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AbstractÐSeveral wound healing rate measures have been introduced with the
main goal of enabling quanti®cation of the effects of various therapeutic modalities
on the healing of open wounds. Different de®nitions of wound healing rate render
comparison of clinical results dif®cult. The goal of the present study was to propose a
measure of wound healing rate that is independent of initial wound extent and to
present a method of wound healing rate prediction. Comparisons were made of
wound healing rate de®ned as absolute area healed per day, percentage of initial
area healed per day and advance of the wound margin towards the wound centre per
day. Analysis was performed on 300 wound cases. A disadvantage of wound healing
measures that either use absolute area healed per day or percentage of initial area
healed per day is their very limited use for comparing healing rates of wounds with
different initial sizes. This disadvantage was overcome by incorporating a wound
perimeter; thus obtaining a measure of the advance of the wound margin towards the
wound centre. A de®nition of healing rate expressed as the greatest average wound
margin distance from the wound centre divided by the time to complete wound closure
is proposed. Because not all wounds are closed in the observation period, the time to
complete wound closure has to be predicted. A method of wound healing rate
prediction is presented based on a delayed exponential model the parameters of
which are obtained from at least ®ve weekly wound area measurements. Paired t-
tests between actual time needed to complete wound closure and the predicted time
resulted in p�0.062 after four, 0.484 after ®ve and 0.900 after six weeks of observation.
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1 Introduction

A CUTANEOUS WOUND is any loss of skin integrity due to injury
or illness. Since intact skin is of vital importance to protect the
organism against the environment, regenerative mechanisms
must be activated to resolve a defect. The primary goal of
healing is to restore the preinjured form and function of the
skin. Cutaneous would healing is a dynamic biological process
that begins after tissue injury and is divided into three over-
lapping phases: in¯ammatory, proliferative phase and matura-
tion (WALDORF and FEWKES, 1995). If any of these phases is
suppressed, wound healing is prolonged or even prevented.
Reasons for slower or retarded healing can be local, such as
bacterial infection that prolongs the in¯ammatory phase; lower
oxygen tension that prolongs the proliferative phase; or
systemic, such as injuries of the nervous system, metabolic
and ageing problems that affect one or more phases of wound
healing. When conservative methods of wound care cannot
facilitate wound healing, the wound is considered to be
chronic. Such chronic wounds can last for months or even
years, hinder the normal course of rehabilitation and represent
a major social, medical and economic problem.
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A review of the literature reveals that many treatment
modalities have been employed and reported to facilitate
chronic wound healing, including wound dressings (KANNON

and GARETT, 1995), low energy laser (GOGIA, 1995a), ultra-
sound (BROWN, 1995), ultrasound=ultraviolet treatment
(NESSBAUM et al., 1994), hyperbaric oxygen (GOGIA, 1995b),
skin substitutes (SINGER and CLARK, 1999; BREM et al., 2000),
use of growth factors (MARTIN et al., 1992; KUNIMOTO, 1999)
and electrical stimulation (VODOVNIK and KARBA, 1992).

One of the treatment modalities that is well documented and
has been shown to facilitate chronic wound healing is electrical
stimulation. Since WOLCOTT et al. (1969) published promising
results of an extensive clinical study involving electrical stimu-
lation treatment, many reports have con®rmed additional
positive effects of electrical stimulation, although different
stimulation protocols were used. Practically all reports are
rather exclusive regarding their methods for quanti®cation of
treatment results (Table 1). Due to the different quanti®cation
methods used it is impossible to make a quantitative analysis of
the different wound measurement methods. The purpose of this
paper is to present a wound measurement method that is suitable
for application to different wound aetiologies, sizes and shapes.

