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Abstract: Exercise rehabilitation and education are important strategies for preventing the pro-
gression of diabetic neuropathy-related musculoskeletal deficits. The purpose of this randomized
controlled trial was to investigate the effect of an 8-week home-based foot–ankle exercise pro-
gram using an educational booklet on clinical outcomes (foot muscle strength and functionality;
functional balance; diabetic neuropathy symptoms and severity; tactile and vibratory sensitivities;
plantar pressure distribution; and foot–ankle, knee, and hip biomechanics during gait). Fifty par-
ticipants with neuropathy were randomly allocated into an intervention group (59.1 ± 6.4 years,
23.5 ± 4.8 kg/m2, males = 6, females = 19) that performed the exercises for 8 weeks and a control
group (56.5 ± 9.4 years, 22.9 ± 3.6 kg/m2, males = 5, females = 20) that received usual care rec-
ommendations. Generalized estimating equation method and intention-to-treat approaches were
adopted. No significant differences were found for any clinical outcome after 8 weeks. Heel contact
area increased in the intervention group compared to controls (p = 0.043, mean difference = 2.7 cm)
and heel peak pressure was increased in controls compared to intervention (group effect p = 0.020,
mean difference = −64.16 kPa) at 8 weeks. Controls showed increased joint moments for the hip
at heel strike (p = 0.007) and for the knee and hip at push off over 8 and 16 weeks (p < 0.001 and
p = 0.009, respectively). Although the intervention is easy to perform and showed a good adherence
(72%), home-based foot–ankle exercise programs are unlikely to sufficiently modify the main risk
factors related to foot ulcers and to change foot–ankle kinematics and kinetics.

Keywords: physical therapy modalities; self-rehabilitation; foot; diabetic neuropathy; diabetic foot;
clinical trial

1. Introduction

One in every three people worldwide needs or will need rehabilitation at some point
in their lives [1]. There was a 63% increase in the need for rehabilitation in primary care
settings worldwide in the last 30 years, particularly addressing chronic musculoskeletal
conditions [1]. Diabetes is pointed out as the fourth-most common cause of disability
globally [1], and approximately 131 million people are affected by diabetes-related lower-
extremity complications [2–10] including 105.6 million with diabetic peripheral neuropathy
(DPN) [11]. Although disease-modifying medications for improving glycemic control
are the first-line approach for reducing the incidence of DPN, several factors risk reduc-
tion strategies, including exercise rehabilitation and education program, which can be
second-line approaches for preventing the build-up and progression of DPN-related mus-
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culoskeletal and sensorial deficits [12,13]. A structured therapeutic exercise targeting the
lower extremities may be a strategy for treatment of DPN-related complications [14–19].

Supervised foot-related exercise therapy (individual or group) is well-documented in
the literature [14,16–18,20–27] and the International Guidelines of Prevention of Diabetic
Foot includes this approach as part of the self-management plan to modify risk factors in
people with DPN [28]. The main effects of supervised foot-related exercises are improving
the plantar pressure distribution during gait [14,16,22,27], foot–ankle range of motion
(ROM) [16,20,25], foot–ankle strength [17,18], DPN symptoms and sensitivity [16,18], and
walking speed [23,25,29]. All beneficial changes that were report in the literature are not
retained at follow-up [14]; therefore, health professionals are encouraged to incorporate
information/communication-based technologies that enhance home-based exercise as
an alternative treatment as they can improve patient adherence to treatment and even
reduce waiting time at rehabilitation services. However, the extent to which this approach
fulfills the expectations of people with DPN and helps them to exercise at home is still to
be determined.

A few home-based exercise clinical trials and/or controlled studies have shown posi-
tive results for people with DPN, such as reduced DPN symptoms [21], foot pain [15], and
peak pressure during gait [24]. However, its effects on the foot–ankle ROM and strength,
gait biomechanics, and functionality in people with DPN is still unclear. A feasibility study
from the current clinical trial showed that home-based exercises were adhered to (77.7%)
and positive changes in clinical and biomechanical measures were seen, such as improved
DPN severity and ROM of the midfoot during gait [30]. Considering the scenario described
before, we have delineated the following theoretical hypothesis: the home-based exercise
program based on an educational booklet will reduce the DPN symptoms and severity,
increase foot strength and functionality status, gain functional balance, improve vibratory
and tactile plantar sensitivities, and produce beneficial biomechanical modifications, such
as a redistribution of forefoot and rearfoot peak pressures and an increase in the foot-ankle
range of motion.

Therefore, the aim of this randomized controlled trial was to investigate the effects of
an 8-week home-based physiotherapeutic foot–ankle exercise program using an educational
booklet on DPN severity and symptoms. The second goal was to investigate the effects of
this intervention on tactile and vibration sensitivities, foot muscle strength, plantar pressure
distribution, foot–ankle kinematics, and lower limbs kinematics and kinetics during gait at
8 and 16 weeks.

2. Methods
2.1. Study Design and Setting

The FOCA-II was a superiority two-arm, randomized controlled trial that was reg-
istered at ClinicalTrials.gov (NCT04008745; registered on 2 July 2019). The protocol was
published elsewhere [31]. The Ethics Committee of the School of Medicine of the University
of São Paulo approved this trial and the informed consent form that participants signed
(Research protocol No. CAAE: 90331718.4.0000.0065, approved 10 May 2019).

