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Effectiveness of a web-based foot-
ankle exercise program for treating
ulcer risk factors in diabetic
neuropathy in a randomized
controlled trial
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Renan L. Monteiro?, Marcos Duarte?, Claudia Giacomozzi* & Isabel C. N. Sacco'™

The need for strategies to prevent complications from diabetic neuropathy (DPN) is well recognized.
However, foot-ankle exercise programs show weak to moderate evidence, and barriers to their
implementation persist, including broad and facilitated access to exercise programs, which guarantee
for equity. In this paper, we report for the first time the effectiveness of a web-based foot-ankle
exercise program aiming to improve DPN-related outcomes, gait biomechanics and functional
outcomes. Sixty-two participants with DPN were randomly allocated into the control group (CG;
n=31), which received the usual care, or the intervention group (I1G; n=31), which received the

usual care plus a 12-week foot-ankle exercise program using a web-based software (the SOPeD
software). The primary outcomes, DPN symptoms and severity, were assessed using the Brazilian
version of the Michigan Neuropathy Screening Instrument and the Decision Support System for
Classification of Diabetic Polyneuropathy, respectively. Secondary outcomes included tactile
sensitivity (monofilaments) and vibration perception (tuning fork), functional outcomes, such as foot
pain and function (Foot Health Status Questionnaire), foot muscle strength and plantar pressure
during gait (emed plate), and foot-ankle kinematics and kinetics during gait. Outcomes were assessed
at baseline, 12 and 24 weeks by an assessor blinded to group allocation. DPN symptoms and severity
remained unchanged after the web-based foot-ankle program. However, 1G showed improvements
compared to CG, with greater functional reach at 12 weeks, better foot function, reduced foot pain and
greater plantarflexion degree during push-off at 24 weeks. Regarding plantar loading during gait, the
forefoot pressure reduced in the IG at 12 weeks compared to baseline, but at 24 weeks, forefoot load
increased in the IG compared to CG. The 12-week web-based foot-ankle exercise program was feasible,
acceptable, demonstrating safety with minimal adverse events, such as delayed onset muscle soreness
and foot muscle cramping. While DPN-related outcomes were unaffected by the 12-week SOPeD
program, modest improvements in foot pain and function, functional reach, and changes in plantar
pressure and plantarflexion degree during gait were noted, mostly at 24 weeks.

Trial registration: ClinicalTrials.gov, NCT04011267. Registered on 8 July 2019.

Keywords Diabetic neuropathies, Exercise therapy, Foot-related exercises, eHealth, Rehabilitation
technology, Biomechanics

Diabetic peripheral neuropathy (DPN) is a highly prevalent comorbidity’? and negatively impacts quality of
life?. It leads to loss of protective sensation, peripheral arterial disease”~%, and diminished foot-ankle function and
mobility”’~°. These effects disrupt proper foot rollover and plantar pressure distribution during gait’!! increasing
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the risk of foot ulcers, infections, and amputations'2. These risk factors, dependent on diabetes progression and
DPN severity, highlight the urgent need for evidence-based preventive measures in healthcare systems.

General preventive and management strategies recommended by the International Working Group on the
Diabetic Foot (IWGDE), such as proper glycemic control, adopting a healthy lifestyle, regular foot monitoring,
using adequate footwear, and performing specific foot-ankle exercises, can potentially reduce the risk and
progression of DPN'%, However, raising awareness for and adherence to these preventive strategies has been
particularly challenging' in people with chronic diseases such as diabetes. This difficulty is attributed to
factors such as the complexity of disease management, limited patient education, psychological barriers, and
socioeconomic constraints, which collectively hinder the successful implementation of preventive measures'*. In
addition to depression and anxietyls, lack of motivation to exercise, low income, and long distance to treatment
facilities are frequent barriers that hinder treatment adherence!®. In this sense, the use of Mobile Health
(m-Health) and telehealth apps can be promising and cost-effective tools to address adherence and compliance
problems!”, due to their convenience, ubiquity, and accessibility'®. Although m-health and telehealth apps do
not completely replace face-to-face interventions, the use of these apps has the potential to improve patient
motivation and empowerment by stimulating individuals to actively engage in their own health management,
which can lead to better health outcomes, broader access to healthcare treatments!*-2!, and may reduce health
care costs due to diabetes?>?.

Foot-ankle exercise programs are a proven strategy to improve modifiable risk factors for ulcers in individuals
with diabetes, including improving plantar pressure redistribution, increasing foot-ankle strength, improving
joint mobility, and optimizing gait biomechanics*!. Additionally, recent evidence from a systematic review!?
suggested that a 8-12 week foot-ankle exercise program may improve DPN signs and symptoms in individuals
with diabetes at risk for foot ulceration. However, a web-based treatment strategy has not yet been tested in
this population. Therefore, we conducted'® a superiority randomized controlled, single-blinded, two parallel
arm trial, the FOotCAre trial I (FOCA-I), to investigate the effectiveness of a 12-week customized web-based
foot-ankle therapeutic exercises program based on the Sistema de Orientagdo ao Pé Diabético software (SOPeD;
translation: Diabetic Foot Guidance System; www.soped.com.br?®) on DPN symptoms and severity in people with
DPN (categories 1 and 2 according to the IWGDEF risk classification). The secondary aims were to investigate
the effectiveness of this intervention at 12 and 24 weeks on foot-ankle biomechanics and plantar pressure during
gait, tactile and vibration sensitivities, foot health and functionality, foot strength, and functional balance.