Comparable and uniform quanti®cation methods are impor-
tant for determining an optimal treatment regime. This paper
examines and compares different measurement methods used by
various authors, and proposes a uniform method of assessing
wound healing that accurately re¯ects wound healing rate.
Evaluation of different wound measurement methods was
based on the data of 300 chronic wounds that were primarily
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Table 1 A review of wound healing rate de®nitions

Measured values Wound healing rate de®nition Units Frequency of measurements Reference

width, length p=46length06width0 ÿ p=46length f6width f

�day f ÿ day0�6p=46length06width0

6100
%=day initial and ®nal LYMAN et al., 1970

width, length length06width0 ÿ length46width4

46length06width0

6100
%=week ®ve in four weeks FEEDAR et al., 1991

area area0 ÿ areai

area0

6100; i � 0; 2; 4; 6; 8; 12 % initial and after
2, 4, 6, 8 and 12 weeks

LUNDEBERG et al.,
1992

area Time needed to complete wound closure. days initial and ®nal BIRKE et al., 1992

area Fitting S0exp�ÿyt� or S0 � �ÿAt� to

areai

area0

6100; i � 1; 2; . . . ; n

Parameters y or A were de®ned as wound healing rate.

%=day 25n 4 5 in four weeks JERCÏ INOVICÂ et al.,
1994

granulation,
infection,
drainage,
necrosis, eschar

Average change in Sessing scale (7 stage classi®-
cation system) between two consecutive scoring.

scaling twice per week FERRELL et al.,
1995

area, perimeter area0 ÿ area2
1
2
�perimeter0 � perimeter2��day2 ÿ day0�

mm=day initial and after two weeks GORIN et al., 1996

area area0 ÿ area4

area0

28

day4 ÿ day0

6100
%=four

weeks
initial and after four weeks JOHNSON, 1997

area
1

nÿ 1

Xnÿ1

iÿ1

areaiÿ1 ÿ areai

areaiÿ1

dayiÿ1 ÿ dayi

676100

%=week weekly BAKER et al.,
1997

area, exudate,
appearance

Linear regression to PUSH (Pressure Ulcer Scale
for Healing) values in week 0, 2, 4, 6 and 8.

scaling initial and after
2, 4, 6 and 8 weeks

CUDDIGAN, 1997,
BARTOLUCCI and
THOMAS, 1997

Area0, perimeter0, length0 and width0 are initial area, perimeter, length and width, respectively, and areai, perimeteri, lengthi, and widthi are
wound area, perimeter, length and width after i weeks, respectively. Day0 is initial assessment date and dayi is assessment date after i weeks and
dayf is ®nal assessment date. n is number of sequential wound area measurements.
evaluated for the purpose of studying the effects of electrical
wound treatment (STEFANOVSKA et al., 1993; JERCÏ INOVICÂ et al.,
l994; KARBA et al., 1997). The study included wounds of
various aetiologies (e.g. vascular ulcerations, amputation
wounds, pressure ulcers, neuropathic ulcerations), locations
and different treatments in patients with different primary
diagnoses (e.g. spinal cord injury, diabetes mellitus, sclerosis
multiplex, vascular diseases). The wound healing rate measure
should describe the healing process irrespective of wound
aetiology, location and treatment.

2 Wound status assessment

Assessment of wound status is essential in clinical trials and
practice for monitoring treatment ef®cacy. LAZARUS et al.
(1994) proposed guidelines for the assessment of wounds.
They listed attributes that are clues to the cause, pathophysiology
and status of the wound. Assessment of wound status should
begin with the extent of the wound. Because the extent of the
wound changes with time, it requires periodic assessment. There
are several techniques that may be employed to assess wound
extent. To be clinically acceptable, the assessment of chronic
wound healing has to be noninvasive, inexpensive and practical
enough to be regularly used by clinicians. As presented in
Table 1, most often wound area, wound perimeter or mutually
perpendicular diameters (largest diameter of the wound and
diameter taken at right angle to the largest one) are assessed.
Wound volume and depth assessment techniques are invasive
(dental moulds) (COVINGTON et al., 1989) or require expensive
equipment (stereoscopy, MRI) (PLASSMANN and JONES, 1992)
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and are rarely used. Since wounds are often irregular in shape
and heal asymmetrically, different estimates of wound area are
used. Acetate tracings can provide the most accurate description
of wound area and perimeter but require manual or computer
planimetry. Estimates of wound area can be calculated from the
product of two mutually perpendicular perimeters, or by calcula-
tion of the area of a circle or ellipse from measured diameters.
Surface area can also be estimated by simply comparing ulcers to
pre-drawn circles or ellipses of known area. STEFANOVSKA et al.
(1993) have established that the approximation of the wound
area by the area of the ellipse, calculated from two diameters,
does not signi®cantly differ from the area obtained by plani-
metry. The measurement of two diameters is simple, reprodu-
cible, and easy to perform at the bedside.

