathy Deficit Score (n=1). Finally one study did not specify
the mode of diagnosing DPN when recruiting participants. As seen in
Table 4, all studies have recruited only participants who walk unaided
and without any pain, so as not to influence gait during acquisition of
data. Most studies have also excluded individuals having active or a
history of lower limb ulceration (n=13), orthopaedic problems (n=11),
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a history of lower limb amputation (n=10), Charcot neuroarthropathy
(n=8) and having other neurological disorders other than DPN (n=8).
Only four studies have excluded the presence of cardiovascular
disease when recruiting participants, whilst only one study has
performed an ankle-brachial pressure index (ABPI) and a toe-brachial
pressure index (TBPI) to exclude PAD.?

Spatiotemporal parameters

Three out of the sixteen included studies have assessed the effect
of DPN on spatiotemporal parameters during gait as seen in Table
5212 Stride length and gait velocity were analysed in all of the
three studies as discussed below in the following two sections. Other
parameters assessed included % stance, % swing and stride time in
the studies by Sawacha et al** and Nagwa et al,* where a significant
difference was found between participants living with DPN and the
healthy control group. Moreover, Raspovic?! and Nagwa et al* found
a significant decrease in cadence when comparing the DPN group to
healthy controls.

Gait velocity

Gait velocity was assessed in three out of the sixteen included
studies in this review.?’ Raspovic?! and Sawacha et al** have
compared DPN participants to both Type II diabetes participants and
healthy controls, however, Nagwa et al*® has only compared DPN
participants to healthy controls. All three studies have reported a
lower gait velocity in DPN participants when compared to the control
group. Moreover, this was also the case when compared to individuals
living with diabetes. For the purpose of this review, in order to be
comparable with the other two studies, in the study by Raspovic,*!
participants living with DPN and a history of ulceration, were not
included for analysis. However, even though the DPN group had
slower walking speeds, Sawacha et al** has not found a statistical
significant difference between the three groups of participants. Figure
2 illustrates the meta-analysis results comparing the DPN groups to
controls in the three studies (DPN n = 60, Control n = 50) which had
shown a mean risk ratio of -0.14 with a confidence interval of -0.29 to
0.02 as observed by the black symbol on the forest plot, indicating that
there was an 86% chance for gait velocity to be lower in participants
living with DPN. The range in the confidence interval included a risk
ratio of 0, meaning that the mean risk ratio can favour the control
group. Moreover, the Z-value for testing the null hypothesis was
1.73, with a corresponding p-value of 0.08. We can accept the null
hypothesis that there was no difference in gait velocity between the
two groups. There was a high heterogeneity between the studies with
an I? statistic of 88%. The high heterogeneity could be attributed to
the results in the study by Nagwa et al,”® where the highest significant
difference in gait velocity was recorded, since I* decreased to 6%
when eliminating this study from the meta-analysis.

DPN Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD _Total Weight IV, Random, 95% CI IV, Random, 95% CI
Nagwa etal 2010 083 0122 30 1106 0137 30 364% -0.28[034,-021)] *
Raspovic 2013 1.2 01 10 1.3 041 10 346% -010[019,-0.01) -
Sawacha etal 2012 (a) 111 021 20 112 0184 10 29.0% -0.01[-0.16,014] ——
Total (95% CI) 60 50 100.0% -0.14[.0.29,0.02] S
Heterogeneity: Tau*=0.02; Chi*= 16.44, df= 2 (P = 0.0003), F= 88% '

Test for overall effect Z=1.73 (P = 0.08)

Figure 2 Gait velocity in DPN vs control groups.
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Stride length

Stride length was also assessed by the three studies mentioned
previously. A significant decrease in length was only observed in
Nagwa et al® when comparing participants living with DPN to
healthy controls. Raspovic®' and Sawacha et al** had similar results,
with stride length being least in the control group, followed by the
DPN group and highest in the diabetes group. However no significant
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difference was found between the three groups. A similar pattern in
meta-analysis results was observed between the three studies as seen in
Figure 3, where the study by Nagwa et al® increased the heterogeneity
by 90%. The mean risk ratio was -0.08 with a confidence interval
of -0.30 to 0.13, thus a mean risk ratio favouring the DPN group is
possible. A Z-value of 0.75 and a p-value of 0.45 indicated that the
null hypothesis was accepted and there is no significant difference in
stride length between the two groups.

DPN Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Sawacha et al 2012 (a) 124 019 20 1.207 011 10 323% 003 [-0.07,0.14]
Raspovic 2013 1.3 04 10 13 04 10 33.2% 0.00 [-0.08, 0.09]
Nagwa etal 2010 1.016 0073 30 129 011 30 345% -0.27 [-0.32,-0.23] =
Total (95% CI) 60 50 100.0% -0.08 [-0.30,0.13]

Heterogeneity: Tau®= 0.04; Chi* = 46.46, df= 2 (P < 0.00001); F= 96%
Test for overall effect Z=0.75 (P = 0.45)

Figure 3 Stride length in DPN vs control groups.

Lower limb joint kinematics
Hip joint kinematics

Only two studies out of the sixteen included studies assessed
hip joint kinematics during gait analysis, thus meta-analysis was
not possible for these results.?** Both studies produced conflicting
results, as seen in Table 6, where, according to Raspovic,”' there was
no significant difference in hip transverse range of motion between the
DPN group and control group. On the contrary, Gomes et al** stated
that the DPN group exhibited significantly higher ranges of motion in
the hip (p <0.001) when compared to healthy controls.

