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Abstract

Complete healing is problematic as an endpoint for evaluating interventions
for wound healing. The great heterogeneity of wounds makes it difficult to
match groups, and this is only possible with multivariate stratification and/or
very large numbers of subjects. The substantial time taken for wounds to heal
necessitates a very lengthy study. Consequently, high quality randomised con-
trolled trials demonstrating an effect of an intervention to a satisfactory level
of statistical significance and with a satisfactory level of generalisability are
extremely rare. This study determines that the healing of venous leg ulcers
receiving multi-component compression bandaging follows a linear trajectory
over a 4-week period, as measured by gross area healed, percentage area
healed, and advance of the wound margin. The linear trajectories of these sur-
rogates make it possible to identify an acceleration in healing resulting from
an intervention, and allows self-controlled or crossover designs with attendant
advantages of statistical power and speed. Of the metrics investigated, wound
margin advance was the most linear, and was also independent of initial
ulcer size.
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Key Messages

« randomised controlled trials using complete healing as an endpoint to eval-
uate interventions for wound healing are frequently under-powered

« statistical sensitivity can be improved by using a short-term surrogate or
intermediate endpoint for healing, allowing self-controlled or crossover
designs

« wound margin advance is close to linear over a 4-week term, and so is a suit-
able intermediate endpoint for identifying any changes in healing rate due
to an intervention
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1 | INTRODUCTION

A great deal of wound-healing research is conducted for
the purpose of evaluating products, processes, and path-
ways that can accelerate wound healing." To that end, an
enduring problem is to find an outcome endpoint that
can be used robustly. Investigators have not arrived at
consensus as to appropriate endpoints to demonstrate
that the agent under evaluation actually promotes wound
healing.” To be useful, endpoints need to be not only
accurate, but reproducible and meaningful.

One of several orthodoxies propounded is that the only
truly externally valid metric is the number of wounds
completely healed in a cohort. A major problem with using
complete healing (100% closure) as an outcome for thera-
peutic efficacy of chronic wounds is that complete healing
is frequently only observed after a protracted period. *This,
combined with the inherent heterogeneity in wounds,
means that a conventional randomised controlled trial
(RCT) for wound healing would be expected to require hun-
dreds of subjects and take several years. This makes the
study so costly and lengthy an undertaking as to render it
largely impracticable.” It has long been suggested that stud-
ies could be effectively be shortened by using short-term
healing rate as an outcome.’

Additionally, it has been stated® that healing time
curves (wound-healing trajectories) are a “moving pic-
ture” of healing that provide more detail than a “snap-
shot approach” in which only the proportion of patients
healed (100% closed) at the end of the study is assessed.
Consequently, there has been a call for surrogate end-
points to be used in wound healing studies.”

The surrogate approach consists of measuring the
wound at several time intervals to establish its healing
rate. Then, after the introduction of the intervention
being investigated, the healing rate is measured again to
observe any effect. This approach raises further questions
as to which metric is best used to quantify the size of the
wound, and thus its healing rate. The area of the wound
may be measured simply by tracing or by more sophisti-
cated photographic methods.® Percentage change in area
over 4 weeks has been shown to be a good predictor of
ultimate healing in venous leg ulcers (VLUs).>'® How-
ever, changes in raw area have been shown to exaggerate
the importance of large wounds in clinical data, whereas
changes in area as a percentage of initial area corre-
spondingly exaggerate small wounds."

Gorin'' made the observation that, in a cohort of
wounds, different wounds will be deemed to be healing
faster depending on which metric is used to measure
healing. Figure 1 illustrates this point diagrammatically.
Consider two wounds (idealised as circular for illustrative
purposes): A and B. At initial presentation, wound A has
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a radius of 5 cm, and over the course of 4 weeks this
reduces to 4 cm. Wound B reduces from a radius of
3-2 cm over the same period.

If we adopt gross area reduction (GAR) as our metric,
the results may be seen in Table 1, where we conclude
that wound A is healing faster than wound B. However,
if we adopt percentage area reduction (PAR) as our met-
ric, Table 2 shows us that wound B is healing faster than
wound A. Finally, if we adopt advance of the wound mar-
gin in cm as our metric (represented here by a change in
the radius of the idealised circular wound), Table 3 gives
equal healing rates for wounds A and B.

