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1 | INTRODUCTION

Donna Clements?

| Agnes Juguilon Collarte’® |

Abstract

A major obstacle to the development of new treatments for venous leg ulcers is
the difficulty in generating evidence for their effectiveness. Randomised con-
trolled trials using complete healing as the endpoint are seldom powered to be
successful, owing to the heterogeneity of cohorts. A novel approach to the eval-
uation of treatments is presented, using a self-controlled trial model and two
metrics of short-term healing rate as alternate endpoints: rate of wound
margin advance, and percentage area reduction over 4 weeks. Two different
treatment regimens are compared: multi-layer compression alone, versus
multi-layer compression combined with activation of the venous leg pump by
neuromuscular stimulation. With 60 patients, adding neuromuscular stimula-
tion to multilayer compression resulted in a significant two-fold increase in
the rate of wound healing over a 4-week period, both in terms of wound mar-
gin advance and in terms of percentage area reduction. The use of these short-
term intermediate endpoint metrics together with a self-controlled study
design offers potential for distinguishing between the relative efficacies of
interventions more rapidly, with greater sensitivity, and with fewer subjects
than a conventional RCT cohort model.
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compression bandages and stockings, topical negative
pressure, oral pentoxifylline, laser treatment, skin graft-

Given the significant burden which venous leg ulcers
impose on the world's health resources,"** it is not sur-
prising that new, effective interventions are constantly
sought.* A systematic overview’ examined evidence
for the effectiveness of numerous interventions currently
indicated for healing venous leg ulcers, including

Trial Registration: ClinicalTrials.gov reference number: NCT03396731.

ing, superficial vein surgery (perforator ligation, saphe-
nous vein stripping), therapeutic ultrasound, leg ulcer
clinics, leg elevation, and activity advice. Of these, only
compression and pentoxifylline were deemed to have
some evidence to support their use.

One reason for the apparent lack of evidence in
support of wound-healing interventions is the typical
insistence on complete healing as an outcome, and a
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conventional randomised controlled trial (RCT) design as
the standard of evidence.® Chronic wounds frequently
take many months to heal,” and the heterogeneity of
ulcers and their trajectories® makes it difficult to match
control and intervention groups. These problems mean
that, even for an intervention with a substantial effect, a
very lengthy trial with a prohibitively large number of
stratified subjects would be required to observe that effect
with any validity or statistical significance. Indeed, a
Cochrane review of compression for VLU found only
48 eligible RCTs out of many 1000s of studies, of which
only eight had significant stand-alone findings of effec-
tiveness.” Consequently, there has been a call for alter-
nate endpoints such as speed of wound closure to be used
for evaluations.'>"!

The benefit of this approach is twofold: firstly, a mea-
surement of healing rate can be made over a period of a
few weeks, whereas time to complete closure may be
many months or even years. This allows for a study to be
feasible. Secondly, it allows for a self-controlled model,
whereby data collected post-intervention from each sub-
ject is paired with his/her own control data collected pre-
intervention. This eliminates much of the confounding
heterogeneity between cohorts, so vastly improving the
statistical sensitivity and power of the study, as well as
both internal and external validity."* A consensus docu-
ment of opinion leaders in wound healing'® has stated
that self-controlled studies may be preferable to tradi-
tional RCTs or typical cross over study designs for mea-
suring treatment outcomes. A prerequisite for comparing
control and intervention in terms of an alternate end-
point measuring speed of healing is that the endpoint fol-
lows a linear trajectory, to allow a change in that
trajectory to be observed. A method has been established
for calculating the rate of advance of the wound
margin,'* which has recently been shown to follow a lin-
ear trajectory over a 4-week period in venous leg ulcers
receiving compression therapy.'

The geko™ device (Firstkind Ltd, Daresbury) is a small,
self-adhesive, wearable neuromuscular electro stimulator
(NMES) that is applied to the surface of the skin on the lat-
eral aspect of the leg just below the knee, over the head of
the fibula. It delivers a charge-balanced electrical pulse
once per second to the common peroneal nerve which
passes through this locus, eliciting a muscular twitch of the
leg, so activating the venous muscle pumps of the leg and
foot, and thus augmenting venous, arterial, and microvas-
cular flow.'® [Correction added on 21 March 2023, after
first online publication: the preceding paragraph was
duplicated in the Methods section and was removed.]

