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Abstract: While lower limb biomechanics of people with diabetes are well described, the effects
of diabetes type and of peripheral neuropathy on foot joint kinematics have not been addressed
in depth. A total of 70 patients with type 1 (n = 25) and type 2 (n = 45) diabetes mellitus, with
and without peripheral neuropathy, underwent functional evaluation via gait analysis using an
established multisegment foot kinematic model. ANCOVA was performed to assess differences in
foot joints’ range of motion (ROM) between groups with diabetes and a control group by accounting
for the effects of age, body mass index (BMI) and normalized walking speed. Statistical parametric
mapping was used to assess differences in temporal patterns of foot joint motion across normalized
gait cycle. Small but significant correlations were found between age, BMI, speed and foot joints’
ROM. Regardless of diabetes type and presence of neuropathy, all subgroups with diabetes showed
limited ROM at the midtarsal and tarsometatarsal joints. Increased midtarsal joint dorsiflexion and
adduction was associated with increased tarsometatarsal joint plantarflexion. After accounting for
the effect of covariates, diabetes is associated with reduced ROM and to alterations of the kinematic
patterns, especially at the midtarsal and tarsometatarsal joints, irrespective of type and neuropathy.

Keywords: diabetes; foot; kinematics; diabetic neuropathies; ANCOVA; range of motion

1. Introduction

Diabetic foot refers to a complex set of physiological and mechanical alterations
affecting the feet of persons with type 1 and type 2 diabetes mellitus [1]. According to
the International Diabetes Federation [2], the population with diabetes is expected to
increase by 48% worldwide by 2045 with a huge impact on healthcare systems. Several
factors contribute to the severity and prognosis of the disease, including age and body
mass index (BMI), diabetes duration, co-morbidities and metabolic control [3]. Diabetes is
often associated with the presence and severity of diabetic peripheral neuropathy (DPN),
a multifactorial chronic complication related to vascular and nerve damage. This leads
to progressive loss of vibratory, thermal, tactile and proprioceptive sensitivity [4], mainly
distal muscle weakness and dysfunction [5–8], distal joint motion restrictions [9–12] and
eventually to the development of foot ulcers and amputations [13]. DPN, together with
compromised blood flow, is responsible for a high number of ulcerations; up to 60% of
lower extremity amputations are due to diabetic foot ulcers [14,15].
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In a complex clinical scenario, correlations between the clinical aspects of diabetes
or DPN and foot biomechanics is a complex task. To date, most of the relevant literature
has focused on the effects of DPN on lower limb kinetics and kinematics [10,16–20] and
little is known on differences in foot biomechanics between type 1 and type 2 diabetes or in
patients with and without DPN [21,22]. DPN was associated with reduced trunk and lower
limb mobility [23]. In terms of foot kinematics, diabetic foot presents limited passive range
of motion of subtalar and metatarsophalangeal joints [7,11,12,24]. This is reflected also in
kinematic alterations of gait, such as reduced motion of ankle [17,20–22], midtarsal [21]
and 1st metatarsal joints [17]. In terms of alterations in timing and activation levels of
lower limb muscles, diabetes and DPN were both associated with earlier activation of
the ankle plantarflexors [9,25,26], reduction in the intrinsic foot muscles volume [5–7,27],
delayed peak of gastrocnemius lateralis and vastus lateralis [20,28] and lower tibialis
anterior magnitude [20].

However, detailed analysis of foot joint kinematics via multisegment foot models have
been rarely investigated, and the effect of diabetes and DPN on specific foot joints has not
been fully explored. Kinematic, kinetic and surface electromyographic analyses have often
been performed in isolation, or in limited sample-size and heterogeneous subgroups of
people with diabetes and DPN. This situation has created a fragmented scenario where the
available information and data are difficult to merge in a coherent picture of diabetic foot
biomechanics. Independent variables which have been shown to affect gait biomechanics,
such as age, BMI, disease duration and walking speed, have either not been accounted for
or have only been considered in the analysis of extremely small homogenous subgroups.
Walking speed, in particular, is possibly the most important independent gait parameter; it
was shown to significantly affect several lower limb kinematic parameters, such as the foot
joint range of motion [29] and the dynamics of the foot arch [30]. Therefore, the possible
confounding effect of this parameter should always be accounted for when investigating
the effect of diabetes on foot biomechanics.