This apparent anomaly is explained by the quadratic
relationship between radius and area (area is proportional
to the radius squared) which causes changes in area to be
proportionally exaggerated in larger wounds, for a given
change in radius. Conversely, PAR (whereby change in area
is divided by the original area) is proportionally minimised
in larger wounds. In a retrospective review of 49 VLUs," a
strong positive correlation was found between initial ulcer
size and healing rate based on area reduction, but no corre-
lation between initial ulcer size and healing rate based on
linear advance of the wound margin. This observation of a
correlation between ulcer size and measured healing rate
(as seen using area reduction as a metric) is problematic for
two reasons. The first, and more obvious, is that the healing
of large wounds will dominate the results relative to small
wounds. The second is that, as wounds generally become
smaller over the course of a study, early healing rate will be
exaggerated relative to later healing rate, making longitudi-
nal comparisons difficult.

In order to spot a discontinuity (ie, an effect on the
healing trajectory) following an intervention, it is of great
benefit to have a trajectory that is approximately linear. The
advance of the wound margin advance (WMA) towards the
centre of the wound (perpendicular to the wound margin)
may be calculated for wounds of shapes other than the
idealised circular wounds shown in Figure 1. Change in
wound area divided by wound perimeter has been proposed
as a metric '* which is directly proportional to the perpen-
dicular advance of the wound margin. This has been shown
not only to be equally representative of large and small
wounds,"" but to follow a linear trajectory over time in dia-
betic foot ulcers, allowing a prediction of healing time by
extrapolation after only 4 or 5 weekly measurements. These
concur with findings that contraction and epithelialization
occurred in a linear fashion perpendicular to the wound
edge,” and that cell fronts move at constant speed.'*

WMA has been found to be a powerful predictor of
healing'® and it has been stated that linear healing per
unit time should be preferred to measurements of per-
centage change in wound area to quantify wound healing
in clinical trials."' Healing rate over 4 weeks has been
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Wound A

Radius 5cm

Radius 4cm

FIGURE 1

TABLE 1 Healing of wounds A and B measured by gross area
reduction (GAR)

Wound A Wound B

Initial area Ay=nr?=79cm®> A, =nr’=28cm?

Final area A, =nr*=50cm® A, =nr’=13cm?
Gross area A — A, =29cm? A, — A, =15cm?
reduction
Which is healing 4
faster?

The bold values are the outputs of the calculation (i.e. the results of interest),
whereas the other values are inputs.

TABLE 2 Healing of wounds A and B measured by % area
reduction (PAR)

Wound A Wound B

Initial area Ay = nr? =79 cm? A; = nr? = 28 cm?

Final area A, = 1r? = 50 cm? A, = nr? = 13 cm?
% Area 100 x (A; — Ay)/ 100 x (A; — Ay)/
reduction Ay =37% A1 =53%
Which is healing v
faster?

The bold values are the outputs of the calculation (i.e. the results of interest),
whereas the other values are inputs.

TABLE 3 Healing of wounds A and B measured by centimetre
advance of the wound margin

Wound A Wound B
Initial radius 5cm 3cm
Final radius 4 cm 2 cm

Advance of wound
margin

Ri—R;=1cm R;—R,=1cm

Which is healing faster? equal equal

The bold values are the outputs of the calculation (i.e. the results of interest),
whereas the other values are inputs.

> original wound margin

Healing trajectory of two theoretical wounds A and B

Wound B

Radius 3cm

Radius 2cm

#
y

i

e . /
~ wound margin at week 4

used as an outcome for cost-effectiveness in DFU,' and
has been used as the primary outcome in RCTs for com-
paring interventions."”

2 | AIMS

The purpose of this study is to determine whether the
healing of VLUs receiving multilayer, multicomponent
compression bandaging follows a linear trajectory over a
4-week period, as measured by gross area healed, per-
centage area healed, and advance of the wound margin.

3 | METHODS

Forty VLU patients (24M, 16F) were followed weekly for
4 weeks, with a total of 5 measurements per patient. All
patients received standard of care continuously through-
out the study, consisting of multilayer, multicomponent
compression therapy. Compression systems used were
deemed appropriate by the clinical team treating patients
in this study.

Patients included were aged >18 years and able to
provide written informed consent, with chronic VLU
between 3 and 39 cm?, present for between 6 weeks and
5 years, determined to be due to underlying venous dis-
ease, with ankle-brachial pressure index of 0.75 to 1.24,
and no active wound infection for a minimum of
48 hours, and no systemic antimicrobial treatment for a
minimum of 7 days prior to enrolment.