Knee joint kinematics

Three studies have analysed the effect of DPN on knee joint
kinematics during gait.?'*?* All three studies have concluded that

A4 -05 0 0.5 1
Higherin DPN Higher in Control

there is significantly lower sagittal knee joint ROM during gait in the
presence of DPN. According to Raspovic, there is also a significant
decrease in knee joint ROM in the DPN group when compared to
the diabetes group. As observed by the black symbol on the forest
plot in Figure 4, the mean risk ratio (-4.44) favoured the DPN group,
and had a confidence interval of -6.01 to -2.87, that is, there is a high
possibility that knee joint sagittal ROM will be lower in the DPN
group. Heterogeneity in this meta-analysis was low, where I was 0 and
consequently, T>was also 0. A Z-value of 5.54 with a corresponding
p-value of less than 0.00001, indicated that the null hypothesis was
rejected and there was a significant difference in knee joint kinematics
during gait between the two groups.

DPN Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Gomes etal 2011 2522 41 23 2866 332 23 513% -3.44[563,-1.25
Nagwa et al 2010 444 6.061 30 49967 3746 30 379% -557[8.12,-3.02 u
Raspovic 2013 255 6.1 10 307 47 10 108% -520[-997,-043
Total (95% CI) 63 63 100.0% -4.44[-6.01,-2.87] ]
Heterogeneity: Tau®= 0.00; Ch*= 1,65, df= 2 (P = 0.44); F= 0% R0 =0 S P 100

Testfor overall effect Z= 5.54 (P « 0.00001)

Figure 4 Knee sagittal ROM in DPN vs control groups.

Ankle joint kinematics

Five out of the sixteen studies have analysed the effect of DPN
on ankle sagittal ROM.2»2¢ However, Sacco et al* has used an
electrogoniometer for ankle joint measurement as opposed to using a
3D gait analysis system and thus was not included in the qualitative
and quantitative analysis in this systematic review. All of the studies,
except the study by Gomes et al,** have exhibited significantly lower
ankle joint ROM in the DPN groups when compared to healthy
controls. Gomes et al** stated that there was no significant difference
in ankle joint ROM results between the two groups (p = 0.401).

Higherin DPN Higher in Control

Raspovic and Saura et al* have also analysed the effect of DPN on
ankle joint kinematics when compared to participants living with
diabetes only. Unlike Raspovic, Saura et al* stated that there was no
significant difference in ankle joint ROM between the two groups,
thus concluding that the presence of peripheral neuropathy did not
influence the ankle joint during gait. The meta-analysis results, as
seen in Figure 5, show that the mean risk ratio of the four studies
was of -4.16 with a confidence interval of -8.60 and 0.28 indicating
that ankle joint ROM results can be shifted to either side of the
forest plot. A Z-value of 1.83 with a corresponding p-value of 0.07
have shown that the null hypothesis was accepted and there was
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no significant difference in ankle joint kinematics between the two
groups collectively across all studies. However, the heterogeneity in
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these studies was high with an I? of 95% and a high T?>of 19.21.

Figure 5 Ankle sagittal ROM in DPN vs control groups.

Foot joint kinematics

Five studies have recorded foot joint kinematics, where the
foot was divided into segments.?'?’3° However, none of the studies
followed the same model for marker placement, thus comparison of
results in this review could only be done in the first MTPJ and rearfoot
(Sha-Cal, where markers were placed on the tibia and calcaneal
regions), as seen in Table 7.

First MTPJ Kinematics

Four out of the sixteen included studies in this review have
measured first MTPJ kinematics during gait between participants

DPN Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Gomes etal 2011 17.74 265 23 1713 254 23 26.0% 0.61 [-0.89, 2.11) L
Nagwa etal 2010 222 3 30 28733 2463 30 261% -6.53[-7.92,-5.14) L]
Raspovic 2013 236 27 10 25.7 4 10 239% -2.10[-5.09,0.89) -
Sauraetal 2010 20.24 408 16 2901 329 10 241% -8.77 [-11.63,-5.91) -
Total (95% CI) 79 73 100.0% -4.16[-8.60, 0.28) %
Heterogeneity: Tau®= 19.21; Chi*= 60.90, df= 3 (P < 0.00001); F= 95% k t t J
Testfor overall effect Z=1.83 (P=0.07) 10 Hléf?&l in DPrlqugher in égntrol e

living with DPN and healthy controls.?'*"*° Deschamps et al*® and
Rao et al*® concluded that there was no significant difference in 1*
MTPJ ROM between the two groups. Rao et al*® reported a p-value
of 0.270, whilst Deschamps et al*® did not report an actual p-value.
Conversely, DiLiberto et al*’ and Raspovic*' reported significant
p-values of <0.00 and 0.01 respectively. Figure 6 illustrates that the
mean risk ratio was -2.75 and the confidence interval ranged between
-4.15 and -1.00, showing that the mean risk ratio favours the DPN
group in the forest plot. The Z-value was 3.21 with a corresponding
p-value of 0.001, thus there was a significant difference in first MTPJ
ROM between the two groups. Heterogeneity between the studies was
moderately low with an I? of 32% and T? of 0.81.

Figure 6 First MTP] ROM in DPN vs control groups.

Sha-Cal kinematics

Four studies have analysed the effect of DPN on rearfoot
kinematics.””*” Sawacha et al* did not record the standard deviations
and thus results could not be included in the meta-analysis. All of
the studies concluded that there is are statistically significant lower
kinematics in the rearfoot in the DPN group when compared to healthy
controls. Figure 7 shows the meta-analysis rearfoot kinematics results
between the three studies. A mean risk ratio of -4.75 with a confidence
interval of -6.58 and -2.92, indicates that there is a high possibility
that rearfoot kinematics will be lower in individuals living with DPN
during gait. The Z-value was of 5.09 with a p-value of < 0.00001 and
thus there is a significant difference between the DPN and control
groups. A moderately low heterogeneity of 29% was present between
the three studies, where T?>was 0.75.