Methods

Study design

The FOCA-I trial was designed and reported in accordance with the CONSORT guidelines®, received
approval on May 10, 2019 from the Ethics Committee of the School of Medicine, University of Sdo Paulo
(CAAE:90331718.4.0000.0065), and was registered at ClinicalTrials.gov on July 8, 2019 (NCT04011267). All
procedures adhered to the Declaration of Helsinki, and informed consent was obtained from each participant.
The trial was carried out at the Physical Therapy Department of the School of Medicine of the University of
Sdo Paulo and the methodology and protocol have been extensively explained elsewhere?’. Briefly, 62 eligible
patients categorized as IWGDF risk category 1 (low risk, with loss of protective sensation (LOPS) or peripheral
artery disease (PAD)) or category 2 (moderate risk, with LOPS and PAD, LOPS and foot deformity, or PAD
and foot deformity) were randomized 1:1 (using a computer-generated randomization sequence in blocks of
four to eight®®) to receive either the protocol intervention or usual care. The intervention lasted for 12 weeks
and was closely monitored during this period. However, the total study duration was 24 weeks, which included
an additional 12 weeks of follow-up. Only the physiotherapist responsible for prescribing the intervention was
aware of group allocation, and participant names were encoded, sealed in an opaque envelope, and concealed
from the study statistician and from two other researchers responsible for all assessments.

Participants and recruitment
The participants were recruited from August 1, 2019 to February 1, 2022 through digital social media advertising,
from the database of the Endocrinology Outpatient Clinic of the Hospital das Clinicas (School of Medicine,
University of Sao Paulo), and via a population campaign organized by the Brazilian Diabetes Care Association.
We recruited a total of 62 adults of both sexes between the ages of 18 and 65 who had a clinical diagnosis of type
1 or 2 diabetes; confirmed DPN using fuzzy software (www.usp.br/labimph/fuzzy; score>2); and who could
walk independently for at least 10 m (Fig. 1). Individuals with the following characteristics were not included:
amputation of any part of the foot; an active ulcer; a history of surgical procedures or indications for surgery
involving the foot, ankle, knee, or hip; a diagnosis of any severe neurological disease unrelated to diabetes;
presence of dementia or inability to provide consistent information; receiving any physiotherapy or using
offloading devices during the study period; use of walking aids; major vascular complications and/or severe
retinopathy, as indicated in medical records. In addition, all eligible participants had to have digital literacy.
Each eligible participant received a thorough explanation from the main researcher about all the stages of
the study, including the assessment and follow-up process, possible risks, and lack of compensation or benefits.
After agreeing to participate, participants signed an informed consent form approved by the Ethics committee.

Treatment arms

The control (CG) and intervention groups (IG) participants received self-care education and a self-management
consultation from the main researcher, as well as a personalized brochure containing summarized self-care
instructions. These instructions included regular inspection of the feet, proper nail and skin care, wearing
appropriate footwear, managing blood glucose levels, and promptly addressing any foot injuries or abnormalities
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telephone (n= 2454)

Assessed for eligibility via

Did not meet eligibility criteria by phone contact or could not be

ached (n= 1820)

No interest in participating (n= 130)

Did not answer the call (n= 872)
Telephone number did not exist (n= 250)
They would call back (n= 135)

Died (n= 27)

Underwent surgical procedure (n= 50)
Not able to walk independently (n= 18)
Visual impairment (n= 33)

Lived in another city (n= 24)

Hallux amputation and/or amputation of more than 1 toe (n=7)
Did not have diabetes (n=13)

Self reported foot ulcer (n= 36)

Older than 65 years (n= 225)

(n=634)

Eligible for lab screening

Not included after lab screening (n= 572)

No electronic device with internet access (n= 61)

Declined to participate (n= 43)

Without diabetic neuropathy - Fuzzy score <2 (n= 442)
Presence of an ulcer not healed for at last 6 months (n= 8)
Not able 1o walk independently for at least 10m (n= 12)
History of surgical procedure to the knee, ankie or hip (n= 6)

Allocated to control group (n= 31)
Usual Care

Received allocated intervention (n= 31)

. Died from COVID-19 (n= 1)
Developed kidney disease (n» 1)

. COVID-19 related heaith issues (n= 1)

. Decided to withdraw the study (n= 2)

Allocated to intervention group (n= 31)
Internet-based Program (SOPeD)
Received allocated intervention (n= 31)
sl Dropout (n=6) f Tlow "p
Could not reach anymore (n= 1) [ F‘ ]

Attended 12 weeks follow-up assessment (n= 25)
Did not attend (n= 0)

Attended 24 weeks follow-up assessment (n= 24)
Did not attend {n= 1)

Drop out (n=5)

. Died from COVID-19 (n= 1)
COVID-19 related health issuesine 2)
Decided to withdraw the study (n= 2)

Attended 12 weeks follow-up assessment (n= 25)
Did not attend (n= 1)

Attended 24 weeks follow-up assessment (n= 24)
Did not attend (n= 2)

[wwmmmmnum (n=31)

|

Fig. 1. Flowchart of the participant recruitment, assessment, and follow-up process of the FOCA-I trial.

to prevent complications, as recommended by the IWGDF guidelines®*. Participants of both groups continued

I Included in intention-to-treat analysis (n= 31) ]

their medical and pharmacological treatments provided by the health care team.