Participants with diabetes and DPN were randomly allocated to the control group
or intervention group (IG). Participants in the control group did not receive any specific
intervention besides usual care recommendations [28]. Participants in the IG performed
an 8-week home-based foot-related exercise program that was included in an educational
booklet [32]. Participants from both groups were assessed at baseline, 8 weeks (end of
intervention), and 16-week follow-up at the Biomechanics Laboratory of the Physical
Therapy Department of the University of Sao Paulo.

2.2. Participants and Recruitment

We recruited fifty participants with type 1 or 2 diabetes and DPN, which were classified
by IWGDF at risk 1 or 2, between 23 April 2019 and 26 November 2021, from the Department
of Endocrinology of the Hospital das Clinicas (see Table 1 for details on demographic data
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of participants). The eligibility criteria were as follows: (1) adults (18 to 65 years), (2) both
sexes, (3) with DPN confirmed by a fuzzy decision support system (score ≥ 2) [9], and
(4) who were able to walk independently.

Table 1. DPN-related outcomes and anthropometric and demographic characteristics at baseline for
the control and intervention groups.

Intervention Group (n = 25)
Mean (SD)

Control Group (n = 25)
Mean (SD)

Age (years) 59.1 (6.4) 56.5 (9.4)
Body mass (kg) 74.4 (15.6) 74.2 (14.8)
Height (cm) 162.0 (0.1) 164.0 (0.1)
Body mass index (kg/m2) 23.5 (4.8) 22.9 (3.6)
Sex (Male/Female) (M = 6/F = 19) (M = 5/F = 20)
Type 2 Diabetes (number of participants, %) 22 (88%) 19 (76%)
Time of onset of diabetes (years) 13.8 (10.0) 18.2 (9.8)
Education

Elementary education incomplete 4 (16%) 2 (8%)
Elementary education complete 6 (24%) 7 (28%)
High school complete 7(28%) 9 (36%)
Higher education incomplete 1 (4%) 2 (8%)
Higher education complete 7 (28%) 5 (20%)

Socioeconomic status
1 to 3 Brazilian minimum salary/month 13 (52%) 15 (60%)
3 to 5 Brazilian minimum salary/month 5 (20%) 4 (16%)
Up to 5 Brazilian minimum salary/month 6 (24%) 2 (8%)

DPN symptoms (MNSI score) 5.4 (1.9) 6.9 (2.1)
DPN severity (Fuzzy score) 4.4 (2.6) 4.6 (2.3)
Tactile sensitivity (number of areas, median (IQR)) 0 (0–4) 0 (0–3)
Vibration Perception (number of feet, %)

absent—L 10 (40%) 6 (24%)
absent—R 10 (40%) 9 (36%)
reduced—L 5 (20%) 9 (36%)
reduced—R 3 (12%) 5 (20%)

Foot Strength (%BW)
Hallux—L 13.8 (6.6) 11.7 (6.2)
Hallux—R 13.8 (6.9) 13.6 (6.8)
Toe—L 9.4 (5.2) 9.3 (5.1)
Toe—R 9.7 (4.2) 8.5 (2.9)

Abbreviations: L—left, R—right, BW—bodyweight, MNSI—Michigan Neuropathy Screening Instrument.

We have not included participants in the study if they had: (1) a unhealed ulcer for at
least 6 months and/or an active ulcer; (2) any surgical procedure to the foot–ankle, knee or
hip; (3) arthroplasty and/or orthosis of lower limbs; (4) diagnostic of neurological diseases
outside of diabetes aetiology; (5) inability to give consistent information or dementia; (6) re-
ceived any physiotherapy or offloading devices (including shoes or insoles) throughout
the intervention period; (7) presented a diagnostic of major vascular complications and/or
severe retinopathy.

The principal investigator explained every step of the assessment and follow-up, possible
risks, and that no compensation or benefits were to be expected to each eligible participant.

2.3. Blinding, Randomization, and Allocation

An independent researcher prepared the randomization using Clinstat software (Uni-
versity of York, York, UK) [33] and allocated the participants to groups at a 1:1 ratio. The
randomization codes were generated in blocks of 4 to 8 to prevent researchers from pre-
dicting allocation. The randomization sequence generated was kept in opaque and sealed
envelopes numbered sequentially. The random allocation was performed after acquiring
baseline data by the principal investigator (EQS). All outcomes’ assessors (RHCJ and JLV)
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were blinded to block sizes and group codes. Due to the nature of the study (physical ther-
apy intervention based on exercises), it was not possible to blind the principal investigator
(EQS) responsible for delivering the intervention. In addition, the participants could also
be blinded to the exercise intervention. The trial statistician was also blind to treatment
allocation until the main analysis was accomplished.

2.4. Treatment Arms

Control group participants received the usual care, including treatment that were
advised by the health team, foot self-care guidelines based on the International Working
Group on the Diabetic Foot (IWGDF) [28], and pharmacological treatment. The IWGDF
foot self-care guidelines were adapted for this trial and, with the addition of some educa-
tional orientations, were printed on a booklet delivered to all participants. The usual care
orientations were explained to the participants by the principal investigator during the
baseline session, and weekly calls were used to check adherence to the recommended care.