Lower limb and foot joint kinetics

Seven studies have evaluated the effect of DPN on joint kinetics

DPN Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Deschamps etal 2013 352 96 13 391 63 13 59% -390[10.14,2.34)
DiLiberto et al 2015 68 27 15 108 23 15 391% -4.00[-5.79,-2.21) =
Raoetal 2010 13 25 15 147 33 15 33.0% -1.70[3.80,0.40)
Raspovic 2013 108 31 10 118 34 10 220% -1.00}3.85,1.85)
Total (95% CI) 53 53 100.0% -2.57 [-4.15,-1.00) '
Heterogeneity. Tau*= 0.81; Chi*= 4.40, df= 3 (P=0.22); F= 32% k + + {
Testfor overall effect: Z=3.21 (P = 0.001) 19 Hijr?»:-r in Dp“leth in égnno! 108

during gait, as seen in Table 8 and Table 9.21%%3 Raspovic?' and
Savelberg et al*> measured hip, knee and ankle joint moments, where
no significant difference was found between the DPN group and
healthy controls. However, Rao et al observed significantly lower
ankle joint torque and power in the DPN group (p = 0.03). Figure
8 represents the meta-analysis performed on maximum ankle joint
moments across the three studies. The mean risk ratio was of -0.08
with a confidence interval of -0.21 and 0.04, which confirms that,
even though conflicting results were present, the mean risk ratio was
close to the baseline with a very narrow confidence interval range
between studies. In fact, there was quite low heterogeneity with an I?
statistic of 15% and T? of 0. Moreover, the Z-value was 1.29 with a
corresponding p-value of 0.20, thus the null hypothesis was accepted
and there was no significant difference in ankle joint moments between
the DPN and control groups across the three studies. As seen in Table
9, several studies have analysed the effect of DPN on GRFs compared
to healthy controls namely; the first vertical peak and the second
vertical peak.?!-»23133 Al studies, have concluded that no significant
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difference in the first vertical peak was found between the two groups,
whilst the second vertical peak was reduced significantly in the DPN
group. Conversely, Saura et al stated that there was a significant
increase in the first vertical peak and a significant decrease in the
second vertical peak in the DPN group. The meta-analysis results of
the first vertical GRF peak are illustrated in Figure 9. However, Sacco
et al’! and Akashi et al*® have normalised their results according to
the body weight, thus these studies could not be included in the meta-
analysis. The mean risk ratio was of 4.94 with a confidence interval of
-2.75 to 12.62. As discussed previously, the green symbol representing
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results by Saura et al*® deviated significantly from the baseline, unlike
the other two studies. Moreover, the Z-value was of 1.26 with a
corresponding p-value of <0.00001. As can be clearly observed on the
forest plot, the heterogeneity between these studies was high with an
I? of 93%. In fact, when excluding results from Saura et al* from the
meta-analysis, the confidence interval was of -0.66 to 3.75, whilst I?
decreased to 0%. Sawacha et al*® did not analyse the second vertical
GRF peak between the two groups and thus meta-analysis could not
be performed, since only two included studies in this review where
eligible for the analysis.

DPN Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Deschamps et al 2013 16 26 13 204 41 13 339% -4.40[-7.04,-1.76) -
DiLiberto et al 2015 121 33 18 157 33 15 395% -3.60[5.96,-1.24) L
Raoetal 2010 127 43 15 196 44 15 266% -6.9010.01,-3.79] -
Total (95% CI) 43 43 100.0% -4.75]-6.58,-2.92] 1
Heterogeneity, Tau*= 0.75; Chi*= 2.80, df= 2 (P= 0.25), F= 29% . t + i
. 100  -50 0 50 100
Test for overall effect: Z= 5.09 (P < 0.00001) Higher in DPN  Higher in Control
Figure 7 Sha-Cal ROM in DPN vs control groups.
DPN Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight [V, Random, 95% CI IV, Random, 95% CI
Raoetal 2010 1.27 017 15 14 017 15 647% -013[0.25,-0.01)
Raspovic 2013 112 053 10 1.33 061 10 59% -0.21[0.71,0.29)
Savelberg et al 2009 164 026 8 159 017 10 29.3% 0.05[-0.16, 0.26)
Total (95% CI) 33 35 100.0% .0.08[-0.21, 0.04)
Heterogeneity. Tau® = 0.00; Ch*= 2.36, df= 2 (P = 0.31), P=15% Hoo 20 b 2 100
Test for overall effect Z=1.29 (P=0.20) Higher in DPN Higher in Control

Figure 8 Ankle joint moments in DPN vs control groups.

Total (95% CI) 38 32
Heterogeneity: Tau®= 42,17, Chi*= 26.95, df= 2 (P < 0.00001); "= 93%
Testfor overall effect Z=1.26 (P=021)

Figure 9 First vertical GRF peak in DPN vs control groups.

Electromyography

Five studies have analysed the effect of DPN on muscle activity
during gait using electromyography.?2+313334 The most commonly
assessed muscles by these studies were vastus lateralis, tibialis anterior
and lateral head of gastrocnemius, as seen in Table 10, where the time
of peak occurrence was mostly recorded and thus meta-analysis could
be performed.

Vastus lateralis

Conflicting results on vastus lateralis activity during gait were
present. According to Gomes et al and Akashi et al there was no
significant difference in the time of peak occurrence between the DPN
and control groups (p= 0.594 and p= 0.79 respectively). Conversely,

DPN Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Raspovic 2013 106 74 10 106 5 10 31.0% 0.00 [-5.33,5.33)
Sauraetal 2010 10388 482 16 91.2 442 10 338% 12.68[9.06,16.30] -
Sawacha et al 2012(b) 825 287 12 8064 317 12 352% 1.86 [-0.56, 4.28)

100.0% 4.94[-2.75,12.62]

20 -10 0 10 20
Higherin DPN Higher in Control

results by Watari et al and Sacco et al show that there was a significant
increase in the DPN group (p< 0.001 and p= 0.002 respectively).
Watari et al and Akashi et al have also evaluated the muscle amplitude
of vastus lateralis, where they have disagreed on the results produced
(p=0.014 and p= 0.79 respectively). Figure 10 represents the meta-
analysis results of studies analysing the time of peak occurrence in
vastus lateralis during gait. The mean risk ratio was of 2.52 with a
confidence interval of 1.20 to 3.83. The symbols in the forest plot
all lie on the right side, showing that the trend is for vastus lateralis
to increase in the time of peak occurrence in the DPN group. In fact,
the Z-value was of 3.75 with a corresponding p-value of 0.0002.
However, there was moderate heterogeneity between the studies with
an I of 53%, since both Gomes et al and Akashi et al stated that there
was no significant difference between the two groups.
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Figure 10 Vastus lateralis time of peak occurrence in DPN vs control groups.