The IG participants followed a web-based foot-ankle exercise program based on the SOPeD software
three sessions per week for 12 weeks (total of 36 sessions). Each session lasted approximately 20 to 30 min
and consisted of eight exercises that could be done at the participant’s convenient time and place. The SOPeD
contains a total of 39 different exercises (considering their sub-level progressions, a total of 104 variations) for
the intrinsic and extrinsic foot muscles and foot-ankle joints, including warm-up, arch stretching, strengthening,
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and functional exercises, such as balance and gait training (see supplementary material). We maintained control
over session frequency by closely monitoring adherence to the software, ensuring consistency in core principles
of the intervention, while allowing necessary flexibility in intensity. As for the intensity and progression, we
developed an algorithm in the SOPeD based on each user’s perceived effort designed to closely mimic an
individualized, in-person session, taking into account each individual’s limitations and specificities. Users could
either advance to a more challenging level, maintain their current level, or revert to a previous stage according to
their effort scores: a score of 0.0 to 2.0 allowed progression to the next level the following day; a score of 2.1 to 7.0
required maintaining the current level for 2 days before advancing; and a score of 7.1 to 10 mean reverting to the
previous level. Exercises may have sublevels for increased load, repetitions, or duration and can range from one
to five levels of difficulty. Progression is specific to each exercise, so in a session of eight exercises, a user might
progress in only a few exercises while staying at the same level in others. Our approach is based on evidence,
which supports that the training intensity and progression should be established through individualization and
by considering the participant’s training experience®. This individualized approach aligns with current best
practices in managing diabetic neuropathy and promotes better long-term adherence and outcomes for patients.
Detailed information about the software’s components and structure can be found elsewhere?”*°. The protocol
targets the following muscle groups: medial-plantar (abductor hallucis, flexor hallucis brevis, adductor hallucis),
lateral-plantar (abductor digiti minimi, flexor digiti minimi brevis, opponens digiti minimi), middle-plantar
(flexor digitorum brevis, quadratus plantae, lumbrical muscles, plantar and dorsal interosseous muscles), and
dorsal-foot (extensor digitorum brevis, extensor hallucis brevis).

In the first face-to-face session, the physiotherapist provided individualized care to the IG participants,
during which the participants were registered in the SOPeD database and received a kit containing materials
for performing the exercises. As for the remaining 35 sessions, the participants performed the exercises without
face-to-face supervision, but the main physiotherapist contacted the participants by phone every week to check
on their progress and address any potential issue, and also contacted participants in the control group with the
same frequency to verify adherence to usual care instructions and address any concerns they might have had.
Participants were advised to discontinue the exercises and inform the main physiotherapist if they experienced
cramps, intense pain, excessive fatigue, or any other discomfort. After 12 weeks, the IG were encouraged to
continue with the exercises program at the SOPeD until the end of the study (24 weeks), and their use of the
software were remotely monitored by the administrator area in the software.

Assessments

The primary outcomes were DPN symptoms and severity. DPN symptoms were assessed using the Brazilian
version of the Michigan Neuropathy Screening Instrument®!. Scores range from 0 to 13, with a higher score
indicating worse symptoms. DPN severity was determined using the Decision Support System for Classification
of Diabetic Polyneuropathy (www.usp.br/labimph/fuzzy)?2 The fuzzy model system used to classify the severity
of DPN was validated through several steps, presented a very strong correlation with the experts’ opinion
(Pearson’s coefficient r=0.943), a high accuracy level when classifying real patients that underwent the model’s
analysis (ROC curve area=0.91), ensuring its reliability and accuracy in clinical assessments*. The inputs
included vibration perception, tactile sensitivity, and DPN symptoms assessment. The combinations of these
inputs were used to determine the fuzzy output sets for DPN severity, which allocated subjects to specific severity
levels and calculated their membership degrees. The fuzzy expert system classifies each input variable into fuzzy
sets (fuzzification process). The resulting output sets are then transformed into numerical values, referred to as
the “DPN degree score”, which can range from 0 to 10. Higher scores indicate more severe DPN.

The secondary outcomes were DPN-related outcomes, functional outcomes, and gait biomechanics. The
DPN-related outcomes were tactile sensitivity of four plantar areas as assessed by a 10-g monofilament** and
vibration perception of the first metatarsophalangeal joint as assessed by a 128-Hz tuning fork®*. Functional
outcomes were foot pain, function, health and shoes as assessed by the Brazilian version of the Foot Health
Status Questionnaire (FHSQ)**. The FHSQ evaluates several critical aspects of foot health and functionality. It
assesses foot pain, functional limitations, shoe fit, and general foot health. Foot pain is measured by considering
the frequency, intensity, and impact of pain on daily activities. The FHSQ includes questions related to the
intensity and frequency of foot pain, which typically captures pain resulting from musculoskeletal conditions
or general foot pain. Functional limitations are captured by the questionnaire’s ability to identify difficulties
in performing foot-related tasks, such as walking or standing. The shoe fit section addresses comfort, fit, and
suitability for various activities. General foot health is determined by integrating these factors, including any
signs of abnormalities or conditions affecting foot well-being. Each component is scored on a Likert scale,
providing a numerical value from 0 to 100, with higher scores indicating better condition®*. Toes and hallux
isometric muscle strength as assessed by a pressure plate (emed-q 100; Novel GmbH, Munich, Germany)36,
and functional balance as assessed via the functional reach test®. Gait biomechanics variables included foot-
ankle kinematics and kinetics, calculated by Motion Capture Nexus 2.6 software (Oxford Metrics); and plantar
pressure during gait.

The biomechanics of walking were measured employing a standard gait analysis system composed by
eight infrared cameras (at a 100-Hz, Vicon VERO; Oxford Metrics, Oxford, UK) and a force plate (at 1000-Hz
frequency, AMTI OR-6-1000; AMTI, Watertown, MA, USA). A total of 42 passive reflective markers were placed
on both lower limbs following the setup protocols of Plug-In Gait and the Oxford Foot Model. Participants
were instructed to walk at a self-selected comfortable speed along a 10-m track. Five valid gait cycles (strides)
were recorded during walking, and the average of the right and left sides was used for statistical analysis*. Ankle
power was calculated as the product between joint moment and angular velocity in the sagittal plane.