Participants in the IG received the usual care in addition to a home-based foot–ankle
exercise program oriented by an educational booklet [32]. The program consisted of three
warm-up exercises and six exercises for improving the motion of the interphalangeal,
metatarsophalangeal, and ankle joints, as well as increasing strength in the foot–ankle
muscles (extrinsic and intrinsic).

The program Intensity was controlled by parameters of the training according to
the participant’s effort and needs, such as number of sets and repetitions [34]. Thus,
the participants evolved regarding the difficulty level based on a perceived effort scale.
The participants were motivated to record the difficulty and effort level and number
of repetitions of each exercise in a table within the booklet. The session duration was
approximately 30 min for 8 weeks, totaling 24 sessions. For more details on the exercise
program and booklet, check the full protocol published elsewhere [31].

The principal investigator (EQS) delivered the first session face to face at the outpatient
clinic of the Biomechanics Laboratory to describe the use of the booklet, to ensure the correct
execution of the exercises, and to deliver to the IG participants a kit with tools for executing
the exercise program (cotton balls, a pencil, and a massage ball). The next sessions (8 weeks,
3 times a week, in total 23 sessions) were performed at home with the supervision of the
principal investigator through weekly calls.

2.5. Outcome Measures

The first primary outcome was DPN symptoms, measured using the Brazilian version
of the Michigan Neuropathy Screening Instrument questionnaire (MNSI) [35]. The sum
of the scores ranged from 0 to 13, with the greater scores indicating worse DPN. The
second primary outcome was DPN severity measured by the Decision Support System for
Classification of Diabetic Polyneuropathy [9](www.usp.br/labimph/fuzzy, accessed on
28 December 2022). Scores ranged from 0 to 10, with greater values representing a more
severe DPN.

Secondary outcomes comprised DPN-related and biomechanical variables. The clinical
variables were: (1) tactile sensitivity by the 10 g monofilament at four plantar areas [36],
and (2) vibration perception using a 128 Hz tuning fork at the first metatarsophalangeal
joint [37].

The biomechanical variables included plantar pressure parameters and joint kinetics
and kinematics during gait, as well as toes and hallux strength. Toes and hallux isometric
muscle strength were measured orthostatically by a pressure plate (emed q-100; Novel
GmbH, Munich, Germany), following the protocol of Mickle et al. (2008) [38]. The toes and
hallux maximum force (N) was normalized by the participant’s body weight and analyzed
using a standard mask from novel Multimask software v.9.35 (Novel GmbH). Contact area,
pressure–time integral, and peak pressure were collected by the pressure plate at 100 Hz.
The participants were asked to walk barefoot three times over the platform at a comfortable
speed. Seven plantar areas (heel, midfoot, medial forefoot, central forefoot, lateral forefoot,

www.usp.br/labimph/fuzzy
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hallux, and toes) were assessed by a geometrical mask using the novel Multimask software
v.9.35 (Novel GmbH, Munich, Germany) [39].

Hip, knee, and foot–ankle kinematics and kinetics during gait were also secondary
outcomes. We used 42 reflective markers (diameter = 9.5 mm) placed on both lower limbs
of the participant following the Plug-In Gait and Oxford Foot Model [40] setup protocols
and were tracked by 8 infrared cameras at 100 Hz (VERO; Vicon Motion System Ltd.,
Oxford, UK). To calculate the net joint moments, we acquire ground reaction forces by a
force platform (AMTI OR-6-1000) at 1 kHz. Kinematic and ground reaction force data were
sampled and synchronized by an A/D board (192 kHz, 24 bits; Lock Control Box; Vicon
Motion System Ltd.). Participants walked barefoot five times over the force platform at a
self-selected speed. Gait speed was checked between assessments (baseline, 8 weeks, and
16 weeks) by two photo cells (Model Speed Test Fit; Cefise, Nova Odessa, Brazil) in order
to make sure it stayed the same throughout the study assessments.

Force data were processed using a zero-lag low-pass Butterworth fourth-order filter
with cutoff frequency of 50 Hz. Gait kinematics data were processed using a zero-lag second-
order low-pass filter with cutoff frequency of 6 Hz. The net moments of the ankle, knee,
and hip in the sagittal plane were calculated using the bottom-up inverse dynamics method.
Gait kinematics (angles) and kinetics (joint moments and power) variables were calculated
with the open-source Python package pyCGM2 (www.pycgm2.github.io, accessed on
28 December 2022) (Python Software Foundation, USA) using the Vicon Plug-In Gait
protocol and Oxford Foot Model.

2.6. Sample Size and Statistical Analysis

The sample size was calculated in a free software—GPower v. 3.1 (Heinrich-Heine-
University of Dusseldorf, Germany) [41]. For this calculation, we adopted the following
parameters: a statistical power of 80%, an alpha of 5%, a moderate effect size (0.26); we
based our calculations on the DPN symptoms (primary outcome) and ankle sagittal ROM
during gait (secondary outcome). The calculated sample sizes were 32 and 40 participants
for DPN symptoms and ankle ROM, respectively. Assuming a potential loss to follow-up
of 20%, a sample size of 48 participants was needed to identify between-group differences.

SPSS v.23.0 (IBM, USA) was used for the statistical analyses, adopting a 5% significance
level. Primary and secondary outcome analyses were based on the intention-to-treat
approach and the generalized estimating equation method. Q–Q graphs were plotted to
verify the adequacy (normality) of each model. The outcomes were modelled using a binary
(linear or gamma with log link) and ordinal logistic model. All pairwise analysis post hoc
tests were based on Bonferroni correction.