Tibialis anterior

All of the five studies analysing activity of the tibialis anterior
muscle during gait have stated that there was no significant difference
in the time of peak occurrence in the DPN group when compared to
healthy controls.?>?*313334 Moreover, no significant difference was
found in the EMG amplitude of the tibialis anterior muscle between
the two groups.”?? However, conflicting results where stated by
Watari et al,** where a significant decrease in magnitude was present.

DPN Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Akashi et al 2008 1197 2.3 19 1082 333 16 235% 1.15}0.78, 3.08] T
Gomes etal 2011 1037 318 23 902 39 23 220% 1.3510.71,3.41) o - T
Saccoetal 2010 1414 235 24 1076 281 20 28.7% 3.38(1.83,4.93) ——
Watari et al 2014 135 36 28 97 32 30 258% 3.80(2.04, 5.56] —
Total (95% CI) 94 89 100.0% 2.52[1.20,3.83] o
Heterogeneity: Tau® = 0.95; Chi*= 6.34, df= 3 (P = 0.10); F= 53% TR T TR
Testfor overall effect Z=3.75 (P = 0.0002) Higher in DPN  Higher in Control

As observed in the forest plot in Figure 11, there is quite a substantial
amount of heterogeneity between the studies with an I of 81%. The
mean risk ratio is 0.27, which shows that the time of peak occurrence
in the tibialis anterior muscle during gait tends to increase slightly in
the presence of DPN. The confidence interval for the risk ratio is -0.95
to 1.49 and thus the time of peak occurrence can fall in either side of
the forest plot. The Z-value for testing the null hypothesis is 0.43, with
a corresponding p-value of 0.67, thus the null hypothesis that there is
no significant difference between the two groups is accepted.

Figure |1 Tibialis anterior time of peak occurrence in DPN vs control groups.

Lateral head of gastrocnemius

Three out of the sixteen included studies in this review have
evaluated the effect of DPN on muscle activity of the lateral head of
the gastrocnemius.?>3"3 According to Sawacha et al* and Sacco et
al,’! there was a significant decrease in the time of peak occurrence
of this muscle in the DPN group. However, Akashi et al® stated that
there was no significant difference between the two groups. Moreover,
both Sawacha et al*® and Akashi et al** have concluded that there was

DPN Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Akashi etal 2008 61 1.68 19 605 215 16 19.4% 0.05[-1.25,1.39] = TE=a
Gomes etal 2011 342 173 23 433 18 23 21.2%  -0.91[-1.93,0.11) —1
Sacco etal 2010 561 239 24 546 236 20 187%  0.15[1.26,1.56) ——
Sawachaetal2012(¢a) 11.71 113 20 927 163 10 206% 2.441.31,3.57) ——
Watari etal 2014 33 26 28 3.7 2 30 201%  -0.40[-1.60,0.80] =
Total (95% CI) 114 99 100.0% 0.27 [-0.95, 1.49] ?
Heterogeneity: Tau®= 1.56; Chi*= 20.76, df= 4 (P = 0.0004), F=81% 4 2 5 2 ‘
Test for overall effect Z=0.43 (P = 0.67) Higherin DPN Higher in Control

no significant difference in muscle amplitude between the DPN and
control groups. A meta-analysis of the time of peak occurrence was
performed as seen in Figure 12. The mean risk ratio of the three
studies was -1.20 with a confidence interval of -4.14 to 1.74, showing
the mean risk ratio could fall on either side of the forest plot. The
Z-value was 0.80 with a corresponding p-value of 0.42, thus there is
no significant difference between the two groups. However, an I? of
78% was present, thus a relatively high heterogeneity exists between
the three studies.

DPN Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Akashi et al 2008 6284 506 19 6353 365 16 304% -069[3.58,220] ——
Saccoetal 2010 65.29 535 24 6417 392 20 31.3% 1.12[1.62, 3.86) ——
Sawacha et al 2012 (a) 381 1.66 20 416 229 10 383% -350[5.09,-1.91)] ——
Total (95% CI) 63 46 100.0% -1.20[-4.14,1.74) *
Heterogeneity. Tau*= 522, Chi*=9.15,df=2 (P=0.01),; "= 78% -'EU 45 S é 1=El
Testfor overall eflect Z=0.80 (P = 0.42) Favours [experimental] Favours [control]

Figure 12 Lateral head of gastrocnemius time of peak occurrence in DPN vs control groups.
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Plantar pressures
Peak plantar pressure

Studies evaluating the effect of DPN on peak plantar pressures
during gait have focused on the forefoot,***** the midfoot and
the rearfoot,®2%%° the hallux®?* and the medial and lateral forefoot
regions,*” as seen in Table 11. Unfortunately, meta-analyses could
not be performed, since the amount of studies evaluating any of these
outcome measures was limited. Moreover, the standard deviation
could not be acquired from the results in the study by Sawacha et al,”
thus limiting the amount of studies to evaluate in a meta-analysis.
Conflicting results on forefoot peak plantar pressures exist, where
Sawacha et al* found no significant difference between the DPN
and control groups, whilst Sacco et al*’and Guldemond et al* stated
that there was a significant increase in peak pressures (p= 0.012 and
p<0.005 respectively). The three studies analysing any differences
in midfoot and rearfoot plantar pressures during gait have found a
significant increase in pressure in the DPN group.’**?* According
to Bacarin et al® and Guldemond et al,” there was no significant
difference in hallux peak plantar pressure between the two groups.
Finally, no significant difference was found in both medial and lateral
forefoot peak plantar pressure between the groups.®*