This study is a randomised self-controlled trial com-
paring the rate of wound margin advance (WMA) for

venous leg ulcers receiving 12 hours per day intermittent
NMES of the common peroneal nerve in addition to com-
pression, compared with compression alone.

2 | METHODS

Sample size was determined by an interim analysis of the
first 20 subjects. Sixty patients in wound clinic setting
with venous leg ulcers were randomised to two groups:
one to receive standard of care (SOC) consisting of com-
mercially available multi-layer, multicomponent com-
pression bandaging or hosiery kits indicated for treating
venous leg ulcers, and the other to receive NMES for
12 hours per day in addition to SOC. Randomisation was
1:1 using the Castor EDC platform with variable block
size. Differences in group size allocation were due to
patient exclusion post-randomisation. [Correction added
on 21 March 2023, after first online publication: ‘with-
drawal’ was changed to ‘exclusion’ in the preceding
sentence.]

The geko™ device was applied as per the manufac-
turer's instructions to the lateral aspect of the leg just
below the knee, to stimulate the common peroneal nerve
as it passes by the head of fibula. The device delivers a
charge-balanced pulse at 1 second intervals, and the set-
tings were adjusted so that a visible twitch of the foot was
elicited. Each device delivers two sessions of 12 hours of
treatment, used on two successive days. New devices
were applied as required up to a maximum of 28 days.
Note the device is removed from the leg and stored
between 12-hour treatments. Patients randomised to
NMES maintained a diary of device usage.

Inclusion Criteria:

« Aged 18 years or over and able to provide written
informed consent.

« Chronic venous leg ulcer determined to be due to
underlying venous disease following evaluation in a
multidisciplinary clinic setting or by a vascular sur-
geon, GP or Nurse specialist

+ 39cm? > Ulcer size >3 cm? at study enrolment.

« Ulcer present for at least 6 weeks but no more than
five years prior to study entry.

o Ankle-Brachial Pressure Index (ABPI) of 0.8-1.2 at
study entry or within 8 weeks of study entry.

» No active wound infection for a minimum of 48 hours
prior to study entry.

« No systemic antimicrobial treatment for a minimum of
7 days prior to study entry prescribed for index wound
infection.
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Exclusion Criteria:

« Known allergy to any of the protocol-stipulated treat-
ments, or non-tolerance of multilayer, multicomponent
compression therapy intended for the treatment of
VLU. Allergy to component of electrodes.

« History of significant haematological
(e.g. Sickle Cell disease).

» History of Deep Vein Thrombosis (DVT) within
6 months preceding study entry

disorders

TABLE 1 Patient exclusions from final analysis groups.
SOC SOC + NMES
Arm 12 h Arm
Subjects enrolled (n) 26 34
Subjects excluded due to non- NA 2

compliance to NMES device
Instructions for Use (n)

Subject excluded due to 1 0
infection (n)

Subjects excluded due to 2 3
wound being too small at
randomisation (n)

- WiLEy-L 2

« History of Pyoderma Gangrenosum or other inflamma-
tory ulceration.

« Pregnancy or breast feeding.

« Use of investigational drug or device within 4 weeks
prior to study entry that may interfere with this study.

« Use of any neuro-modulation device.

« Surgery during 3 months prior to study entry (such as
abdominal, gynaecological, hip or knee replacement)

« Any medication deemed by the Investigator to poten-
tially interfere with the study treatment (e.g. systemic
steroids).

« Participation in any other clinical study.

Nine patients were withdrawn post-randomisation
due to randomisation criteria failures, non-compliance or
withdrawn consent, leaving 22 patients in the SOC arm,
and 29 in the NMES arm. Table 1 shows the breakdown
of exclusions from the final analysis.

In the patients receiving NMES, adherence was
94.1%, with two patients being excluded from the trial
due to non-adherence (Table 1).