Another wound status assessment possibility are scaling
systems. They are based on an assumption that wound extent is
not suf®ciently descriptive. Besides wound extent they also
incorporate a description of necrosis, surrounding skin colour,
peripheral tissue edema and induration, granulation tissue, epi-
thelialization, infection, drainage, eschar and exudates. Drawbacks
of such scaling systems are their reliability and complexity. The
most widely used pressure ulcer scaling system is the four-stage
system developed by the National Pressure Ulcer Advisory Panel
(NPUAP) (NATIONAL PRESSURE ULCER ADVISORY PANEL

(NPUAP), 1989). NPUAP also warns that staging should not be
used to determine progress towards wound healing, because a stage
IV pressure sore is always a stage IV ulcer no matter how it is
healing. For this reason several tools have been proposed, that are
responsive to changes during wound healing. These systems are
still in various stages of testing, but two of the most promising
edical & Biological Engineering & Computing 2001, Vol. 39



appear to be the seven-point categorical Sessing scale (FERRELL et
al., 1995) and PUSH (BARTOLUCCI and THOMAS, 1997) which is
based on area, exudates and wound appearance. Scaling systems
are widely used as a wound assessment alternative, as they are
practical for daily monitoring. However, it is still not clear if
it is appropriate to use them for the follow-up of changes in
wound healing. The small number of stages makes them easy to
use but at the same time makes them insuf®ciently sensitive
for wound healing progress description. Bases on the above
considerations wound extent should be evaluated for monitoring
wound status when progress towards wound healing has to be
determined.

3 Wound healing process dynamics

If the assessment of wound extent is a one-dimensional
quantitative value (a scalar) and is periodically assessed, linear
or nonlinear regression can reveal wound healing dynamics
over time. Thus our measurement method evaluates wound
extent by including perimeter, area or two mutually perpendi-
cular diameters of the wound. One-dimensional wound extent
measurement can be determined by using any one of these
variables or any of their combinations.

GILMAN (1990) de®ned a measure of wound extent that
incorporates wound area and perimeter. It was termed the
advance of the wound margin toward the wound centre (eqn 1):

di �
DSi

�pi

�1�

where index i describes the wound extent assessment at time
ti; t0 � 0 is the time of the initial wound assessment.
�pi � �p0 � pi�=2 [mm] is mean wound perimeter calculated
from initial perimeter and wound perimeter at time ti > t0, and
DSi � S0 ÿ Si is absolute change in wound area [mm2] in time
interval t0 to ti. The advantage of this measure is its indepen-
dence of initial wound extent. In spite of this, the measure is
rarely used.

The majority of researchers use measures of wound extent that
incorporate only wound area calculated from two diagonals or
using planimetry. Wound extent is de®ned either as absolute or
normalised wound area.