Pressure-time integral

Three studies included in this review have measured the pressure-
time integral during gait in participants living with DPN, where the
hallux, medial and lateral forefoot, midfoot, rearfoot and forefoot
regions were also analysed, as seen in Table 12.82¢% According
to Bacarin et al,® there was no significant difference in hallux PTI
between the DPN and control groups. Moreover, the PTI in the medial
forefoot, lateral forefoot and midfoot regions were significantly higher
in the DPN groups.®?*3 However, conflicting results were present
between the two studies analysing the PTI in the rearfoot region,
where according to Sacco et al’! there was no significant difference
between the two groups (p=0.392), unlike Bacarin et al® where a slight
significant increase was found (p= 0.0486). Finally, only one study
analysed the forefoot region as a whole, where a significant difference
was found between the DPN and control groups (p= 0.001).2¢

Discussion

The majority of plantar foot ulceration is triggered by diabetes
associated peripheral neuropathy.! However, to date, studies have
not investigated the underlying pathomechanics of what is causing
an increased load resulting in tissue breakdown. By looking at the
body as a whole unit, more patient-specific treatment options may
be provided to prevent ulceration.®*>3¢ Resultantly, the aim of this
systematic review was to evaluate the importance of this issue, by
analysing any changes in lower limb joint and muscle function and
plantar pressure distribution during gait, in individuals living with
DPN, which might increase the risk of plantar neuropathic ulceration.
Meta-analyses results in this review show that studies have agreed that
individuals living with DPN exhibited lower knee, ankle and rearfoot
(Sha-Cal) kinematics, higher midfoot and rearfoot peak plantar
pressures and higher PTI in the medial forefoot, lateral forefoot and
midfoot regions.®*!»-3° However, high heterogeneity existed between
the studies in other outcome measures assessed, which could be
attributed to the small sample size in the studies and to the quality
of inclusion/exclusion criteria of participants. For example, only
Saura et al® has excluded the presence of lower limb ischaemia
when recruiting participants. Literature shows that PAD may result
in altered muscle activity and joint kinematics and kinetics, thus it can
act as an influential confounding variable to the results in the included
studies in this review.’’** Moreover, different studies used different
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tools and methods of 3D gait analysis and pressure mapping, which
might also reduce repeatability in studies.

An important outcome measure when evaluating the risk of
plantar neuropathic ulceration is first MTPJ ROM. Even though
results from all studies show that there was a decrease in joint ROM
in the DPN groups, only two out of the four studies stated that there
was a significant difference from the control groups.?*”-* Thus more
research is required, including a larger sample size, focusing on the
mechanism of the first MTPJ and also other foot joint segments during
gait, since, to date, there is a paucity of information when it comes to
the effect of foot joint kinematics in the presence of DPN. Moreover,
conflicting EMG results were present with high heterogeneity between
studies.?>**31:3334 This inconsistency in results between studies could
be attributed to the fluctuations in the number of motor units being
fired resulting in changes in action potential amplitudes, even between
trials from the same individual.*’ It was anticipated that, since plantar
neuropathic ulceration is most commonly found on the forefoot region,
DPN participants would exhibit higher peak plantar pressures in this
region. However, only two out of the three included studies have stated
that there was a significant increase in plantar pressure.??* Moreover,
a significantly higher PTI was found in the forefoot region in the DPN
groups.®*® Further research is required to support this hypothesis and
provide consistency and repeatability of results by recruiting a larger
sample size and utilising the same tools for measurement of plantar
pressures. Moreover, only three studies included in this review have
analysed the effect of DPN on PTI during gait. Analysing both peak
plantar pressure and PTI should be useful measurements for predicting
potential injury to plantar tissues.*! In continuance to this, studies
analysing the second vertical GRF peak, that is, during toe-off, have
shown that there is a decrease in forces acting on the forefoot.?!:>3!
This may be considered as contradictory, knowing that, as previously
stated, there tends to be an increase in peak plantar pressures in the
forefoot in the presence of DPN. Resultantly, further investigations
are required analysing the correlation between GRFs and plantar
pressures during gait in the presence of peripheral neuropathy. Further
research evaluating the outcome measures tackled in this review is
recommended, including a larger sample size of participants whilst
excluding PAD in the recruiting process and including also the effect
of active ulceration in DPN during gait. These studies were limited
to only a small number of participants, clearly demonstrating that the
available data is insufficient given the high prevalence of neuropathy
in individuals living with type II diabetes. A better focus on the effect
of DPN on foot joint kinematics and kinetics may also be beneficial.

Conclusion

From the existing knowledge base derived in this review, it can be
concluded that, as a result of neuropathy, there is decreased range of
motion in the knee and ankle joints, resulting in limited dorsiflexion
of the foot during heel strike and a resultant increase in peak plantar
pressures during gait. However, overall, the current level of evidence
is not sufficiently robust to determine whether altered gait patterns in
individuals living with DPN are altering plantar pressures during gait
and increasing the risk of ulceration. Further research is encouraged
to add to the body of knowledge as to the underlying mechanism of
tissue breakdown in the presence of neuropathy.

Acknowledgments

None.

Conflicts of interest

The authors declares that there are no conflicts of interest.