A schematic of the patient journey is shown in
Figure 1. In the case of both arms, each patient spent
4 weeks on a run-in phase receiving SOC only. This run-
in phase then served as a within-patient control for each

Subject excluded; unable to 1 0 - ] .
qualify wound size (n) patient. Thereafter, the SOC randomised cohort contin-
. ued to receive SOC for a further 4 weeks, whereas the
Subjects analysed (n) 22 29 . . . ...
NMES randomised cohort received NMES in addition to
Self Controlled
Paired
Comparisons
i N ' ™
Long Term
Follow-Up
Standard of Tr;i:g:m (37\235;1 )
onths
Mokt e (Day 28 to 56)
Run-In Phase
i SOC subjects
Screening Fecnimment Stagdard of Randomisation ; i s . contimJJe
(Day 0) o Standard Care
(Day 0 to 28)
SOC p|us Treatment
4 NMES 12hr Phase " bm;lsEs N
dail - ubjects revel
J (Day 25-59) o Standard of
Care.
. v N J

Self Controlled
Paired

Comparisons

Subject Journey

FIGURE 1

Trial design schematic.
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SOC for a further 4 weeks. The study was powered to
compare paired healing rates between treatment phase
and run-in control phase in each cohort. The study was
not powered to compare healing rates between the two
randomised cohorts.

At day 0, and at every weekly visit until day 56 (end
of 8 weeks), wounds were photographed pre-debridement
using the Aranz SilhouetteStar™, a digital camera which
is part of the Silhouette™ wound assessment system. It is
a portable, non-contact device for imaging and measuring
ulcers. All images were sent in random order to an inter-
national independent wound expert for delineation of the
wound perimeter, from which area and perimeter values
were calculated. The assessor was blinded to intervention
as well as to the date of each image.

According to Vidal's method,'* a value for our pri-
mary endpoint of WMA corresponding to the rate of lin-
ear advance of the wound edge was derived by:

WMA = d/dt (A/P),

where A = area, and P = perimeter of the wound.

A value of A/P was calculated each of the 5, weekly
time-points for each wound. These values were then
regressed against time to generate a gradient to represent
WMA, as well as a correlation coefficient R2.

Additionally, rate of wound healing was calculated
using the metric of Percentage Area Reduction (PAR),
whereby the reduction in wound area over the 4-week
intervention was presented as a percentage of the initial
area of the same wound at the beginning of the 4-week
period. PAR is a commonly used metric in wound heal-
ing, and this post hoc comparison was made to examine
whether the same pattern of outcomes was observed
using a different metric.

Secondary endpoints collected for descriptive reporting
included adherence, infection rates, percentage complete
healing, quality of life scores EQ-5D-5L, Cardiff Wound

Impact Schedule (CWIS), Venous Clinical Severity Score
(VCSS), and Visual Analog Score (VAS) for pain. The
study was not powered for statistical comparison of these
endpoints. After the 4-week intervention phase, patients
were followed up for a 3-month period during which SOC
only was provided for both groups. Complete wound heal-
ing during the 3-month follow-up period was based solely
on patient-reported outcomes. No measurements or exam-
inations were made during this period.

3 | DEMOGRAPHICS

Table 2 shows the demographics of the subjects,
comparing the group randomised to compression only
(SOC) with the group randomised to compression plus
the NMES device for 12 hours per day (SOC + NMES
12 hours). No significant differences were found between
groups according to un-paired t-tests. The groups showed
no difference in the ratio for male and female subjects.
Given the immense heterogeneity of patients with venous
ulcers in general, it is unsurprising to see some degree of
inter-group variation (e.g. BMI, compression duration at
enrolment, age of ulcer), and this (perhaps inevitable) level
of heterogeneity would be problematic in a classic inter-
cohort RCT design. However, in this self-controlled design,
each subject’s intervention phase is compared with his/her
own run-in phase, so accommodating these differences.