3. Results

The flowchart of participant recruitment, attendance at follow-up assessment visits,
and reasons for dropout are presented in Figure 1. Twelve participants dropped-out from
the study (24% in total, control group = 5 (20%), IG = 7 (28%)) and the adherence to
the intervention was 72% (Figure 1). No adverse events were reported in relation to the
intervention. Some participants in both groups did not attend to the 8- and 16-week follow-
up visits due to the COVID-19 pandemic (Figure 1). Table 1 shows that the IG and control
group were similar for the most important prognostic indicators.

After 8 weeks, IG showed no significant interaction or group effects for DPN-related
outcomes, despite the time effect found in DPN severity that ended up resulting in no
differences in the Bonferroni post hoc tests (Table 2). Between-group analysis showed that
the heel contact area was significantly increased for the IG compared to the control group
(interaction effect p = 0.043). At 8 weeks, there was a group effect showing a significantly
increased peak pressure at the heel among the control group participants compared to IG
(group effect p = 0.020) (Table 3).

www.pycgm2.github.io
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Figure 1. Flowchart of participant recruitment, assessments, and follow‐up process of FOCA‐II trial. Figure 1. Flowchart of participant recruitment, assessments, and follow-up process of FOCA-II trial.

A significant interaction effect was observed after 8 weeks for hip flexor moment at
heel strike that was higher in the control group compared to IG (interaction effect p = 0.010)
(Table 4). Within-group analysis showed that control group participants reduced the hip
flexor moment at 16 weeks compared to 8 weeks (time effect p = 0.007) (Figure 2A). A
within-group analysis also revealed a greater hip extensor moment at push off and knee
flexor moment at push off at 16 weeks compared to baseline and 8 weeks for the control
group (time effect p < 0.001 and p = 0.009, respectively) (Figure 2B).
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Table 2. Estimated mean (standard error, SE), p-values of the interaction, group and time effects, and between-group mean difference at 8 and 16 weeks
(95% confidence interval) of the clinical outcomes for each group (control and intervention) at two follow-up assessments (8 and 16 weeks).

Intervention Group
(n = 25)

Control Group
(n = 25)

Between-Group Difference
(CI 95%) GEE Analysis

Variables
8-Week

Estimated
Mean (SE)

16-Week
Estimated
Mean (SE)

p
8-Week

Estimated
Mean (SE)

16-Week
Estimated
Mean (SE)

p 8 Weeks 16 Weeks Group × Time Group Time

DPN symptoms (MNSI score) 5.3 (0.5) 5.6 (0.5) - 6.2 (0.6) 6.0 (0.6) - −0.9 (−2.3 to 0.6) −0.4 (−1.9 to 1.2) 0.276 0.132 0.346

DPN severity (Fuzzy score) 3.7 (0.5) 3.9 (0.6) - 3.3 (0.5) 3.6 (0.4) - 0.4 (−1.0 to 1.8) 0.4 (−1.1 to 1.8) 0.765 0.641 0.002

Tactile sensitivity (number of
areas, (median, IQR]) 0 [0–1] 0 [0–0] - 0 [0–2] 0 [0–0.75] - - 0.056 0.618 0.669

Vibration Perception (number
of participants, %)

absent—L 2 (11.8%) 1 (7.1%) 0.876 2 (11.1%) 2 (11.1%) 0.615 - - - -

absent—R 10 (55.6%) 5 (14.3%) 0.529 9 (52.9%) 0 (0.0%) 0.476 - - - -

reduced—L 9 (52.9%) 8 (57.1%) 0.581 8 (44.4%) 8 (44.4%) 0.677 - - - -

reduced—R 2 (11.1%) 7 (50%) 0.018 1 (5.9%) 7 (38.9%) 0.702 - - - -

Foot Strength (%BW)

Hallux—L 13.8 (1.1) 13.1 (1.3) - 11.6 (1.3) 12.0 (1.2) - 2.2 (−1.3 to 5.6) 1.0 (−2.5 to 4.7) 0.716 0.270 0.989

Hallux—R 13.8 (1.0) 14.0 (1.1) - 11.6 (1.0) 13.3 (1.2) - 2.2 (−0.6 to 4.9) 0.6 (−2.5 to 3.8) 0.415 0.453 0.346

Toes—L 10.5 (1.1) 10.2 (1.0) - 9.3 (1.0) 9.7 (0.9) - 1.1 (−1.8 to 4.1) 0.6 (−2.2 to 3.3) 0.629 0.638 0.394

Toes—R 8.6 (0.9) 10.3 (1.0) - 8.9 (0.7) 9.1 (0.8) - 0.3 (−0.6 to 1.9) 1.2 (−1.3 to 3.7) 0.210 0.478 0.344
Abbreviation: IQR—interquartile range, L—left; R—right; BW—body weight; MNSI—Michigan Neuropathy Screening Instrument; GEE—generalized estimating equations.
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Table 3. Estimated mean (standard error, SE), p-values of the interaction, group and time effects, and between-group mean difference at 8 and 16 weeks (95% confidence
interval) of the plantar pressure variables during gait for each group (control and intervention) at baseline and two follow-up assessments (baseline, 8 and 16 weeks).