Citation: Bartolo E, Giacomozzi C, Coppini DV, et al. Segmental lower limb mobility, muscle activity and plantar pressure analysis in individuals living with
diabetic peripheral neuropathy:a systematic review and meta-analysi. Int Phys Med Rehab J. 2026;1 1(1):7-22. DOI: 10.15406/ipmrj.2026.11.0041 |


https://doi.org/10.15406/ipmrj.2026.11.00411

Segmental lower limb mobility, muscle activity and plantar pressure analysis in individuals living with

diabetic peripheral neuropathy: a systematic review and meta-analysi

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Boulton AJM. Management of diabetic peripheral neuropathy. Clin Dia-
betes. 2005;23:9-15.

. Petrofsky J, Lee S, Machinder M, et al. Autonomic, endothelial function

and the analysis of gait in patients with type 1 and type 2 diabetes. Acta
Diabetol. 2005;42((1):7-15.

. Shenoy AM. Guidelines in practice: treatment of painful diabetic neurop-

athy. Continuum (Minneap Minn). 2012;18(1):192-198.

. Yavuzer G, Yetkin I, Toruner FB, et al. Gait deviations of patients with

diabetes mellitus: looking beyond peripheral neuropathy. Eura Medico-
phys. 2006;42(2):127-133.

. Wang H, Ramakrishnan A, Fletcher S, et al. A quantitative, surface plas-

mon resonance-based approach to evaluating DNA binding by the c-Myc
oncoprotein and its disruption by small-molecule inhibitors. J Biol Meth-
ods. 2015;2(2):e18.

. Formosa C, Gatt A, Chockalingam N. The importance of clinical biome-

chanical assessment of foot deformity and joint mobility in people living
with type 2 diabetes within a primary care setting. Prim Care Diabetes.
2013;7(1):45-50.

. Singh N, Armstrong DG, Lipsky BA. Preventing foot ulcers in patients

with diabetes. JAMA. 2005;293(2):217-228.

. Bacarin TA, Sacco ICN, Hennig EM. Plantar pressure distribution pat-

terns during gait in diabetic neuropathy patients with a history of foot
ulcers. Clinics (Sao Paulo). 2009;64(2):113-120.

. Caselli A, Pham H, Giurini JM, et al. The forefoot-to-rearfoot plantar

pressure ratio is increased in severe diabetic neuropathy and can predict
foot ulceration. Diabetes Care. 2002;25(6):1066-1071.

Veves A, Murray HJ, Young MJ, et al. The risk of foot ulceration in dia-
betic patients with high foot pressure: a prospective study. Diabetologia.
1992;35(7):660-663.

Hazari A, Maiya AG, Shivashankara KN, et al. Kinetics and kinematics
of diabetic foot in type 2 diabetes mellitus with and without peripher-
al neuropathy: a systematic review and meta-analysis. SpringerPlus.
2016;5(1):1819.

Fernando M, Crowther R, Lazzarini P, et al. Biomechanical character-
istics of peripheral diabetic neuropathy: a systematic review and me-
ta-analysis of findings from the gait cycle. Clin Biomech (Bristol, Avon).
2013;28(8):831-845.

Sartor CD, Watari R, Passaro AC, et al. Effects of a combined strengthen-
ing, stretching, and functional training program versus usual care on gait
biomechanics and foot function for diabetic neuropathy: a randomized
controlled trial. BMC Musculoskelet Disord. 2012;13:36.

Turner DE, Helliwell PS, Burton AK, et al. The relationship between pas-
sive range of motion and range of motion during gait and plantar pressure
measurements. Diabet Med. 2007;24(11):1240-1246.

Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for sys-
tematic reviews and meta-analyses: the PRISMA statement. PLoS Med.
2009;6(7):e1000097.

Sutherland DH. The evolution of clinical gait analysis: part III-kinetics
and energy assessment. Gait Posture. 2005;21(4):447-461.

Sutherland DH. The evolution of clinical gait analysis: part II-kinematics.
Gait Posture. 2002;16(2):159-179.

Sutherland DH. The evolution of clinical gait analysis: part I-kinesiolog-
ical EMG. Gait Posture. 2001;14(1):61-70.

Downs SH, Black N. The feasibility of creating a checklist for the as-
sessment of the methodological quality of randomized and non-random-
ized studies of health care interventions. J Epidemiol Community Health.
1998;52(6):377-384.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Copyright:
©2026 Bartolo etal. 21

Guldemond NA, Leffers P, Walenkamp G, et al. Prediction of peak pres-
sure from clinical and radiological measurements in patients with diabe-
tes. BMC Endocr Disord. 2008;8:16.

Raspovic A. Gait characteristics of people with diabetes-related periph-
eral neuropathy, with and without a history of ulceration. Gait Posture.
2013;38(4):723-728.

Sawacha Z, Spolaor F, Guarneri G, et al. Abnormal muscle activation
during gait in diabetes patients with and without neuropathy. Gait Pos-
ture. 2012;35(1):101-105.

Nagwa B, Shawky AF, Hamdy B. Gait analysis in patients with diabetic
peripheral neuropathy. Med J Cairo Univ. 2010;78(2):827-834.

Gomes AA, Onodera AN, Otuzi M, et al. Electromyography and kine-
matic changes of gait cycle at different cadences in diabetic neuropathic
individuals. Muscle Nerve. 2011;44(2):258-268.

Saura V, Santos AL, Ortiz RT, et al. Predictive factors of gait in neu-
ropathic and non-neuropathic diabetic patients. Acta Ortop Bras.
2010;18(3):148-151.

Sacco ICN, Hamamoto AN, Gomes AA, et al. Role of ankle mobility
in foot rollover during gait in individuals with diabetic neuropathy. Clin
Biomech (Bristol, Avon). 2009;24(8):687-692.

DiLiberto FE, Tome J, Baumhauer JF, et al. Gait mechanics in patients
with diabetic neuropathy. Gait Posture. 2015;42:435-441.

Deschamps K, Matricali GA, Roosen P, et al. Comparison of foot seg-
mental mobility and coupling during gait between patients with diabetes
mellitus with and without neuropathy and adults without diabetes. Clin
Biomech (Bristol, Avon). 2013;28(7):813-819.