In the present study, we collected and analyzed the kinematics of foot joints using
an established multisegment model of the foot in a relatively large population of people
with type 1 and type 2 diabetes, with and without DPN. The main aim was to characterize
diabetes type and DPN in terms of joint kinematic parameters in walking, accounting for
confounding variables such as age, BMI and walking speed.

2. Materials and Methods
2.1. Participants

From January to December 2016, a wide sample of participants with diabetes were vis-
ited by an experienced diabetologist and were clinically classified as type 1 or type 2, with
or without DPN. 70 patients (38M/32F; age 57.8 ± 12.4 years; BMI 28.9 ± 6.5 kg/m2)
were divided in four groups according to the diabetes type (type 1, n = 25; type 2,
n = 45) and to the presence of DPN (DPN, n = 40; non-DPN, n = 30) and underwent
the full clinical and biomechanical protocol (Table 1). Presence and level of DPN was
determined via the Michigan Neuropathy Screening Instrument [31]. A group of 27 healthy
adults (11M/16F; age 53.1 ± 8.7 years; BMI 24.2 ± 3.5 kg/m2) was recruited as control.
The study was conducted according to the guidelines of the Declaration of Helsinki and
approved by the Ethics Committee of Istituto Ortopedico Rizzoli (protocol code IOR 7685,
28 July 2017). Informed consent was signed by all participants involved in the study.

2.2. Experimental Protocol

All participants underwent functional evaluation via skin marker-based kinematic
analysis using an 8-camera motion analysis system at 100 Hz (Vicon 612, Vicon Motion
Capture, Oxford, UK) (Figure 1).
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Table 1. Size and gender distribution in type 1, type 2, neuropathic, non-neuropathic and control groups. Mean (±std) of
the four independent variables used as covariates are reported for each group. Kruskal–Wallis statistical differences are
shown in the last two columns. * denotes post hoc pairwise statistically significant difference between any diabetic group
and control (p < 0.05); ˆ denotes post hoc pairwise statistically significant difference between two diabetic groups (p < 0.05).

Type 1 Type 2 DPN Non-DPN Control
Type 1 vs.
Type 2 vs.
Control

DPN
vs. Non-DPN

vs. Control

group size
[#] 25 45 40 30 27 NA NA

gender
(#M/#F) 13/12 25/20 22/18 15/15 11/16 NA NA

age
[yrs] 50 ± 15 ˆ 62 ± 8 *ˆ 60 ± 11 * 55 ± 13 53 ± 9 p < 0.001 p < 0.05

BMI
[kg/m2] 24 ± 3 ˆ 31 ± 6 *ˆ 29 ± 6 * 28 ± 7 * 24 ± 4 p < 0.001 p < 0.01

diabetes
duration

[yrs]
29 ± 14 ˆ 14 ± 8 ˆ 21 ± 13 17 ± 12 NA NA NA

normalized
walking

speed
[s−1]

0.73 ± 0.14 ˆ 0.60 ± 0.11 *ˆ 0.62 ± 0.14 * 0.68 ± 0.13 * 0.75 ± 0.10 p < 0.001 p < 0.001

Two force plates embedded in the floor (Kistler, Switzerland) recorded the ground
reaction forces at 2000 Hz. A single experienced examiner fitted each participant with
18 reflective markers on anatomical landmarks on the shank, calcaneus, midfoot, metatarsus
and proximal phalanx of the hallux, according to the Rizzoli Foot Model [32,33]. Local
anatomical reference frames were established on each segment according to the position of
relevant markers. The relative orientation between segments was determined using the
Joint Coordinate System [34]. Gait analysis was performed during barefoot walking at
comfortable self-selected speed. For each participant, relative motion with respect to the
three axes of the joint coordinate system (dorsi/plantar flexion, inversion/eversion and
adduction/abduction) was measured between the following pairs of segments: calcaneus
and shank (ShCa; ankle joint complex); midfoot and calcaneus (CaMi; midtarsal joint);
metarasus and midfoot (MiMe; tarsometatarsal joint); metatarsus and calcaneus (CaMe).
The overall shank-to-foot motion (ShFo), assumed to be one single rigid segment, and the
sagittal plane motion of the first metatarsophalangeal joint (MTPj) were also measured.
Time histories of joint kinematics were normalized over gait cycle duration. Timing of gait
events and spatio-temporal parameters were determined by the analysis of the markers’
trajectories and of the ground reaction forces. Range of motion (ROM) of all joints with
respect to the three axes of rotations was computed as the absolute difference between
maximum and minimum value over stance phase duration. All gait data were averaged
across five walking trials for each subject and used as samples for the statistical analysis.
Right limb data only were used in the present analysis.