Intervention Group
(n = 25)

Control Group
(n = 25)

Between-Group Difference
(CI 95%) GEE Analysis

Region of
Interest Variables

Baseline
Estimated
Mean (SE)

8-Week
Estimated
Mean (SE)

16-Week
Estimated
Mean (SE)

Baseline
Estimated
Mean (SE)

8-Week
Estimated
Mean (SE)

16-Week
Estimated
Mean (SE)

8 Weeks 16 Weeks Group × Time Group Time

Toes

Contact Area [cm2] 10.26 (0.56) 18.26 (1.03) 19.02 (1.02) 10.76 (0.49) 18.06 (0.89) 17.76 (0.94) 0.20 (−2.47 to 2.87) 1.25 (−1.47 to 3.98) 0.384 0.844 <0.001

Peak [kPa] 391.10 (26.82) 325.42 (27.68) 365.34 (29.73) 361.56 (19.21) 365.02 (29.57) 366.29 (29.83) −39.59 (−118.99 to 39.79) −0.95 (−83.51 to 81.60) 0.209 0.886 0.269

Pressure–time
integral [(kPa)·s] 133.54 (9.70) 104.11 (8.50) 129.79 (16.09) 120.08 (8.01) 118.78 (10.30) 116.10 (9.13) −14.66 (−40.85 to 11.53) 13.68 (−22.58 to 49.96) 0.054 0.784 0.045

Hallux

Contact Area [cm2] 18.15 (0.61) 8.48 (0.54) 8.37 (0.35) 16.07 (0.59) 8.87 (0.59) 8.84 (0.56) −0.38 (−1.97 to 1.20) −0.46 (−1.77 to 0.84) 0.185 0.886 <0.001

Peak [kPa] 406.20 (41.89) 457.92 (58.67) 457.98 (53.12) 353.08 (29.76) 402.18 (51.63) 420.45 (53.76) 55.73 (−97.45 to 208.92) 37.52 (−110.61 to 185.67) 0.876 0.411 0.030

Pressure–time
integral [(kPa)·s] 122.46 (13.57) 133.79 (25.34) 137.03 (18.24) 96.82 (9.85) 106.86 (14.63) 127.91 (17.52) 26.92 (−30.42 to 84.27) 9.11 (−40.46 to 58.70) 0.296 0.293 0.003

Forefoot
medial

Contact Area [cm2] 9.46 (0.40) 10.78 (0.58) 10.65 (0.64) 10.03 (0.60) 9.94 (0.75) 10.45 (0.71) 0.83 (−1.03 to 2.70) 0.20 (−1.68 to 2.09) 0.133 0.860 0.025

Peak [kPa] 294.05 (29.69) 326.05 (35.43) 341.09 (48.19) 322.56 (33.79) 289.13 (44.75) 311.74 (37.57) 36.91 (−74.95 to 148.79) 29.34 (−90.43 to 149.12) 0.172 0.787 0.763

Pressure–time
integral [(kPa)·s] 102.36 (9.67) 110.24 (12.76) 120.21 (15.25) 114.20 (15.72) 101.30 (19.67) 117.07 (15.89) 8.93 (−37.02 to 54.89) 3.14 (−40.04 to 46.32) 0.358 0.998 0.259

Forefoot
central

Contact Area [cm2] 26.18 (0.57) 26.81 (0.76) 26.59 (0.77) 27.22 (0.55) 27.47 (0.63) 27.03 (0.61) −0.65 (−2.61 to 1.29) −0.43 (−2.36 to 1.49) 0.546 0.419 0.224

Peak [kPa] 554.00 (36.21) 592.86 (49.06) 596.23 (34.83) 556.96 (32.51) 558.92 (43.88) 585.06 (45.04) 33.94 (−95.07 to 162.96) 11.16 (−100.43 to 122.76) 0.742 0.784 0.304

Pressure–time
integral [(kPa)·s] 205.91 (16.62) 198.47 (16.29) 200.23 (12.18) 192.64 (11.27) 184.84 (11.51) 191.37 (11.78) 13.62 (−25.48 to 52.73) 8.86 (−24.36 to 42.08) 0.919 0.482 0.525

Forefoot
lateral

Contact Area [cm2] 12.29 (0.38) 12.39 (0.58) 12.30 (0.45) 11.72 (0.47) 12.31 (0.52) 11.74 (0.53) 0.08 (−1.45 to 1.62) 0.55 (−0.82 to 1.93) 0.558 0.531 0.309

Peak [kPa] 455.69 (37.04) 460.79 (51.91) 454.30 (56.75) 465.58 (44.45) 479.59 (51.36) 440.05 (38.89) −18.79 (−161.94 to 124.34) 14.24 (−120.60 to 149.09) 0.773 0.940 0.615

Pressure–time
integral [(kPa)·s] 164.05 (13.35) 149.90 (12.43) 160.28 (18.94) 148.15 (13.86) 149.82 (13.30) 137.67 (11.72) 0.08 (−35.61 to 35.77) 22.61 (−21.05 to 66.27) 0.241 0.448 0.745

Midfoot

Contact Area [cm2] 14.95 (0.91) 14.90 (1.10) 14.98 (0.96) 15.19 (0.78) 15.54 (0.92) 14.69 (0.96) −0.64 (−3.47 to 2.18) 0.28 (−2.38 to 2.95) 0.245 0.881 0.379