Sawacha Z, Guarneri G, Cristoferi G, et al. Integrated kinematics-kinet-
ics-plantar pressure data analysis: a useful tool for characterising diabetic
foot biomechanics. Gait Posture. 2012;36(1):20-26.

Rao S, Saltzman CL, Yack HJ. Relationships between segmental foot mo-
bility and plantar loading in individuals with and without diabetes and
neuropathy. Gait Posture. 2010;31(2):251-255.

Sacco ICN, Akashi PM, Hennig EM. A comparison of lower limb EMG
and ground reaction forces between barefoot and shod gait in participants
with diabetic neuropathy and healthy controls. BMC Musculoskelet Dis-
ord. 2010;11:24.

Savelberg HHCM, Schaper NC, Willems PJB, et al. Redistribution of
joint moments is associated with changed plantar pressure in diabetic
polyneuropathy. BMC Musculoskelet Disord. 2009;10:16.

Akashi PMH, Sacco ICN, Watari R, et al. The effect of diabetic neurop-
athy and previous foot ulceration on EMG and ground reaction forces
during gait. Clin Biomech (Bristol, Avon). 2008;23(5):548-592.

Watari R, Sartor CD, Picon AP, et al. Effect of diabetic neuropathy sever-
ity classified by a fuzzy model on muscle dynamics during gait. J Neuro-
eng Rehabil. 2014;11:11.

Boulton AJM. Pressure and the diabetic foot: clinical science and off-load-
ing techniques. Am J Surg. 2004;187(5 suppl):17S-24S.

Boulton AJM, Kirsner RS, Vileikyte L. Neuropathic diabetic foot ulcers.
N Engl J Med. 2004;351(1):48-55.

Bartolo E, Saliba Thorne C, Gatt A, et al. The influence of peripheral ar-
terial disease on lower limb surface myoelectric signals in patients living
with type 2 diabetes mellitus. Gait Posture. 2019;73:228-232.

Gommans LNM, Smid AT, Scheltinga MRM, et al. Altered joint kinemat-
ics and increased electromyographic muscle activity during walking in
patients with intermittent claudication. J Vasc Surg. 2016;63(3):664—672.

Scott Okafor H, Silver KKC, Parker J, et al. Lower extremity strength
deficits in peripheral arterial occlusive disease patients with intermittent
claudication. Angiology. 2001;52(1):7-14.

Citation: Bartolo E, Giacomozzi C, Coppini DV, et al. Segmental lower limb mobility, muscle activity and plantar pressure analysis in individuals living with
diabetic peripheral neuropathy:a systematic review and meta-analysi. Int Phys Med Rehab J. 2026;1 1(1):7-22. DOI: 10.15406/ipmrj.2026.11.0041 |