4 | RESULTS

Shapiro Wilks and Kolmogorov-Smirnof tests were per-
formed, and showed no significant deviation from a nor-
mal distribution for the parametric outcome measures of
PAR and WMA. Figure 2 shows the rate of wound

SOC

Mean SE
Age (years) 67.087 2.074
Height (cm) 175.539 2.689
Weight (Kg) 84.140 5.980
BMI 27.553 1.893
ABPI 1.112 0.017
Wound size (cm?) 10.390 1.224
Age of study ulcer (days) 477.710 104.198
Year of First Venous Leg Ulcer 2007 2.766
Age at First Venous Leg Ulcer (years) 54.000 3.461
Previous Venous Leg Ulcers (N) 0.739 4.795

SOC + NMES 12 h TABLE 2 Trial demographics.
Mean SE
67.828 2.530
173.577 2.359
93.397 4.761
31.048 1.566
1.100 0.021
9.961 1.246
522.801 89.684
2012 1.962
59.414 2.953
1.750 0.400
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FIGURE 2 Rate of wound margin advance: run-in phase
compared with treatment phase.
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FIGURE 3 Percentage area reduction: run-in phase versus
treatment phase.

margin advance in mm/week, for the run-in phase with
compression therapy alone, compared with the treatment
phase with NMES in addition to compression therapy.
It can be seen that the treatment phase with NMES as
an adjunct to compression healed significantly faster
(P = 0.016, paired t-test) than compression alone.
Meanwhile, no significant difference was found between
run-in phase (compression only) and treatment phase
(also compression only) in the SOC randomised arm of
the study.

In Figure 3, the same wounds are assessed using a dif-
ferent metric: PAR. Once again, the healing rate during
treatment phase when the NMES devices were added to

E® - WiLEy-L ¢

SOC was significantly higher than run-in phase (P = 0.011,
paired t-test). Again, the SOC cohort showed no significant
difference between run-in and treatment phases.

A typical series of weekly assessments is shown for a
single wound in Figure 4. The wound is photographed
weekly for the 4-week run-in phase, followed by the
4-week treatment phase. Note that the size and perimeter
of the wound remain relatively static during the run-in
phase when the patient is receiving standard of care
alone, but that the area progressively reduces, and wound
margin progressively advances, during the treatment
phase when the NMES device is added to standard
of care.

Results for secondary endpoints are reported descrip-
tively in Table 3. A substantially greater proportion of
NMES patients healed completely during the course of
the study and the follow-up period. Reduction in VAS
pain score was greater for patients who receive NMES
when compared with patients who received SOC only.
Similarly, VCSS shows an improvement for SOC plus
NMES 12 hours when compared with SOC alone.
Improvement in quality of life indices (EQ-5D-5L & Car-
diff Wound Impact Schedule; not shown) was negligible
in both arms and not clinically significant over the short
duration of the trial.

5 | DISCUSSION

The recognised effectiveness of compression'’ can be
explained by the pathophysiology of leg ulcers, which stem
from compromised venous function.'® Compression miti-
gates the detrimental effects of venous insufficiency
oedema, reduced venous flow, and reflux by applying
pressure to oppose hydrostatic pressures in the leg," as
well as increasing venous velocity by reducing vessel
diameter.**?!

The great majority of venous return in the lower limb
is driven by the venous muscle pumps, and not by the
heart.”>** Dysfunction of the calf muscle pump, either
due to immobility or abnormal gait, can, therefore, exac-
erbate the etiological factors for VLU.** Mobility and
exercise, activating the muscle pump, have been shown
to improve VLU outcomes.”> Patients who exercise
during compression treatment see enhanced benefits of
the compression in terms of venous and lymphatic
return.’®?” Additionally, there is evidence that compres-
sion and leg movements are mutually supportive.***

Activation of the calf muscle pump by means of inter-
mittent NMES of the common peroneal nerve has been
shown to augment venous flow in the leg, effectively rep-
licating the effects of exercise,*® over a prolonged period
(in this case 12 hours per day). In patients with venous
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Week O

SOC + NMES 12hr

Week 4 5

FIGURE 4 A typical trajectory of a single wound over the 8 weeks.