Peak [kPa] 167.23 (17.79) 161.60 (16.43) 151.64 (16.48) 176.90 (22.21) 163.70 (19.53) 164.37 (17.99) −2.10 (−52.14 to 47.92) 12.72 (−60.55 to 35.10) 0.860 0.732 0.123

Pressure–time
integral [(kPa)·s] 58.76 (5.69) 52.08 (6.42) 51.02 (7.79) 59.52 (7.60) 56.05 (7.17) 51.58 (6.14) −3.97 (−22.85 to 14.91) −0.56 (−20.01 to 18.89) 0.647 0.844 0.114

Heel

Contact Area [cm2] 35.12 (1.08) 37.03 (1.29) * 36.59 (1.18) 34.55 (1.24) 34.33 (1.60) * 34.28 (1.49) 2.70 (1.18 to 4.22) 2.30 (−1.43 to 6.05) 0.043 * 0.314 0.177

Peak [kPa] 341.93 (16.62) 338.21 (19.01)
& 339.93 (15.71) 389.30 (23.44) 402.37 (21.17)

& 378.44 (22.73) −64.16 (−119.93 to −8.39) −38.51 (−92.69 to 15.66) 0.568 0.020
& 0.776

Pressure–time
integral [(kPa)·s] 100.95 (5.81) 93.86 (4.06) 90.11 (3.73) 105.08 (5.07) 104.55 (6.34) 102.15 (5.85) −10.69 (−25.45 to 4.06) −12.03 (−25.65 to 1.58) 0.439 0.159 0.061

Abbreviations: GEE—generalized estimating equations. * interaction effect p = 0.043, difference between intervention and control group at 8 weeks. & group effect p = 0.020, difference
between intervention and control group at 8 weeks.
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Table 4. Estimated mean (standard error, SE), p-values of the interaction, group and time effects, and between-group mean difference at 8 and 16 weeks
(95% confidence interval) of the foot–ankle kinematics and hip, knee, and ankle joint moments during gait for each group (control and intervention) at three
assessments (baseline, 8, and 16 weeks).

Intervention Group
(n = 25)

Control Group
(n = 25)

Between-Group Difference
(CI 95%) GEE Analysis

Variables
Baseline

Estimated
Mean (SE)

8-Week
Estimated
Mean (SE)

16-Week
Estimated
Mean (SE)

Baseline
Estimated
Mean (SE)

8-Week
Estimated
Mean (SE)

16-Week
Estimated
Mean (SE)

8 Weeks 16 Weeks Group × Time Group Time

ANKLE

Ankle ROM (degree) 24.07 (0.65) 23.66 (0.82) 24.63 (0.96) 23.44 (0.65) 22.71 (0.83) 24.65 (0.81) 0.96 (−1.47 to 3.40) 0.00 (−2.43 to 2.43) 0.718 0.494 0.065

Ankle dorsiflexion at heel strike (degree) −2.53 (1.76) −0.04 (1.14) −2.15 (1.81) −0.51 (1.60) −0.82 (1.70) 0.31 (1.49) −0.78 (−3.25 to 4.82) −1.76 (−6.49 to 2.95) 0.463 0.437 0.738

Ankle plantarflexion at push off (degree) −9.27 (2.05) −7.21(1.59) −10.34 (1.93) −5.20 (1.83) −5.33 (2.00) −8.34 (1.66) −1.75 (−6.76 to 3.26) −2.00 (−7.00 to 2.99) 0.759 0.134 0.215

Ankle plantarflexor moment at heel strike
(Nm/BM·Height) −0.05 (0.01) −0.04 (0.01) −0.05 (0.02) −0.05 (0.01) −0.03 (0.01) −0.07 (0.03) −0.01 (−0.04 to 0.02) −0.02 (−0.10 to 0.06) 0.690 0.835 0.492

Ankle plantarflexor moment at push off
(Nm/BM·Height) 1.29 (0.03) 1.28 (0.04) 1.20 (0.05) 1.23 (0.05) 1.16 (0.08) 1.25 (0.03) 0.12 (−0.06 to 0.31) −0.05 (−1.72 to 0.06) 0.163 0.435 0.372

Ankle peak eccentric power at the push off
(W/BM·Height) 2.24 (0.10) 2.17 (0.11) 2.06 (0.13) 2.36 (0.16) 2.20 (0.18) 2.32 (0.11) −0.02 (−0.46 to 0.41) −2.51 (−5.87 to 8.41) 0.623 0.397 0.345

KNEE AND HIP

Hip flexor moment at heel strike
(Nm/BM·Height) 0.09 (0.12) 0.24 (0.08) * 0.27 (0.09) 0.20 (0.24) 0.45 (0.27) *# 0.26 (0.33) # −0.21 (−0.27 to −0.15) 0.01 (−1.22 to 0.15) 0.010 * 0.266 0.007 #

Hip extensor moment at push off
(Nm/BM·Height) −0.76 (0.05) −0.83 (0.05) −0.94 (0.07) −0.75 (0.05) # −0.73 (0.07) −0.96 (0.06) # −0.09 (−0.26 to 0.08) 0.02 (−0.16 to 0.21) 0.317 0.693 <0.001