2.3. Statistics

The Kruskal–Wallis test was used to assess whether there was any difference in age,
BMI, walking speed and diabetes duration between groups, and Tukey’s honest significant
difference procedure as a post hoc test (α = 0.05). Analysis of covariance ANCOVA
(STATISTICA 10, Tibco Statistica, Palo Alto, CA) with Bonferroni post hoc was used to
assess the effect of diabetes type and DPN on ROM (α = 0.05). Participants’ BMI (kg/m2),
age (yrs) and normalized walking speed (m/s*height−1) were used as covariates to assess
differences in foot joints ROM among diabetes and DPN groups and control, after checking
for significant correlations between each covariate and the ROM variable.
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Figure 1. Exemplary walking trial for one of the participants with diabetes fitted with the Rizzoli Foot Model marker set. 
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Figure 1. Exemplary walking trial for one of the participants with diabetes fitted with the Rizzoli Foot Model marker set.

Statistical parametric mapping (SPM) of two-tailed paired t-tests allowed to identify
supra-threshold clusters of SPM (t) [35] for the pairwise comparisons between temporal
profiles of joint rotations in diabetes and DPN sub-groups, and with respect to the control
population.

3. Results

Significant differences were found in age, BMI, diabetes duration and walking speed
between diabetes type and DPN subgroups and controls (Table 1). Type 1 individuals
were significantly younger than type 2, which in turn were older than controls. Type 2
individuals had the largest BMI (p < 0.01), and along with DPN and non-DPN groups,
walked at a slower normalized speed than control (p < 0.001). Type 1 had a longer diabetes
duration than type 2. Mean spatio-temporal parameters in each group with diabetes and
in the control are reported in Table 2. All groups with diabetes, except type 1, walked at a
slower speed and with shorter stride length than controls.
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Table 2. Spatio-temporal parameters in type 1, type 2, neuropathic (DPN), non-neuropathic (non-DPN) and control groups.
Mean (±std) of each parameter are reported for each group. Kruskal–Wallis statistical differences are shown in the last two
columns. * denotes post hoc pairwise statistically significant difference between any diabetic group and control (p < 0.05);
ˆ denotes post hoc pairwise statistically significant difference between two diabetic groups (p < 0.05).

Type 1 Type 2 DPN Non-DPN Control
Type 1 vs.
Type 2 vs.
Control

DPN
vs. Non-DPN

vs. Control

cadence
[step/min] 55 ± 5 ˆ 52 ± 5 *ˆ 52 ± 6 * 55 ± 5 56 ± 5 p < 0.01 p < 0.05

gait cycle
time
[s]

1.09 ± 0.10 ˆ 1.17 ± 0.15 *ˆ 1.17 ± 0.16* 1.11 ± 0.10 1.08 ± 0.08 p < 0.01 p < 0.05

stance time
[% gait cycle] 60.5 ± 1.4 ˆ 62.7 ± 2.2 *ˆ 62.3 ± 2.4 * 61.4 ± 2.4 60.5 ± 1.3 p < 0.001 p < 0.001

swing time
[% gait cycle] 39.7 ± 1.9 ˆ 37.1 ± 2.2 *ˆ 37.7 ± 2.4 ˆ* 38.6 ± 2.4 ˆ* 39.5 ± 1.28 p < 0.001 p < 0.01

stride
nomalized
[% height]

78.8 ± 11.7 * 68.8 ± 8.8 * 71.2 ± 11.3 * 74.0 ± 10.5 * 79.8 ± 0.2 p < 0.001 p < 0.001

walking
speed
[m/s]