Peak pressure, pressure-time integral, and contact area were recorded before the gait analysis using the
emed-q pressure platform at a frequency of 100 Hz. Participants walked barefoot over the platform at a self-
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selected comfortable speed for six trials. A geometric mask in the Novel software was used to assess five plantar
regions of interest: hindfoot, midfoot, forefoot, hallux and toes. The average of the six trials for each side (right/
left) was used for statistical analysis®.

The gait speed for both foot-ankle kinematics/kinetics and plantar pressure distribution measurements was
controlled to ensure consistency across all assessments (baseline, 12-week, and 24-week), with a maximum
allowable deviation of 5% between measurements.

Sample size calculation and statistical analysis

Sample size calculation was performed using GPower v.3.1, with Cohen’s f=0.20, a moderate effect size based
on Sartor et al. (2014)%, to ensure a sufficiently large sample size to detect clinically meaningful effects. The
secondary outcome, plantar pressure, was chosen due to its clinical relevance for this population. Using an F-test
repeated measures design with a power of 0.80, alpha of 0.05, and effect size (Cohen’s f=0.20), we determined
that a sample size of 52 individuals was required. Including a 20% anticipated dropout rate, the final sample size
was set at 62 patients.

Generalized estimating equations using a gamma distribution were employed to estimate between-group
differences and 95% confidence intervals in the SPSS software v.31 (IBMCorp. Armonk, NY). Q-Q plots were
generated to assess the normality of each model. Post-hoc tests for pairwise comparisons were performed with
Bonferroni correction. SPSS automates the calculation of adjusted p-values for the Bonferroni post-hoc test
by considering the total number of comparisons. This ensures that the correction for multiple comparisons is
applied correctly, helping to control the risk of Type I error and interpret the results accurately.

Results

Participants’ characteristics were similar at baseline (Table 1). The dropout rate, referring to participants who
failed to attend the 12- and 24-week follow-up assessments, was 19% (n=6) in the IG and 16% (n=5) in the
CG (18% of total sample). Moreover, one participant in the IG did not attend the 24-week assessment, and one
participant in the CG did not attend the 12-week assessment. Additionally, two participants in the CG did not
attend the 24-week assessment. The reasons for the dropout rate are described in Fig. 1. Two IG participants
experienced mild adverse effects during intervention, such as delayed onset muscle soreness and foot muscle
cramping; however, neither of them withdrew from the trial due to these effects.

The compliance rate?! (% of IG that completed the exercise program 3 times/week for 12 weeks) obtained
from the SOPeD user bank, which included all sessions completed, was 53% and the adherence rate (% of IG that
completed the exercises program at 12 weeks) was 84%.

After 12 and 24 weeks, there were no interaction effects for DPN symptoms and severity, foot function, pain
and health, shoes and functional reach; however, there were group and time effects for these outcomes (Table 2).
The within-group analysis demonstrated a reduction in DPN symptoms within both the IG (posthoc: p=0.004)
and CG (posthoc: p=0.036) after 24 weeks compared to baseline (time effect: p=0.001). The between-group
analysis showed a reduction in foot pain in the IG at 24 weeks compared to the CG (group effect: p=0.047;
posthoc: p=0.014) and a reduction in foot pain in the IG at 12 weeks (posthoc: p=0.001) and 24 weeks
(posthoc: p=0.001) compared to baseline (time effect: p<0.001). The within-group analysis demonstrated
an improvement in foot function in the IG at 24 weeks compared to baseline (time effect: p=0.037; posthoc:
p=0.009). There was an increase in foot function in the IG compared to the CG at 24 weeks (group effect:
p=0.043; posthoc: p=0.013). The between-group analysis also revealed an increase in the functional reach test
in the IG compared to the CG at 12 weeks (group effect: p=10.046; posthoc: p=0.049).

The speed of the assessments for both plantar pressure distribution and kinematics had an average of
1.00 m/s and a standard deviation 0.13 m/s. There was an interaction effect in the pressure-time integral at 24
weeks (interaction effect: p=0.008; posthoc: p=0.018), with an increase at the forefoot in the IG compared to
the CG (Table 3). In addition, there were significant group and time effects for other plantar pressure outcomes.
The within-group analysis demonstrated a reduction in the forefoot peak pressure in the IG after 12 weeks
compared to baseline (time effect: p=0.027; posthoc: p=0.044). However, at 24 weeks, there was an increase
in the forefoot peak pressure in the IG compared to baseline (time effect: p=0.027; posthoc: p=0.026) and
compared to the CG (group effect: p=0.049; posthoc: p=0.022). It is important to highlight that the reduction
in the peak pressure from baseline to 12-week was 283 kPa, the increase from baseline to 24-week was 128 kPa,
and the mean difference at 24-week between the IG and CG was 157 kPa. Thus, the reduction obtained after
the exercise program was completed was greater than the subsequent increase at 24-week. The between-group
analysis showed a reduction in the midfoot pressure-time integral in the IG compared to the CG after 12 weeks
(group effect: p=0.047; posthoc: p=0.038).

The within-group analysis demonstrated an increase in the ankle range of motion (ROM) in the IG at
24 weeks compared to 12 weeks (time effect: p=0.001; posthoc: p=0.018) (Fig. 2; Table 4). There was also
a significant increase in the ankle ROM in the CG at 12 weeks compared to 24 weeks (time effect: p=0.001;
posthoc: p=0.023) and at 24 weeks compared baseline (posthoc: p=0.043). The IG showed a significantly
increased ankle plantarflexion motion at push-off compared to the CG at 24 weeks (group effect: p=0.038;
posthoc: p=0.001). There was also a significant reduction in the minimum arch height in the IG at 12 weeks
compared to baseline (time effect: p=0.047; posthoc: p=0.029.