Patients were excluded if they had known allergy to
any of the protocol-stipulated treatments, non-tolerance
of multilayer, multicomponent compression therapy
intended for the treatment of VLU, history of significant
haematological disorders (eg, sickle cell disease), history
of deep vein thrombosis within 6 months preceding study
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entry, history of pyoderma gangrenosum or other inflam-
matory 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, or surgery during 3 months
prior to study entry (such as abdominal, gynaecological,
hip or knee replacement), and participation in any other
clinical study.Each ulcer was digitally photographed
weekly using the Aranz SilhouetteStar, a digital camera
which is part of the Silhouette system. SilhouetteStar is a
portable, non-contact device for imaging and measuring
ulcers, which has been shown to be more accurate, repro-
ducible, and reliable than manual measurement methods
in measuring VLUs."®'® All ulcers were photographed
pre-debridement. All images were sent to an independent
blinded wound expert for delineation of the wound
perimeter, from which area and perimeter values were
calculated.

Measured wound area was plotted against time at
weekly intervals to give a curve for GAR.

PAR was calculated for each wound by dividing mea-
sured wound area at each time-point by its initial value
at week 0.

According to Vidal's method (below),'* a value rep-
resenting WMA corresponding to the rate of 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 at each of the five
weekly time-points for each wound. These values were
then regressed against time to generate a gradient to rep-
resent WMA, as well as a correlation coefficient R>.

4 | RESULTS

Median wound duration prior to the study was 39 weeks
(IQR 14-104 weeks). Median age was 70 (IQR 63-77).
Median BMI was 28.2 (IQR 25.4-35.2).

Figure 2 shows GAR relative to the start of the trial.
The mean of all 40 patients is plotted against time in
days, with error bars representing SE of the means. It can
be seen that the trajectory over this 4-week timespan is
very close to linear, with a Pearson's R?>= 95 indicating
that the mean values adhere closely to a straight line.
Although the SE bars are substantial, this is largely a
reflection of the heterogeneity of healing rates within the
cohort, rather than non-linearity of healing.

However, by regressing the slope of each individual
wound's healing trajectory against initial wound area,
GAR correlated positively with initial area (R = .66,

E? - WiLEy-L ™

Gross Area Reduction (n=40)
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N
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FIGURE 2 Gross area reduction relative to start (n = 40), +SE
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FIGURE 3 Percentage area reduction relative to start
(n = 40), +SE
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FIGURE 4
(n = 40), +SE

Wound margin advance relative to start

P = .000056), indicating that larger wounds are likely to
be over-represented in any measured effect.

Figure 3 shows PAR relative to the start of the trial.
The trajectory over this 4-week timespan is also very
close to linear, with a Pearson's R* = .95 indicating that
the mean values also adhere closely to a straight line. In
this case, however, the error bars are smaller. Addition-
ally, although PAR showed some weak negative correla-
tion to initial wound area, this was not statistically
significant.

Figure 4 shows the mean advance in cm of the wound
margin for all 40 wounds, calculated by Vidal's method,
at each of the five time-points. WMA follows a linear
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trajectory (R*> = .97) correlating even more closely with
time than either GAR or PAR. The SEs are not only
small, but are relatively uniform at each time-point, giv-
ing confidence in the validity of the linear regression.
WMA showed no correlation with initial wound area,
suggesting that this metric is not biased to large or small
wounds.

5 | DISCUSSION

Conducting clinical research into interventions for
wound healing is fraught with difficulties. A RCT com-
paring two separate random cohorts enjoys good external
validity in terms of generalisability.”° However, the inter-
nal validity is weak in wound RCTs, where massive het-
erogeneity in a multiplicity of confounding factors often
make comparisons between groups statistically untena-
ble. A Cochrane review*' of compression for VLU found,
out of many thousands of studies, only 48 eligible RCTs,
of which only eight had significant stand-alone findings
of effectiveness.

The great advantage of the self-controlled trial in
terms of internal validity consists in the elimination of
noise in the form of inter-group variations, and the elimi-
nation of noise resulting from intra-group heterogeneity
by the use of pairwise comparisons because each patient
acts as their own control, enabling much greater statisti-
cal sensitivity.

It has been suggested® that self-controlled studies
(in which each patient serves as his or her own control)
can produce results that are statistically and clinically
valid with far fewer patients than would otherwise be
required. A consensus document of opinion leaders in
wound healing® opines that traditional RCTs may not be
the most relevant way to measure treatment outcomes,
exhorting instead the self-controlled RCT model.