1.21 ± 0.23 ˆ 1.02 ± 0.21 ˆ* 1.07 ± 0.25 * 1.10 ± 0.21 * 1.28 ± 0.18 p < 0.001 p < 0.001

3.1. Effect of Covariates on Foot Joint ROM

Age showed significant (p < 0.05) negative correlations with transverse-plane ROM
of the ankle (ShCa; R = 0.30), frontal-plane ROM of the metatarsus with respect to the
calcaneus (CaMe; R = 0.21), and sagittal plane ROM of the first MTPj (R = 0.27). Normalized
walking speed showed significant positive correlations with ROM of several foot joints
(0.19 < R < 0.26; p < 0.05). BMI had limited but significant negative correlation with
transverse-plane ROM of the midtarsal joint (CaMi; R = 0.19) and positive correlation with
transverse-plane ROM of tarsometatarsal joint (MiMe, R = 0.26). Diabetes duration showed
significant correlation with sagittal plane ROM of the midtarsal joint (CaMi; R = 0.28).

3.2. Effect of Diabetes Type on Foot Joint ROM and Gait Kinematics

According to a post hoc power analysis (G*Power 3.1, [36]), the sample size in each
group was enough to reach a power greater than 0.8 for all ROM variables. ANCOVA
analysis revealed several significant differences in ROM between diabetes type 1, type
2 and controls by accounting for the effect of normalized walking speed, age and BMI
(Table 3). In the sagittal plane, the midtarsal and tarsometatarsal joints and the metatarsus
to calcaneus rotation presented significantly lower ROM in type 1 and type 2 with respect
to controls (p < 0.05). Reduction in ROM in both type 1 and type 2 was also observed at
ShFo in the sagittal and transverse planes.

Regarding the SPM analysis, while some offsets were observed between groups, most
foot joints had similar temporal patterns of rotations across the whole population for most
of the normalized gait cycle (Figures 2 and 3). In the sagittal plane, at the ankle joint (ShCa),
one supra-threshold cluster (60% of gait cycle) was lower than the critical threshold of
−2.667 as feet of type 1 were more plantarflexed than those in type 2. The probability that
a supra-threshold cluster of this size would be observed in repeated random samplings
was significant (p = 0.049).
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Table 3. Mean and standard deviation of foot joints ROM [deg] in stance in type 1, type 2 and control groups. The last
column is reporting the ANCOVA statistically significant differences between groups using walking speed, BMI, disease
duration as covariates.

Type 1 Type 2 Control ANCOVA
(p < 0.05)