Discussion

We conducted a randomized controlled trial (FOCA-I), to investigate the effectiveness of a 12-week customized
web-based foot-ankle therapeutic exercises program on DPN and the program resulted in small-scale functional,
clinical and biomechanical effects at 12 and 24 weeks. In the IG, the primary outcomes (DPN symptoms and
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Intervention Group (n=31) | Control Group (n=31)

Mean + SD Mean + SD
Age (years) 52.1+9.3 57.0+9.6
Body mass (kg) 78.8+13.4 85.7+16.3
Height (cm) 167.0+0.1 165.0+0.1
Body mass index (kg/m?) 28.2+4.1 31.7+6.9
Sex (Female=n (%)) 20 (64.5%) 18 (58.0%)
Type 2 Diabetes (n (%)) 26 (83.8%) 30 (96.7%)
Time of diabetes onset (years) 153+9.4 10.3+6.7
Tactile sensitivity (number of areas with loss of protective sensation) * | 0 [0-1] 0 [0-0]
Vibration perception (n (%))
Absent 8(25.8%) 6 (19.3%)
Reduced 4(12.9%) 5(16.1%)
Present 19 (61.2%) 20 (64.5%)
Recruitment Location (n (%))
University tertiary hospital - Hospital das Clinicas 13 (41.9%) 15 (48.4%)
Local and regional population campaign 15 (48.4%) 11 (35.4%)
Brazilian Diabetes Care Association 3(9.7%) 5(16.2%)
Education (n (%))
Elementary education incomplete 2 (6.45%) 2 (6.4%)
Elementary education complete 4 (6.45%) 4 (12.9%)
High school incomplete 3(3.22%) 3(9.67%)
High school complete 10 (32.25%) 10 (32.25%)
Higher education incomplete 5(12.9%) 5(16.12%)
Higher education complete 7 (38.7%) 7 (22.58%)
Socioeconomic status (n (%))
Less than 1 Brazilian minimum salary/ month 1(3.22%) 4(12.9%)
1 to 3 Brazilian minimum salary/ month 14 (45.1%) 19 (61.2%)
3 to 5 Brazilian minimum salary/month 5(16.1%) 5(16.1%)
Up to 5 Brazilian minimum salary/month 11 (35.4%) 3(9.7%)
DPN symptoms (MNSI score) 6.7+1.9 6.3+1.5
DPN severity (Fuzzy score) 39+2.1 37+£20
QALY (EQ-5D score) 0.6+0.1 0.6+0.1
FHSQ (score)
Foot pain 46.7+23.0 43.1+25.5
Foot function 70.2+26.5 63.0+29.5
Shoes 55.9+38.7 46.7+41.1
Foot Health 25.5+22.6 24.3+21.8

Table 1. Demographics, anthropometrics, and clinical characteristics of the control and intervention groups
participants at baseline (n=62). Data are presented as mean (SD) or as n or %; and median (interquartile range
IQR). Abbreviation: MNSI Michigan neuropathy screening instrument; FHSQ Foot health status questionnaire;
DPN Diabetic peripheral neuropathy; QALY Quality adjusted life years.  Poisson distribution and ordinal
logistic models were employed to analyze the variable tactile sensitivity.

severity) did not change after 12 weeks of the foot-ankle program, but the secondary outcome functional balance
improved at 12 weeks, foot pain decreased and foot function improved at 24-week compared to CG. Regarding
plantar loadings during gait, the 12-week program resulted in a reduction in the forefoot peak pressure compared
to baseline. However, at 24 weeks, the plantar loads at the forefoot increased in the IG compared to the CG. There
was also an increase in the plantarflexion angle at push-off in the IG compared to the CG at the 24-week follow-
up, and there was a reduction in the minimum arch height in the IG at 12 weeks compared to baseline. Some
of the effects, such as the DPN symptoms, were also observed in the GC, suggesting a placebo effect probably
resulting from therapist-patient interactions*2, or due to better clinical management of the disease.

There was a very good adherence rate to the proposed intervention (84% of IG), despite the recognized high
non-adherence to self-managed home-based physical rehabilitation programs*®. However, there was a relatively
low compliance rate (53% of the IG completed 3 sessions/week for 12 weeks), which might have impacted the
effectiveness of the intervention. Nevertheless, we surprisingly noticed a trend toward continued treatment
beyond the initial intervention period, with approximately 50% of the participants continuing to use the SOPeD
after the proposed 12 weeks. This sustained usage of the web-based tool may explain some of the continued
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Between-Group Difference

Intervention Group (n=31) Control Group (n=31) (CI195%) GEE Analysis (p-values)

Variables

Baseline
estimated

12-week 24-week Group
(intervention | (intervention X time
12-week 24-week Baseline 12-week 24-week X control X control (interaction
estimated | estimated esti d | Estimated | esti d | group) group) Group | Time | effect)

DPN
symptoms
(MNSI score,
mean + SE)

6.71+£0.34%

0.03 (-1.33, -0.39 (-1.63,

a b b
5.62+0.54 |4.90+0.53 6.29+0.27° | 5.59+0.43 | 5.29+0.33 1.39) 0.85)

0.977 | <0.001 | 0.554

DPN severity
(Fuzzy score,
mean + SE)

3.93+£0.37

-0.09 (-1.34, -0.53 (-1.90,

1.16) 0.83) 0.796 |0.111 0.461

3224052 | 2.96+0.56 3.66+0.35 |3.31+£0.37 |3.49+041

Tactile
sensitivity
(number of
areas [median,

IQR])

0[0-1]