The self-controlled model, however, precludes the use
of complete healing as a metric. Clearly, if the wound
healed completely with one intervention (or control), it is
not possible subsequently to evaluate the effect of healing
of another intervention (or control). To reap the sensitiv-
ity and validity benefits of a self-controlled study, it is
necessary to have an endpoint which can be measured
(ideally quantitatively) in the relatively short term, to
allow reproduction of the trial with another intervention
or control while other factors remain stable. Therefore, it
is advantageous to be able to quantify rate of healing in
the short term as an endpoint. It is worth noting that rate
of healing need not necessarily be regarded as a surrogate
endpoint for total healing, but perhaps more appropri-
ately an intermediate endpoint: it is a benefit per se, and
indeed is necessary to achieve healing.

PAR followed over a finite period has been shown to
predict complete healing of VLUs.** Wounds that ulti-
mately healed were shown to follow a different healing tra-
jectory on average (both by mean and by median) than
wounds which ultimately failed to heal. Thus, healing rate
in the early weeks could be used to predict complete
healing outcome.'> However, although logistically predic-
tive of healing, the healing trajectory followed by PAR has
been reported to be non-linear, and so could not be used
easily to predict time to healing. Indeed, it has previously
shown a poor correlation to healing time.*® The non-linear
nature of PAR has been variously modelled as approximat-
ing exponential'®*® and as following other trajectories such
as a Gompertz function®”*® and other polynomial fits.*® So,
although shown to be useful as an early classifier of wounds
into “healing” or “non-healing” categories, PAR presents
non-trivial difficulties in extrapolating a healing trajectory
to establish an ultimate time to complete healing. In this
study, however, the trajectory of PAR has been found to be
close to linear over a 4-week period. This may be explained
as follows.

It may be supposed that healing rate in terms of GAR
is positively correlated to wound area, as confirmed in
this study (R = .66, P = .000056). As well as showing a
higher healing rate for larger wounds in a cohort, this
will show a decreasing healing rate over time for individ-
ual wounds over the natural history of their healing, as
the wound becomes smaller. Thus, over the several
months, it may take a wound to heal, a decay curve may
be observed as previously reported, as the wound area
(a multiplier of measured healing rate) reduces. However,
over this relatively short time-span of 4 weeks, the area
of the wound generally does not change so appreciably as
to cause the healing curve to deviate significantly from a
straight line.

PAR differs from GAR only in the fact that each
wound's change in area is expressed as a proportion of its
initial area. For each wound, this is a constant divisor,
and so does not affect the linearity of the healing trajec-
tory. Thus, GAR and PAR both appear equally linear over
a 4-week period.

In this study, WMA—corresponding to the advance
of the wound margin—followed a remarkably similar tra-
jectory to GAR and PAR. However, WMA adhered even
more closely to a linear mean trajectory over a 4-week
term. Furthermore, WMA showed no correlation to the
initial area of the wound, suggesting no bias towards
large or small ulcers in the aggregate.

As with GAR and PAR, it must be noted that this lin-
ear trajectory over a 4-week term does not necessarily
demonstrate that the trajectory remains linear for its
entirety until the wound is totally closed. Rather, linear-
ity in the short term makes it possible to identify any
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pronounced discontinuity or change in that trajectory
resulting from an intervention being studied.

Neither does these data demonstrate that all wounds
heal at the same rate; there is abundant prior observation
to the contrary.®® Chronicity of the wound has been
shown to be a risk factor for slow healing (and therefore
continued chronicity),*"** and it has been suggested that
duration of the wound may play a causative role in slow
healing, rather than simply being a consequence.>* Possi-
ble mechanisms for this causative link include the
obstruction to healing posed by excess inflammation cau-
sed by a long-standing wound,** and fibroblast senes-
cence.* Given that “time is of the essence” in the healing
of VLUs, there is a strong argument for aggressive early
intervention, and a rapid appraisal of which intervention
is or is not working. Whereas time to complete healing
does not constitute such a rapid appraisal, measurement
of short-term changes to WMA represents a viable pros-
pect for this.

6 | CONCLUSIONS
This study shows that metrics of wound healing—GAR,
PAR, and WMA—follow a substantially linear and simi-
lar trajectory over a 4-week term. This shows promise for
their usefulness in comparing the efficacy of successive
interventions in the short term, and speaks to their use as
a surrogate for complete healing in clinical trials. The lin-
ear nature over this term is important as it enables dis-
continuities in the mean trajectory (because of an
intervention) to be identified. Using a metric of rate of
healing in the short term allows self-controlled or cross-
over studies to be conducted, with huge attendant advan-
tages in statistical power and internal validity compared
with conventional unpaired trials.

Of the three metrics investigated, WMA shows the
closest adherence to a straight line, and also appears to
be independent of initial ulcer size.
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