Joint Plane Mean STD Mean STD Mean STD

ShFo
Sagittal 22.6 4.2 21.2 3.5 25.2 3.4 Control > type1

Control > type2
Frontal 12.0 3.0 12.5 3.2 11.9 2.3

Transverse 16.0 3.9 13.9 4.1 18.4 3.8 Control > type2

ShCa
Sagittal 16.2 2.9 14.8 2.9 16.6 3.7
Frontal 7.0 2.0 6.8 1.8 6.8 1.5

Transverse 12.3 3.1 11.2 3.8 13.6 3.3

CaMi
Sagittal 13.2 4.3 14.3 4.2 17.0 4.7 Control > type1

Control > type2
Frontal 7.9 1.8 8.6 2.4 9.5 2.0 Control > type1

Transverse 7.8 2.5 7.2 2.3 8.6 2.5

MiMe
Sagittal 11.6 2.9 12.6 4.1 15.5 3.5 Control > type1

Control > type2
Frontal 6.1 1.2 6.0 1.6 6.0 1.5

Transverse 7.4 1.7 8.9 2.9 8.5 2.9

CaMe
Sagittal 19.6 4.4 19.4 5.6 23.1 4.7 Control > type1

Control > type2
Frontal 9.1 2.4 8.7 3.1 10.6 2.7

Transverse 11.1 3.1 11.4 3.7 15.1 3.9

1st MTPj Sagittal 44.2 7.3 38.9 8.2 41.0 8.1 type1 > type2

The midtarsal joints of type 1 and type 2 were more dorsiflexed across the whole gait
cycle than those in control. Conversely, the tarsometatarsal joint was more plantarflexed
than in controls across the whole gait cycle. As to the metatarsus to calcaneus (CaMe)
sagittal plane rotation, one supra-threshold cluster (50–65% of gait cycle) exceeded the
critical threshold of 2.599 as the CaMe pair in type 2 was significantly more dorsiflexed than
that in control (p = 0.044). The tarsometatarsal joint in type 1 and type 2 was significantly
more inverted than that in controls throughout the whole gait cycle. As to the metatarsus
to calcaneus frontal-plane rotation, one supra-threshold cluster (55–65% of gait cycle)
exceeded the critical threshold and the CaMe angle in type 2 was significantly more everted
than that in controls (p < 0.05). In the transverse plane, one supra-threshold cluster (65–75%
of gait cycle) exceeded the critical threshold and the ankle in type 1 was significantly
more adducted than in controls (p = 0.041); the ankle of type 1 was also significantly more
adducted than in type 2 at 50–60% of gait cycle (p = 0.046). The midtarsal joint of type 2
was significantly more adducted than in controls for most of the gait cycle; the midtarsal
joint of type 2 was overall more adducted than in type 1 with two clusters exceeding the
threshold. As to the metatarsus to calcaneus transverse-plane rotation, both type 1 and
type 2 were more abducted than controls at 50–60% of gait cycle (p = 0.050; p = 0.049).
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Figure 2. Mean temporal profiles of foot joint rotations [deg] normalized to gait cycle duration across all trials of type 1 
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rotation in the three anatomical planes between calcaneus and shank (ShCa), midfoot and calcaneus (CaMi), metatarsus 
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Figure 2. Mean temporal profiles of foot joint rotations [deg] normalized to gait cycle duration across all trials of type 1
(continuous blue line) and type 2 diabetes (dashed blue line), and control subjects (continuous black line). Top to bottom,
rotation in the three anatomical planes between calcaneus and shank (ShCa), midfoot and calcaneus (CaMi), metatarsus and
midfoot (MiMe), and metatarsus and calcaneus (CaMe). Left to right, rotations in the sagittal, frontal and transverse planes
according to the axes of each joint coordinate system.

3.3. Effect of DPN on Foot Joints ROM and Gait Kinematics

ANCOVA analysis revealed several significant differences in ROM between DPN,
non-DPN and controls by accounting also for the effect of normalized walking speed, age
and BMI (Table 4). In the sagittal plane, the midtarsal and tarsometatarsal joints and the
metatarsus to calcaneus rotation had significantly lower ROM in DPN and non-DPN with
respect to controls (p < 0.05). While no significant differences were observed between DPN
and non-DPN, frontal-plane ROM of the midtarsal joint in non-DPN was significantly lower
than control. The metatarsus to calcaneus transverse-plane rotation presented significantly
lower ROM in DPN and non-DPN with respect to controls (p < 0.01). A reduction in motion
in DPN and non-DPN was also observed between leg and foot in the sagittal and transverse
planes.
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the pairwise comparisons between temporal profiles of joint rotations in type 1, type 2 and control groups. Time intervals of
statistically significant differences (p < 0.05) between groups are shown in grey.
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Table 4. Mean and standard deviation of foot joints ROM [deg] in stance in neuropathic (DPN), non-neuropathic (non-DPN)
and control groups.