0 [0-0] 0 [0-0] 0 [0-0] 0 [0-0] 0 [0-0] - - 0.071 |0.125 |0.397

Vibration
perception
absent left
(number of
participants)

9 (29.0%)

3(9.6%) 2 (6.4%) 5(16.1%) 4(12.9%) 3(9.6%)

Vibration
perception
reduced left
(number of
participants)

3(9.6%)

6(19.3%) 2 (6.4%) 2 (6.4%) 4(12.9%) 3(9.6%)

Vibration
perception
absent right
(number of
participants)

6 (19.3%)

6(193%) | 1(3.2%) 6(19.3%) | 5(16.1%) |5 (16.1%)

Vibration
perception
reduced right
(number of
participants)

4(12.9%)

3(9.6%) 2 (6.4%) 5(16.1%) 2 (6.4%) 1(3.2%)

FHSQ Foot
pain (score,
mean =+ SE)

46.69+4.06%¢ | 68.09+5.314 | 71.25+5.58%¢ | 46.09 +4.30 | 54.94+5.46 | 51.06 +6.04>

13.15 20.18 (4.04,

(178,2809) | 3633 0.047 | 0.001 |0.078

FHSQ Foot
function
(score,
mean =+ SE)

70.16 +4.69¢

2.08 18.46

3, 3
73.13+5.87 | 84.86+4.467° | 63.02+5.21 | 74.05+£5.45 | 66.40+5.94 ((13.63,17.79) | (3.88, 33.04)°

0.043 | 0.037 | 0.093

FHSQ Shoes
(score,
mean =+ SE)

69.33+5.90

-4.60(- 14.56 (-3.90,

57.89+7.16 | 66.15+7.45 | 6590+6.90 | 62.49+6.13 | 51.58+5.76 23.09, 13.88) | 33.04)

0.506 |0.229 |0.176

FHSQ Foot
health (score,
mean + SE)

34.45+3.96

0.77 8.07 (-7.11,

(113.00, 14.55) | 23.25) 0.483 | 0.042 1 0.648

4497+5.12 | 48.38+5.75 | 32.82+3.85|42.20+4.80 | 40.31+5.19

EQ-5D (score,
mean + SE)

0.59+0.03

0.01 0.05

0.65+0.03 | 0.63+£0.03 0.60+0.03 | 0.63+£0.03 | 0.57+0.03 (£0.06,0.10) (:0.04, 0.15)

0.560 |0.121 | 0.272

Hallux strength|
(%BW,
mean =+ SE)

11.35+0.66

-2.28 0.19 (-1.86,

11.19+£0.98 | 11.35+0.81 13.79+1.15 | 13.47+1.09 | 11.16+0.67 (-5.17, 0.60) 226)

0.146 | 0.149 | 0.113

Toes strength
(%BW,
mean =+ SE)

8.28 +£0.71

-0.73 1.64 (-1.15,

8.26+0.75 |9.48+0.99 8.95+0.73 |8.99+0.74 |7.84+1.01 (-2.80, 1.33) 4.43)

0.936 |0.999 | 0.068

Functional
Reach

Test (cm,
mean + SE)

27.00+1.15

3.35(0.02, 1.31

1 1
29.71+1.34" | 28.75+1.23 | 24.58 + 1.31| 26.36+1.04" | 27.44+1.07 6.68)! (1.91,452)

0.046 | 0.066 | 0.490

Table 2. Estimated mean +standard error (SE) or IQR when applicable, p-values from generalized estimating
equation (GEE), and between-group mean differences at 12 and 24 weeks (95% confidence interval) for the
DPN-related and functional outcomes in the Intervention Group and Control Group. MNSI Michigan neuropathy
screening instrument; FHSQ Foot health status questionnaire; BW Body weight. 'Group effect p=0.046, between-
group difference at 12-week (post hoc p=0.049). 2Group effect p=0.047, between-group difference at 24-week
(post hoc p=0.014). 3Group effect p=0.043, between-group difference at 24-week (post hoc p=0.013). *Time effect
p<0.001, difference between baseline and 24-week in the intervention group (post hoc p=0.004). *Time effect
p<0.001, difference between baseline and 24-week in the control group (post hoc p=0.036). “Time effect p <0.037,
difference between baseline and 24-week in the intervention group (post hoc p=0.009). ¢Time effect p <0.001,
difference between baseline and 12-week in the intervention group (post hoc p=0.001). “Time effect p <0.001,
difference between 12-week and 24-week in the control group (post hoc p=0.001).
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Fig. 2. Ankle moments and Ankle angles (mean + 1 SD) during gait cycle (0-100%) in the Intervention Group
and Control Group at baseline (blue), after 12 weeks (orange), and after 24 weeks (purple). The dashed vertical
lines represent the average end of the stance phase.

changes in the primary (DPN symptoms) and secondary (foot pain, ankle motion, and pressure parameters)
outcomes even after the 12-week period.

Itis worth mentioning that the development and validation of the SOPeD included rigorous safety assessments,
integrating feedback from both experts and users. We conducted a comprehensive feasibility study** to ensure
clinical safety, employing a specially developed and validated safety questionnaire. The results confirmed the
SOPeD safety, with only mild adverse events reported in the RCT. This robust validation process underscores the
SOPeD reliability and effectiveness in a clinical setting.

The SOPeD significantly reduced foot pain and improved functional balance and foot function compared
to usual care, indicating its effectiveness. An IWGDF meta-analysis revealed that foot-ankle exercise programs
can improve joint mobility and alleviate DPN signs and symptoms'?. Notably, the analyzed interventions in the
IWGDF meta-analysis lacked the incorporation of rehabilitation technology, such as web-based programs. Foot-
ankle exercises delivered through web-based software like SOPeD appear to be equally effective as face-to-face
or home-based therapeutic programs, except that face-to-face interventions show better outcomes for foot and
ankle range of motion, as indicated in the literature!>.