#

Knee flexor moment at heel strike
(Nm/BM·Height) 0.21 (0.03) 0.18 (0.04) 0.28 (0.07) & 0.33 (0.05) 0.28 (0.04) 0.41 (0.05) & −0.09 (−0.22 to 0.03) −0.13 (−0.32 to 0.05) 0.921 0.045

& 0.063

Knee flexor moment at push off
(Nm/BM·Height) 0.05 (0.01) 0.03 (0.01) 0.05 (0.01) 0.01 (0.02) 0.02 (0.02) # 0.07 (0.01) # 0.01 (−0.04 to 0.07) −0.01 (−0.06 to 0.02) 0.185 0.563 0.009 #

OXFORD FOOT MODEL

Hindfoot to tibia ROM (degree) 20.09 (1.81) 22.19 (2.31) 20.66 (1.67) 20.34 (1.34) 22.61 (1.77) 27.44 (5.20) −0.41 (−5.30 to 6.13) −6.58 (−16.57 to 3.40) 0.486 0.323 0.256

Hindfoot to tibia peak angle (degree) 10.30 (1.34) 14.54 (1.94) 10.51 (1.74) 10.92 (1.63) 12.04 (1.83) 14.28 (3.20) 2.59 (−2.74 to 7.75) −3.76 (−10.92 to 3.38) 0.243 0.760 0.129

Forefoot to hindfoot ROM (degree) 11.98 (1.40) 11.78 (1.31) 12.00 (1.17) 13.35 (0.87) 13.31 (1.11) 14.18 (1.12) −1.53 (−4.89 to 1.83) 2.17 (−1.01 to 5.36) 0.865 0.109 0.726

Forefoot to hindfoot peak angle (degree) 8.04 (1.97) 9.23 (4.21) 5.38 (0.72) 8.35 (0.78) 8.69 (0.95) 10.70 (3.21) 0.53 (−7.93 to 9.00) −5.31 (−11.71 to 1.15) 0.346 0.426 0.930

Hallux to forefoot ROM (degree) 23.35 (2.15) 27.00 (2.55) 26.35 (2.13) 23.77 (2.10) 24.26 (2.11) 25.31 (1.45) 2.74 (−3.76 to 9.24) 1.04 (−4.02 to 6.11) 0.760 0.598 0.417

Hallux to forefoot peak angle (degree) 21.31 (2.95) 23.29 (2.50) 18.42 (5.90) 24.68 (4.13) 23.84 (1.42) 21.19 (1.43) −0.55 (−6.20 to 5.09) −2.77 (−14.67 to 9.13) 0.852 0.452 0.396

Abbreviations: BM—body mass. GEE—generalized estimating equations. * interaction effect p = 0.010, difference between intervention and control group at 8 weeks. & group effect
p = 0.045, difference between intervention and control group at 16 weeks. # time effects, differences between baseline and 16 weeks and differences between 8 weeks and 16 weeks in the
control group.
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Figure 2. (A) Mean time series of the hip flexor moment during gait of the intervention group at
baseline (T00) and 8 weeks (T08). (B) Mean time series of the hip flexor moment during gait of
the control group at baseline (T00) and 8 weeks (T08). The dotted lines correspond to end of the
propulsion phase/beginning of the swing phase of gait.

4. Discussion

The objective of FOCA-II trial was to examine the effectiveness of a 8-week home-
based foot–ankle exercise program based on an educational booklet. Overall, 8 weeks
of intervention compared to the usual care did not result in any improvement in the
primary outcomes (DPN severity and symptoms). Concerning the secondary outcomes,
after 8 weeks, the IG participants compared to the control group showed an increase in
the heel contact area, in the control group participants compared to IG were observed an
increase in the peak pressure at the heel and in the hip flexor moment, and there were
important changes in the hip extensor and knee flexor moments during gait in the control
group between weeks 8 and 16.

Although the DPN-related outcomes’ changes to the participants post-intervention
were disappointing, a recent randomized trial that investigated the effect of a 12-week
group-based foot–ankle exercise program did not find any changes in DPN symptoms
but observed changes in vibration sensitivity [25]. Two trials using a home-based foot–
ankle and lower limb exercise program found significant improvements in DPN symp-
toms [16,42], but others did not show improvements in vibration sensitivity [19]. Therefore,
the evidence for the effectiveness of home-based foot-related exercises in clinical DPN-
related parameters remains unclear, even with this new evidence provided by our study.
Thus, further studies using different training modalities (group-based, face-to-face, home-
based, and one-on-one training) are warranted to determine if exercises targeting DPN mus-
culoskeletal deficits could favorably change clinical outcomes (symptoms and sensitivity).

Our intervention failed to prove its effectiveness for increasing foot strength. Other trials
developed using home-based foot–ankle exercises did not assess foot strength [16,21,42,43],
making it difficult to conclude if the modality of the intervention is the reason for the lack
of effect, especially considering Monteiro et al.’s (2022) [25] results, which used group
face-to-face training and no differences were reported. Changes in foot strength following
different modalities were found for a 12-week face-to-face program [18], 12-week group-
based program focusing on balance training [29], and 12-week mixed (face-to-face and
home-based) intervention [23]. Thus, the shorter duration of our program (8 weeks) and
modality of the intervention (home-based) might be explaining the lack of effect. Further
studies are required to improve the body of evidence for foot-strengthening programs.