DPN Non-DPN Control DPN vs. Non-DPN
vs. Control

Joint Plane Mean STD Mean STD Mean STD

ShFo
Sagittal 21.4 4.0 22.2 3.5 25.2 3.4 Control > DPN Control >

non-DPN
Frontal 12.8 3.0 11.7 3.2 11.9 2.3

Transverse 14.0 4.1 15.5 4.2 18.4 3.8 Control > DPN Control >
non-DPN

ShCa
Sagittal 15.4 3.3 15.2 2.6 16.6 3.7
Frontal 6.8 1.8 7.0 2.0 6.8 1.5

Transverse 11.1 3.0 12.2 4.2 13.6 3.3

CaMi
Sagittal 13.9 4.2 13.8 4.2 17.0 4.7 Control > DPN Control >

non-DPN
Frontal 8.5 2.5 8.1 1.7 9.5 2.0 Control > non-DPN

Transverse 7.3 2.1 7.6 2.7 8.6 2.5

MiMe
Sagittal 12.2 4.0 12.3 3.5 15.5 3.5 Control > DPN Control >

non-DPN
Frontal 5.9 1.5 6.1 1.4 6.0 1.5

Transverse 8.3 2.7 8.4 2.6 8.5 2.9

CaMe
Sagittal 19.0 5.5 20.0 4.7 23.1 4.7 Control > DPN Control >

non-DPN (p = 0.06)
Frontal 8.6 2.8 9.1 2.9 10.6 2.7

Transverse 11.3 4.1 11.2 2.4 15.1 3.9 Control > DPN Control >
non-DPN

1st MTPj Sagittal 40.1 8.8 41.7 7.5 41.0 8.1

Regarding the SPM analysis, while some offset was present between groups, most
foot joints had similar temporal patterns of rotations across DPN, non-DPN and control
subjects for most of the normalized gait cycle (Figures 4 and 5). In the sagittal plane, DPN
and non-DPN midtarsal joint was more dorsiflexed across the whole gait cycle with respect
to controls (p < 0.001). Conversely, the tarsometatarsal joint was more plantarflexed across
the whole gait cycle. As to the metatarsus to calcaneus sagittal plane rotation, one supra-
threshold cluster (55–65% of gait cycle) exceeded the critical threshold as the CaMe pair in
both DPN and non-DPN was significantly more dorsiflexed than in controls (p < 0.05). In
the frontal plane, the tarsometatarsal joint of DPN and non-DPN was significantly more
inverted than in controls throughout the whole gait cycle (p < 0.001). In the transverse
plane, the midtarsal joint of both DPN and non-DPN was significantly more adducted than
in controls for most of the gait cycle.
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to bottom, rotation in the three anatomical planes between calcaneus and shank (ShCa), midfoot and calcaneus (CaMi),
metatarsus and midfoot (MiMe) and metatarsus and calcaneus (CaMe). Left to right, rotations in the sagittal, frontal and
transverse planes according to the axes of each joint coordinate system.
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4. Discussion

This study is part of a larger investigation on the effects of diabetes and DPN on foot
and ankle biomechanics. Deeper understanding of multisegment foot kinematics in people
with diabetes may help understanding the multiple alterations in foot biomechanics which
likely occur at a later stage of the disease, as well as driving early rehabilitation treatments.
The present investigation focused on the effect of diabetes type and DPN on multisegment
foot kinematics by accounting for some of the main independent variables that may affect
outcome. In agreement with previous kinematic investigations [17,20–22], foot joints of
participants with diabetes showed restricted ROM in gait compared with healthy controls,
but some differences were also found between type 1 and type 2 diabetes.

This is the one of the few studies reporting multisegment foot kinematics on a rather
large population with diabetes which were grouped by diabetes type and by the presence of
DPN. In a previous effort by the present authors, several correlations were found between
foot morphological parameters, such a decreased metatarsal bone distance from the floor
and segments inclination, with respect to plantar-load parameters [37]. To the best of
our knowledge, the effects of covariates on foot joints ROM were not accounted for in
previous studies thus limiting those investigations to the analysis of populations matched
by age or BMI. According to the present dataset, BMI, age and normalized walking speed
are significantly correlated to foot joints ROM in gait, albeit most correlation coefficients
were small. In particular, age was positively correlated to reduced ROM at several foot
joints, which may be associated with the onset of arthritis and the reduced joint distance
in the older population [38]. On the contrary, normalized walking speed was correlated
to increased ROM at several foot joints. This can be explained by the observed increased
stride length (Table 2), which may result in larger joint excursions, at least in the sagittal
plane.

Participants with diabetes, regardless of its type and the presence of DPN, exhibited
reduced sagittal plane ROM at several foot joints with respect to control. The significant
reduced ROM was observed by accounting for the reduction in normalized walking
speed in the groups with diabetes. Albeit not statistically significant at the ankle joint
complex (ShCa), similar to what was reported previously [18,21], DPN was associated with
decreased ROM between shank and foot and at the midtarsal joint. Significant reduction in
sagittal plane ROM was also observed at the tarsometatarsal joint. This reduced motion
may be consequence of altered mechanical properties of tendons [39,40], of increased
stiffness of plantar soft tissues [41] and of bone and joint disorganization [42] due to
diabetes and DPN.