The improvements, while modest and predominantly observed at 24 weeks, demonstrated the effectiveness
of the exercises program in alleviating foot pain and enhancing foot function. These results suggest that the
effects of the program could be more pronounced over time, requiring a longer intervention duration for a more
noticeable clinical improvement. Earlier studies®>~*” support the positive impact of foot-ankle exercises on DPN
symptoms. However, it is possible that the progression of DPN symptoms is complex, and other factors may have
interfered with these changes throughout the study period. The improvement in DPN symptoms for both groups
at 24 weeks compared to baseline could be due to better glycemic control rather than the exercise program, as
higher glycemic levels are linked to more severe DPN-related symptoms*®°. This hypothesis arises from the fact
that glycemic control was not measured in our study. Unfortunately, this study lacked metabolic control over the
24-week period, making it challenging to solely credit the foot-ankle exercise program for the improvement in
DPN symptoms.

High peak pressures are recognized risk factors for ulcers in individuals with DPN°*->2, Therefore, it is
recommended that these plantar loadings be monitored to maintain them within a safe threshold below 200 kPa
when wearing footwear?! and below 402 kPa when barefoot®®. The IG exhibited reduction in forefoot peak
pressure of 283 kPa from baseline to 12 weeks; however, at the 24-week follow-up, there was an increase in
forefoot peak pressure compared to both the baseline (128 kPa) and the mean difference between the IG and
CG was 157 kPa. Clearly, attention should be paid to keeping plantar pressures below the ulcer risk thresholds,
however this modification may be linked to the gain in ankle ROM and plantarflexion degree during push-off
in the IG, manifesting only after 24 weeks of intervention, which is a positive result. The exercises program may
have led to an improvement in the foot rollover due to the gain in the ankle motion and shifted more pressure
towards the forefoot region. The increase in the forefoot plantar loads after 24 weeks of intervention may suggest
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GEE
Between-Group Difference Analysis
Intervention Group (n=31) Control Group (n=31) (C195%) (p-values)
12-week 24-week Group
Baseline 12-week 24-week Baseline 12-week 24-week (Intervention | (Intervention x Time
Estimated Estimated Estimated Estimated Estimated Estimated X Control X Control (interaction
Variables mean (SE) mean (SE) mean (SE) mean (SE) mean (SE) mean (SE) Group) Group) Group Time | effect)
FOOT-
ANKLE
kinematics
and Kinetics
Ankle ROM 24.52+0.87 |23.4940.89* | 26.41+1.07* | 23.7440.55° | 23.88+0.60° | 25.56+0.66>¢ -0.38 (-2.50, 0.85 (-1.62, 0.665 0.001 | 0.407
(degree) 1.72) 3.32)
Ankle
dorsiflexion |39, 061 | 3.042057 |278+0.66 |3.134045 |425+4106 |481+0.68 1.20(:358, 1203 (389, | 5, 0.961 | 0.051
at heel strike 1.16) -0.16)
(degree)
Ankle
plantarflexion 1 1 -0.27 2.82(1.42,
at push off 2.00+0.94 2.50+1.17 5.12+0.01 4.49+0.64 2.78+0.38 2.30+0.71 (-2.70, 2.14) 422)1 0.038 0.298 | 0.955
(degree)
Hindfoot to
tibia ROM | 23224104 |2399+1.39 |24.15+1.95 |22.63+092 |24.86+1.05 |25.89+107 ‘20;;? (-4.29, 516733 (610, 6666 0.069 | 0.478
(degree) : .
Hindfoot
to tibia 13.74+1.34 15.95+2.13 11.65+1.31 13.38+0.96 14.86+1.03 14.91+1.14 L.08 (-3.55, -3.25(-6.68, 0.557 0.207 | 0.147
peak angle 5.73) 0.16)
(degree)
Forefoot to
hindfoot 1.06 (-2.47, 1.06 (-0.98,
ROM 13.16+0.88 13.69+1.28 13.41+0.78 12.54+0.72 12.63+1.27 12.34+0.69 460) 3.10) 0.364 0.941 | 0.926
(degree)
Forefoot to
hindfoot 8344075 |699+099 |670+0.97 |7.88+070 |7.61+0.97 |6.65+0.88 0.61(-3.33, | 004(-253, | gqq 0.031 | 0.768
peak angle 2.10) 2.63)
(degree)
Hallux to
forefoot ROM | 2456148 |2556+2.09 |24.86+171 |21.61+151 |2370+144 |22.65+1.20 é'gi)('3'12’ é.g(z))(-wo, 0.173 0.363 | 0.839
(degree) . .
Hallux to
forefoot 23964171 | 26314233 |25.09+4189 | 21962178 22104191 |21.324172 |E2LCL70 1377 (125 1 1y 0.668 | 0.675
peak angle 10.12) 8.79)
(degree)
Maximum -1.10 (-2.18, | -0.17 (-1.53
arch height 11.30+0.33 10.50+0.28 10.60 +0.58 11.67+0.29 11.61+0.46 10.78+0.37 0'02) o 1 17) o 0.171 0.129 | 0.269
(cm) e '
Minimum 104 (-2.14, | -0.44 (-1.72
arch height 8.90+0.29¢ 8.13+0.334 8.07+£0.55 9.28+0.31 9.17+0.45 8.51+0.34 0 06) T 0 83) e 0.154 0.047 | 0.328
(cm) ’ ’
Ankle flexor
moment 0.004 (-0.019 -0.008
at heel 0.011+0.005 | 0.0214+0.008 | 0.014+0.005 | 0.013+0.005 | 0.016+0.009 | 0.022 +0.005 : 7 (-0.024, 0.744 0.514 | 0.693
s 0.029)
strike (Nm/ 0.007)
(BM*Height)
Ankle
extensor
moment 1324003 | 1394002 |138+003 |131+002 |127+0.07 |1.36+0.03 0.12(-002,  1002(-0.07, |49 0.062 | 0.353
at push off 0.27) 0.11)
(Nm/(BM*
Height)
Ankle peak
eccentric
power at the 2.21+0.07 2.53+0.12 2.42+0.13 2.50+0.12 2.50+0.21 2.54+0.12 0.03 (-0.45, -0.11 (-0.47, 0.393 0.158 | 0.260
0.52) 0.24)
push off (W/
BM*Height)