Plantar pressure during gait did not change over time. It is well established that
plantar pressure monitoring is of paramount importance in people with DPN because high
peak pressure is a well-established risk factor for ulcers [44]. Our study revealed a positive
outcome in the IG participants after the intervention, showing a significant between-group
increase in the contact area during gait; whereas there was a negative outcome for the
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control group participants, in which the peak pressure at the heel increased after 8 weeks.
Fayed et al. (2016) [22] found an increase in the heel contact area as a result of an 8-week
face-to-face program of lower limb and foot–ankle exercises in persons with DPN. This
finding might support the hypothesis of an improved foot rollover in the IG participants in
our study, as the exercises may have interfered with the subtalar motion that influences the
progression of the contact of the sole of the foot to the floor during stance, thus changing
the contact area [7]. Furthermore, the increased peak pressure observed in the control
group deserves special attention because this may reflect a worsening in the foot rollover
functioning, likely due to musculoskeletal and biomechanical impairments related to DPN.

Although the lack of effect on the plantar pressure distribution in our study is dis-
couraging, an intervention program similar to ours in duration (8 weeks) and intervention
modality (home-based) also did not observe any improvement in plantar pressure parame-
ters or ankle ROM [45]. The ankle and first metatarsophalangeal (MTP) joints ROM were
found to be inversely related to peak pressure and pressure–time integral to in people
with diabetic neuropathy [46]. Previous studies that observed a reduction in the pressure-
loading parameters after the exercise program also observed improvements in the ankle
and first MTP joints ROM [16,20,47]. Therefore, as we did not find any improvement
in the ankle and first MTP ROM, it is reasonable that we did not find more changes in
pressure-loading parameters either.

The results from a feasibility study originated from this FOCA-II trial have shown
a significant improvement in the ROM of the hallux relative to forefoot (1st MTP joint)
and a decrease in the maximum forefoot relative to hindfoot (midfoot motion) dorsiflexion
during gait in the IG [30]. However, unfortunately, the final trial results did not confirm
these findings. Overall, the control group increased the hip flexor moment at heel strike
compared to IG at 8 weeks and increased the hip extensor moment and knee flexor moment
at push off compared to baseline, suggesting a different walking strategy after 8 and 16
weeks. People with DPN present smaller ankle and hip extensor moments at push off [48],
greater hip [7] and knee flexor moments at push off, and a higher hip flexor moment at heel
strike [48]. In particular, the hip flexor and knee flexor moments alterations were stressed
in the control group after 8 and 16 weeks compared to the IG. The findings from the hip
flexor at heel strike and extension moments at push off might suggest the existence of a
hip strategy that is more optimally suited to propel the body forward at the end of the
stance phase and the end of the swing phase/heel strike compared to the ankle joint [49],
which has been described as less capable of dealing with the mechanical demands of
walking in people with DPN [10,50]. It seems that the exercise program preserved the gait
biomechanics of IG participants for 16 weeks, preventing the worsening of their condition,
as evidenced both by the gait strategy adopted and by the change in the heel peak pressure.

The exercise program has some strengths that should be highlighted: (1) it was easy
to implement and perform, mainly due to the short duration of the exercise session and
booklet support; (2) it showed a good adherence among participants (72%), mostly because
it did not require weekly visits with a physiotherapist; and (3) it provided educational
content regarding DPN’s deficits and self-care guidelines. Future studies should determine
the sufficient and effective dose and forms of exercise to increase foot–ankle mobility and
strength, improve gait biomechanical parameters, and reduce pressure-loading parameters.

This study had some limitations regarding the RCT methodology; due to the nature of
the study (physical therapy intervention based on exercises), it was not possible to blind
the principal investigator and the participants. In addition, modality and structure of the
exercise program is also a limitation: it was a relatively short intervention period for major
musculoskeletal and biomechanical changes, there was limited control over the exercise
intensity, and only six exercises were included in the booklet. Furthermore, performing
home-based and unsupervised exercises hampered the monitoring of exercise performance,
which could have influenced the musculoskeletal and biomechanical outcomes. We did
not monitor the glycated hemoglobin and glycemia throughout the stud, which might
have influenced the DPN-related outcomes. The clinical goal of this trial was to improve
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participants’ self-management, which involves the perception of what “good health” is,
which, in turn, depends on the education level of the participant [51]. Therefore, having
40% of the participants with a lower level of education could have biased the results.

We emphasize that, based on the findings, the home-based program is recommended
for people with mild-to-moderate DPN (risk 1 and 2 IWGDF category), without active foot
ulcers or a history of foot ulcers; in addition, it requires a substantive level of education
of the participants to understand the information in the booklet. However, all the results
presented and discussed previously may be subject to modifications due to the limitations
of this study, which should make the reader cautious when interpreting the findings of
this RCT.

5. Conclusions

Although the intervention is easy to perform and showed a good adherence (72%),
the 8-week home-based foot–ankle exercise program based on an educational booklet plus
usual foot care is unlikely to be sufficient to improve the main modifiable risk factors related
to foot ulcers. However, it seems to preserve the gait kinetics and pressure distribution
pattern of the participants in the IG for 16 weeks, preventing the worsening of their
condition. The effects of a home-based foot–ankle exercise in improving DPN-related
outcomes and musculoskeletal and biomechanical deficits might not be as unequivocal as
we hypothesized.
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