While, in general, the patterns of joints rotations were similar between groups with
diabetes and control throughout the gait cycle, one-dimensional SPM revealed some
differences in joints kinematics. This was more significant for the temporal profiles of the
midtarsal and tarsometatarsal joints which presented significant offsets with respect to
the controls. With respect to the control group, the dynamic posture of the midfoot in
participants with type 1 and type 2 diabetes resulted more dorsiflexed to the calcaneus,
whereas the metatarsus was more plantarflexed and inverted to the midfoot. In addition,
participants with type 2 diabetes presented larger adduction of the midfoot to the calcaneus
with respect to both control and type 1 for large parts of the gait cycle. These aspects would
require additional investigations to be fully unraveled.

Both DPN and non-DPN subgroups showed significant kinematic alterations at the
distal foot joints. With respect to the control group, the dynamic posture of the DPN and
non-DPN midfoot resulted more dorsiflexed to the calcaneus, whereas the metatarsus was
more plantarflexed and inverted to the midfoot. The midfoot was also significantly more
adducted to the calcaneus across all gait cycle in both non-DPN and DPN groups.

The analysis of the effect of the diabetes type and of DPN on foot kinematics in gait
helped reveal significant postural alterations of the midfoot joints with respect to those
in the control group. The alterations of the midtarsal joint were present in all diabetes
and DPN subgroups and appeared to be almost fully compensated by equal and opposite
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postural alterations of the tarsometatarsal joint, or vice versa. In fact, the temporal patterns
of rotation between metatarsus and calcaneus—which span midtarsal and tarsometatarsal
joints and thus represent the overall foot posture—were within control values for large parts
of the gait cycle. These differed from the control at push-off (around 60% of the gait cycle)
by showing increased dorsiflexion of the metatarsus in all diabetes and DPN subgroups
(bottom of Figures 2–5). Reduced plantarflexion of the metatarsus at push-off may point
to an altered windlass mechanism which does not seem to be consequence of a decreased
stretching action of the MTPj pulley on the plantar fascia [30] (see Tables 2 and 3). Increased
thickness of the Achilles tendon and of the plantar fascia, and/or reduced activity of the
intrinsic foot muscles acting on the medial arch [27], may be responsible for a decreased
tension in the arch at push-off, and thus to a more dorsiflexed posture of metatarsus
segment, in the participants with diabetes [43].

The results of this study should be interpreted considering some limitations. While the
inter-trial variability of foot joint kinematics in gait using the Rizzoli Foot Model was shown
to be high (about 1 deg), with slightly lower inter-session variability (about 4 deg) [44,45],
it should be highlighted that accuracy of skin marker-based measurements can be affected
by large errors due to skin-motion artefacts. This error, albeit difficult to quantify, can
be considered consistent across subjects performing the same task and instrumented by
the same experienced examiner. However, since this error is consequence of the relative
movement between skin and underlying bony landmark, this could be affected by the dry
and stiffer skin present in people with diabetes, and thus may differ to that of controls.
While age, BMI and walking speed showed some correlations—albeit small—with foot
joint ROM, the comparisons of temporal patterns of joint kinematics between groups with
diabetes and controls did not account for the effect of these covariates. Last, while the post
hoc power analysis confirmed that the size of each group was enough for the ANCOVA
testing, a more even sample size between groups should be sought to minimize type I
errors.

5. Conclusions

BMI, age and walking speed correlated with foot joints ROM in different populations
with diabetes and DPN. Diabetes, after accounting for the effect of these covariates and
regardless of DPN, is responsible for reduced ROM at several foot joints during gait. In
addition, diabetes significantly affects the temporal patterns of foot joint motion especially
at the midtarsal and tarsometatarsal joints. The alterations of the midtarsal joint affecting
all diabetes and DPN subgroups should be considered in rehabilitation strategies including
foot and mobility-related exercises that were recently included in the Guidelines of the
International Working Group on Diabetic Foot—IWGDF [46]—as preventive action for foot
ulcers.
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