TABLE 3 Secondary endpoints.
socC
+ NMES
SOC 12h
Mean improvement in Vascular 12.8% 15.1%
Clinical Severity Score(VCSS)*
Mean reduction in VAS pain 21.1% 30.1%
treatment phase®

Percentage target wounds completely 27.0%  42.0%
healed at 3-month follow-up®

*Mean improvement in score from recruitment to end of treatment period.
*Mean improvement in score from randomisation to end of treatment
period.

Percent healed between randomisation and end of long term follow-up
period.

[Correction added on 21 March 2023, after first online publication: In Table
3 legend, the footnote for ‘b’ and ‘c’ were switched and have been updated
in this version.]

leg ulcers due to chronic venous insufficiency, venous
and arterial flow have been shown to be augmented by
NMES,*" as well as microcirculation and pulsatility in
both the wound bed and the wound periphery.** Similar
effects have been reported in patients with arterial leg
ulcers.> The haemodynamic benefit of activating the
muscle pump by NMES of the common peroneal nerve
has been shown to exceed that of intermittent pneumatic
compression (IPC).>**> Application of a rigid enclosure
to the leg (in the form of a cast) further improved the
benefit in terms of microvascular®® and vascular flow.*’

Promising results have been seen when applying the
NMES in this modality to lower limb wounds.**-4°

In this self-controlled study, the addition of Intermit-
tent NMES of the common peroneal nerve over a 4-week
period more than doubled the rate of wound-margin
advance (WMA) towards the centre of the wound relative
to a 4-week run-in period with compression alone
(P = 0.016). This rate of healing was also calculated using
the Percentage Area Reduction method (PAR) and the
same results were seen, the rate of healing more than
doubled (P = 0.011). In contrast, the SOC cohort main-
tained the same healing rate throughout the run-in and
treatment phases of the study. This suggests that subjects'
wounds were not at different stages of healing through-
out duration of the trial.

The device was well tolerated by patients, with only
two patients failing to adhere and participants had no
issues with self-administration of the device.

WMA has been shown to follow a linear trajectory
with respect to time,""'*'* allowing a prediction of heal-
ing time by extrapolation after only four or five weekly
measurements. It has been observed that contraction
and epithelialisation occur in a linear fashion perpen-
dicular to the wound edge,41 and that cell fronts move
at constant speed.*” WMA is a powerful predictor of
healing,”® and it has been argued that linear healing per
unit time should be preferred to measurements of per-
centage change in wound area to quantify wound heal-
ing in clinical trials.** Healing rate over 4 weeks has
been used as an outcome for cost-effectiveness in
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diabetic foot ulcers,** and has been used as the primary
outcome in RCTs for comparing interventions.*’

The study was not powered for inferential statistics in
the secondary endpoints. Albeit not statistically signifi-
cant, it is perhaps worth noting from the descriptive sta-
tistics presented in Table 3 that patients receiving NMES
showed better outcomes in terms of pain reduction and
VCSS. These secondary outcomes tend to reflect the
reduction in wound size during the study. Because it has
been demonstrated that NMES accelerates wound heal-
ing, it seems plausible that pain will be resolved more
quickly accordingly. The patients randomised to NMES
were also more likely to have healed completely at the
12-week follow-up than patients who were randomised to
standard of care alone.

This self-controlled approach to clinical studies using
intermediate endpoints for wound healing in patients
with chronic wounds will add to the debate, but clearly
this progressive design enables data to be collected effi-
ciently and helps overcome many of the challenges we
currently face in undertaking feasible and meaningful
clinical trials.

Intermittent NMES of the common peroneal nerve
significantly accelerates the healing of venous leg ulcers
more than two-fold over a 4-week period. The effective
doubling of the healing rate suggests substantial potential
benefits to the patient, as well as cost savings to the
health care system. NMES is well tolerated by patients
and deserves serious consideration as an adjuvant to
compression therapy. The use of the endpoint metrics,
WMA and PAR, allow for a self-controlled study model,
which provides a means to distinguish between the rela-
tive efficacies of interventions more rapidly, with greater
sensitivity, and with fewer subjects than a conventional
RCT cohort model.
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