https://doi.org/10.15406/ipmrj.2026.11.00411
https://diabetesjournals.org/clinical/article-abstract/23/1/9/1269/Management-of-Diabetic-Peripheral-Neuropathy
https://diabetesjournals.org/clinical/article-abstract/23/1/9/1269/Management-of-Diabetic-Peripheral-Neuropathy
https://pubmed.ncbi.nlm.nih.gov/15868108/
https://pubmed.ncbi.nlm.nih.gov/15868108/
https://pubmed.ncbi.nlm.nih.gov/15868108/
https://pubmed.ncbi.nlm.nih.gov/22810079/
https://pubmed.ncbi.nlm.nih.gov/22810079/
https://pubmed.ncbi.nlm.nih.gov/16767059/
https://pubmed.ncbi.nlm.nih.gov/16767059/
https://pubmed.ncbi.nlm.nih.gov/16767059/
https://pubmed.ncbi.nlm.nih.gov/26280010/
https://pubmed.ncbi.nlm.nih.gov/26280010/
https://pubmed.ncbi.nlm.nih.gov/26280010/
https://pubmed.ncbi.nlm.nih.gov/26280010/
https://pubmed.ncbi.nlm.nih.gov/23332418/
https://pubmed.ncbi.nlm.nih.gov/23332418/
https://pubmed.ncbi.nlm.nih.gov/23332418/
https://pubmed.ncbi.nlm.nih.gov/23332418/
https://pubmed.ncbi.nlm.nih.gov/15644549/
https://pubmed.ncbi.nlm.nih.gov/15644549/
https://pubmed.ncbi.nlm.nih.gov/19219316/
https://pubmed.ncbi.nlm.nih.gov/19219316/
https://pubmed.ncbi.nlm.nih.gov/19219316/
https://pubmed.ncbi.nlm.nih.gov/12032116/
https://pubmed.ncbi.nlm.nih.gov/12032116/
https://pubmed.ncbi.nlm.nih.gov/12032116/
https://pubmed.ncbi.nlm.nih.gov/1644245/
https://pubmed.ncbi.nlm.nih.gov/1644245/
https://pubmed.ncbi.nlm.nih.gov/1644245/
https://pubmed.ncbi.nlm.nih.gov/27812455/
https://pubmed.ncbi.nlm.nih.gov/27812455/
https://pubmed.ncbi.nlm.nih.gov/27812455/
https://pubmed.ncbi.nlm.nih.gov/27812455/
https://pubmed.ncbi.nlm.nih.gov/24035444/
https://pubmed.ncbi.nlm.nih.gov/24035444/
https://pubmed.ncbi.nlm.nih.gov/24035444/
https://pubmed.ncbi.nlm.nih.gov/24035444/
https://pubmed.ncbi.nlm.nih.gov/22429765/
https://pubmed.ncbi.nlm.nih.gov/22429765/
https://pubmed.ncbi.nlm.nih.gov/22429765/
https://pubmed.ncbi.nlm.nih.gov/22429765/
https://pubmed.ncbi.nlm.nih.gov/17956451/
https://pubmed.ncbi.nlm.nih.gov/17956451/
https://pubmed.ncbi.nlm.nih.gov/17956451/
https://pubmed.ncbi.nlm.nih.gov/19621072/
https://pubmed.ncbi.nlm.nih.gov/19621072/
https://pubmed.ncbi.nlm.nih.gov/19621072/
https://pubmed.ncbi.nlm.nih.gov/15886135/
https://pubmed.ncbi.nlm.nih.gov/15886135/
https://pubmed.ncbi.nlm.nih.gov/12297257/
https://pubmed.ncbi.nlm.nih.gov/12297257/
https://pubmed.ncbi.nlm.nih.gov/11378426/
https://pubmed.ncbi.nlm.nih.gov/11378426/
https://pubmed.ncbi.nlm.nih.gov/9764259/
https://pubmed.ncbi.nlm.nih.gov/9764259/
https://pubmed.ncbi.nlm.nih.gov/9764259/
https://pubmed.ncbi.nlm.nih.gov/9764259/
https://pubmed.ncbi.nlm.nih.gov/19055706/
https://pubmed.ncbi.nlm.nih.gov/19055706/
https://pubmed.ncbi.nlm.nih.gov/19055706/
https://pubmed.ncbi.nlm.nih.gov/23583607/
https://pubmed.ncbi.nlm.nih.gov/23583607/
https://pubmed.ncbi.nlm.nih.gov/23583607/
https://pubmed.ncbi.nlm.nih.gov/22098824/
https://pubmed.ncbi.nlm.nih.gov/22098824/
https://pubmed.ncbi.nlm.nih.gov/22098824/
https://pubmed.ncbi.nlm.nih.gov/21755508/
https://pubmed.ncbi.nlm.nih.gov/21755508/
https://pubmed.ncbi.nlm.nih.gov/21755508/
https://www.scielo.br/j/aob/a/mNGqpJyXkYcFxsw35ZpnrzR/?format=pdf&lang=en
https://www.scielo.br/j/aob/a/mNGqpJyXkYcFxsw35ZpnrzR/?format=pdf&lang=en
https://www.scielo.br/j/aob/a/mNGqpJyXkYcFxsw35ZpnrzR/?format=pdf&lang=en
https://pubmed.ncbi.nlm.nih.gov/19497649/
https://pubmed.ncbi.nlm.nih.gov/19497649/
https://pubmed.ncbi.nlm.nih.gov/19497649/
https://pubmed.ncbi.nlm.nih.gov/23829980/
https://pubmed.ncbi.nlm.nih.gov/23829980/
https://pubmed.ncbi.nlm.nih.gov/23829980/
https://pubmed.ncbi.nlm.nih.gov/23829980/
https://pubmed.ncbi.nlm.nih.gov/22464271/
https://pubmed.ncbi.nlm.nih.gov/22464271/
https://pubmed.ncbi.nlm.nih.gov/22464271/
https://pubmed.ncbi.nlm.nih.gov/19926283/
https://pubmed.ncbi.nlm.nih.gov/19926283/
https://pubmed.ncbi.nlm.nih.gov/19926283/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2828424/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2828424/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2828424/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2828424/
https://pubmed.ncbi.nlm.nih.gov/19192272/
https://pubmed.ncbi.nlm.nih.gov/19192272/
https://pubmed.ncbi.nlm.nih.gov/19192272/
https://pubmed.ncbi.nlm.nih.gov/18178296/
https://pubmed.ncbi.nlm.nih.gov/18178296/
https://pubmed.ncbi.nlm.nih.gov/18178296/
https://pubmed.ncbi.nlm.nih.gov/24507153/
https://pubmed.ncbi.nlm.nih.gov/24507153/
https://pubmed.ncbi.nlm.nih.gov/24507153/
https://pubmed.ncbi.nlm.nih.gov/15147987/
https://pubmed.ncbi.nlm.nih.gov/15147987/
https://pubmed.ncbi.nlm.nih.gov/15229307/
https://pubmed.ncbi.nlm.nih.gov/15229307/
https://pubmed.ncbi.nlm.nih.gov/31374440/
https://pubmed.ncbi.nlm.nih.gov/31374440/
https://pubmed.ncbi.nlm.nih.gov/31374440/
https://pubmed.ncbi.nlm.nih.gov/26781076/
https://pubmed.ncbi.nlm.nih.gov/26781076/
https://pubmed.ncbi.nlm.nih.gov/26781076/
https://pubmed.ncbi.nlm.nih.gov/11205935/
https://pubmed.ncbi.nlm.nih.gov/11205935/
https://pubmed.ncbi.nlm.nih.gov/11205935/

Segmental lower limb mobility, muscle activity and plantar pressure analysis in individuals living with Copyright: 2
diabetic peripheral neuropathy: a systematic review and meta-analysi ©2026 Bartolo et al.

40. De Luca CJ. The use of surface electromyography in biomechanics. /  41. Hsu WL, Chai HM, Lai JS. Comparison of pressure and time parameters in
Appl Biomech. 1997;13(2):135-163. evaluating diabetic footwear. Am J Phys Med Rehabil. 2002;81(11):822—
829.

Citation: Bartolo E, Giacomozzi C, Coppini DV, et al. Segmental lower limb mobility, muscle activity and plantar pressure analysis in individuals living with
diabetic peripheral neuropathy:a systematic review and meta-analysi. Int Phys Med Rehab J. 2026;1 1(1):7-22. DOI: 10.15406/ipmrj.2026.11.0041 |


https://doi.org/10.15406/ipmrj.2026.11.00411
https://journals.humankinetics.com/view/journals/jab/13/2/article-p135.xml
https://journals.humankinetics.com/view/journals/jab/13/2/article-p135.xml
https://pubmed.ncbi.nlm.nih.gov/12394993/
https://pubmed.ncbi.nlm.nih.gov/12394993/
https://pubmed.ncbi.nlm.nih.gov/12394993/