Table 4. Estimated mean and SE, p-values from GEE, and between-group mean difference at 12 and 24 weeks
(95% confidence interval) for the foot-ankle kinematics, and ankle joint kinetics during gait in the Intervention
Group and Control Group at baseline and follow-up assessments. BM Body mass, ROM Range of motion. *
time effect p=0.001, difference between 12-week and 24-week in the intervention group (post hoc p=0.018);

b time effect p=0.001, difference between 12-week and 24-week in the control group (post hoc p=0.023); ¢
time effect p=0.001, difference between baseline and 24-week in the control group (post hoc p=0.043);!' group
effect p=0.038, between-group difference at 24-week (post hoc p=0.001); ¢ time effect p=0.047, difference
between baseline and 12-week in the intervention group (post hoc p=0.029).
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a delayed response or long-term adaptation to the program. It is possible that the body underwent an adjustment
period before fully demonstrating the program’s benefits. It is also worth mentioning that the participants’ body
weight remained almost unchanged throughout the 24 weeks of the study, suggesting that it had no impact on
the plantar pressure distribution. In addition, although new ulcers were not original outcomes in our study, we
followed them for 12 months and none of the participants developed ulcers during the entire study follow-up
period.

At the 24-week follow-up, the IG showed an increase in ankle ROM compared to the 12-week assessment,
while the CG demonstrated an increased ankle ROM at both 12 and 24 weeks compared to baseline, with no
significant difference between groups. These positive outcomes in both groups may reflect the effects of usual
care or a placebo effect from professional care and supportive patient-therapist interactions*!. Additionally, the
IG exhibited a greater plantarflexion angle at push-off compared to the CG at 24 weeks, suggesting an enhanced
contribution of the ankle during push-off and a potential change in the foot rollover process. Moderate evidence
supports the efficacy of foot-ankle exercise programs in enhancing foot-ankle ROM', as confirmed by our
findings. Individuals with DPN exhibit limitations in dynamic dorsi and plantarflexion®>*>, as well as passive
ankle ROM®®. These motion restrictions can significantly impact the foot rollover pattern during locomotor
activities, affecting the load distribution under the foot, as well as balance control®**%”%8, Thus, gaining joint
ROM and a pressure redistribution during gait might be seen as a positive outcome. Another change noted at 12
weeks in the IG was a reduction in the minimum arch height. This result may indicate that the arch became more
flexible during gait after the intervention, which is a positive outcome, demonstrating increased malleability and
greater mobility of the foot tissues.

Although treatment programs of 8 to 12 weeks are recommended by the IWGDF (2023)** prevention
guidelines, our findings suggest that the proposed intervention duration (12-week) may not have been sufficient
to produce significant changes in the analyzed outcomes. A longer intervention period may be needed to achieve
more evident and consistent benefits, especially in a web-based program. This could involve increasing the
number of sessions, enhancing the difficulty of the exercises, implementing strategies to improve participant
adherence and include sessions supervision.

Strengths and limitations

This study’s strengths lie in its rigorous methodological design and the provision of a free, globally accessible
web-based exercise program, fostering equity, ubiquity and health awareness for individuals with DPN,
which is essential for self-care maintenance. Notably, this is the first studyto test specific foot-ankle exercises
conducted through a personalized web-based platform for people with diabetes. However, limitations include
the lack of direct supervision hindering control over participants’ exercises completion and performance. Closer
supervision might have ensured better exercise performance and, consequently, greater clinical, functional, and
biomechanical gains. Additionally, the study did not monitor metabolic control, potentially impacting DPN-
related outcomes. The COVID-19 posed challenges, leading to higher lost-to-follow-up rates, highlighting the
need for innovative web-based interventions in global healthcare systems. Another limitation of this clinical
trial is that it is underpowered to discern the effects of sex or evaluate the effectiveness of the intervention
across different BMI categories and age groups, as we did not perform a sample size calculation that allowed for
subgroup analyses. These limitations should be taken into account when interpreting the results, as they indicate
the need for further studies to validate the findings in different subsets of people with DPN and gain a better
understanding of variations in treatment responses.

Conclusions

Our 12-week web-based foot-ankle therapeutic exercise program (SOPeD) was feasible, acceptable,
demonstrating safety with minimal adverse events, and had a very good patient adherence. Improvements in
foot pain and function, functional reach, and changes in plantar pressure and plantarflexion degree during gait
were noted, but were modest overall, which might indicate a need for a longer and more intense web-based
exercise program to achieve more pronounced outcomes in foot-ankle biomechanics and plantar pressure for
individuals with DPN. Given the relatively low cost and high benefits of a web-based ankle-foot therapeutic
exercise program, we humbly invite researchers and clinicians to replicate it and we will offer help if needed.

Data availability
The datasets generated and/or analyzed during the current study are accessible as anonymized data on the Uni-
versity’s public repository at https://repositorio.usp.br/.
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