Before de®ning wound healing rate based on one-dimensional
wound extent measurements, the dynamic of the healing process
should be examined over time. Dynamic of the absolute and
normalised wound area over time is similar, therefore we have
concentrated on the normalised wound area, where wound area
is divided by the initial wound area and multiplied by 100. It has
been assumed that the wound can be estimated with an ellipse
and the wound area Si calculated from mutually perpendicular
wound diameters ai and bi measured at time ti (eqn 2) according
to STEFANOVSKA et al. (1993) is:

Si �
p
4

ai � bi i � 0; 1; . . . ; nÿ 1 �2�

where index i describes wound extent assessment at time
ti; t0 � 0 is time of initial wound assessment and n is the
number of periodic assessments. Diameters ai and bi de®ne
the width to length ratio ri (eqn 3), which describes wound shape
(ri41).

ri �
bi

ai

�3�

Wound perimeter, estimated with the ellipse at rime ti, was
calculated according to:

pi � p 3
4
�ai � bi� ÿ 1

2

�����������
ai � bi

ph i
�4�
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Determining the normalised wound area or the advance of the
wound margin towards the wound centre over time can provide a
general overview of wound healing dynamics. In the following
section both measures are considered.

In a recent study (CUKJATI et al., 1998; 2000) it was
established that a decrease (or increase) in normalised wound
area over time is best described by a delayed exponential
model, thus wound healing dynamics is a nonlinear process.
The choice and assessment of this mathematical model was
based on periodic weekly measurements of 226 chronic
wounds of various aetiologies and treatments. An example of
such wound healing dynamics is presented in Fig. 1. A
mathematical description of the delayed exponential model is
given by eqn 5.

Ŝ�t� � SDEX; 04 t < TDEX

SDEXeÿyDEX�tÿTDEX�; t5 TDEX

�
�5�

where Ŝ�t� is the estimated wound area in percentage of initial
wound area, and three parameters SDEX, yDEX and TDEX

describe the wound healing dynamics. Parameter SDEX [%]
estimates initial wound area, parameter yDEX[dayÿ1] de®nes
the time constant of the exponent function, and the time delay of
the healing process is de®ned by parameter TDEX[day]. It has
been shown that this model has good predictive capability and
in this capacity could be used to predict the time needed to
complete wound closure. The model may be very useful in
clinical trials, where not all wounds included in the study close
within the designated study period.

A mathematical model has also been derived to predict the
advance of the wound margin towards the wound centre
based on the delayed exponential behaviour of the wound
area over time. The detailed procedure is explained in
Appendix 1. The resulting three-parameter mathematical
model is given by

d̂�t� �
2

S0

p0
1ÿ

��������
SERM

100

q� �
; 04 t < TERM

2
S0

p0
1ÿ

��������
SERM

100

q
e
yERM

2
�tÿTERM�

� �
; t5 TERM

8>><>>: �6�

where d̂�t� is the estimated advance of the wound margin
towards the wound centre, S0 is the initial wound area, p0 is
the initial wound perimeter and 2S0=p0 is the maximum
advance of the wound margin towards the wound centre,
which is, in circular wounds, equal to the circle radius
millimetres. Parameter SERM [%] estimates the initial
advance of the wound margin towards the wound centre.
Parameter yERM [dayÿ1] de®nes the time constant of the
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Fig. 1 Example of following wound area and application of
the delayed exponential model to normalised data.
SDEX ; yDEX ; TDEX are the calculated parameters of the
delayed exponential model and Yrelative a measure of
wound healing rate. (Ð) Fitted delayed exponential model;
(*) normalised wound area
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exponent function. Positive values relate to healing wounds
and negative values to nonhealing wounds. The time delay of
the healing process initiation is de®ned by parameter TERM

[day]. An example of the advance of the wound margin
towards the wound centre is presented in Fig. 2 for the same
wound shown in Fig. 1.

In the proliferative phase of healing as collagen accumulates,
the wound contracts allowing the wound margin to move
towards the wound centre (BARDSLEY et al., 1995).

We also considered approximating wound shape by a circle,
eliminating any information about the actual wound shape.
When the dynamics of the advance of the wound margin
towards the wound centre was calculated based on a circular
wound shape approximation, the maximum advance of the
wound margin towards the wound centre was overestimated.
Relative overestimation expressed as a function of width to
length ratio is presented in eqn 23 (Appendix 2).

4 Wound healing rate de®nition

Previously it was proved that the healing dynamic is nonlinear
regardless of how the wound extent is measured. Since wound
healing is often delayed, the measurement function cannot be
linearised. The majority of authors have used a measure of the
wound healing rate that assumes linear behaviour over time. This
assumption is misleading and de®nitions of wound healing rate
based only on two measurements of wound extent performed
during the study period do not accurately re¯ect dynamic
changes in wound extent.

The goal of wound care is complete wound closure. Therefore,
wound healing rate should describe the time needed to wound
closure, directly or indirectly. Because clinical trials are limited
by time and ®nancial support, not all wounds are followed
regularly or until complete wound closure. In these cases the
investigator should be able to mathematically predict the wound
closure time. Prediction based on wound healing rate calculated
from the initial wound extent measurement and one measurement
obtained during wound healing is inaccurate because it does not
take into account that wound healing dynamics are nonlinear. To
accurately re¯ect changes in the wound it has to be measured
periodically and a known model of the healing dynamics ®tted to
the obtained data. From calculated values of model parameters the
time needed to complete wound closure can be predicted.
Because the exponential function does not reach its asymptote
until in®nite time, the wound was de®ned to be closed when the
mathematically predicted wound area is smaller than 5% of the
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Fig. 2 Example of measuring wound area and perimeter over time,
calculating advancement of the wound margin towards
wound centre and applying delayed exponential rise to max-
imum model to calculated data. SERM ; yERM and TERM are the
calculated parameters of the ®tted delayed exponential rise
to maximum model. (Ð) Fitted delayed exponential rise to
maximum model; (*) advancement of wound margin towards
wound centre
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initial value and at the same time smaller than l00 mm2. In
Appendix 3 the mathematical expression for prediction of the
time needed to complete wound closure T (eqn 26) is de®ned
according to these two requirements.

Wound healing rates de®ned as absolute area healed per day
(eqn 7), as percentage of initial area healed per day (eqn 8) and as
advance of the wound margin towards the wound centre per day
(eqn 9), were compared:

Yabsolute �
S0

T
mm2=day
� � �7�

Yrelative �
100

T
%=day� � �8�

Yedge � 2
S0

p0T
mm=day� � �9�

Wound healing rate should not be affected by wound size
when wounds of different sizes are compared. To examine the
effect of wound area, perimeter and width to length ratio on these
three wound healing rates, correlation analysis was performed
on the clinical data.

5 Testing on clinical data

Two mutually perpendicular diameters of 300 chronic
wounds were measured periodically every week: in total 2481
measurements were performed. Wound area and perimeter were
calculated according to eqns 2 and 4, respectively. Because
wound area is a function of the width to length ratio and wound
perimeter is a function of the square root of this ratio, wound
perimeter was squared. The squared perimeter was then com-
pared to the surface and ratio. Initial wound area S0 was strongly
correlated (r� 0.990, n� 300) (r� Pearson correlation coef®-
cient, n� number of cases) with the squared initial wound
perimeter p0, while initial width to length ratio r0 was mildly
correlated with the initial wound area (r� 0.201, n� 300), and
not correlated to the squared initial perimeter (r� 0.116,
n� 300). Considering all wound measurements it was found
that wound area was strongly correlated (r� 0.985, n� 2481)
with the squared wound perimeter, while width to length ratio
was modestly correlated with wound area (r� 0.211, n� 2481),
and not to squared perimeter (r� 0.147, n� 2481). It seems that
wound area is more linearly dependent on wound shape than
perimeter, although both correlations are negligible. A strong
positive correlation between and area was anticipated.

Average, minimal and maximal width to length ratio ri over
the observation time for each of 300 wound cases was calcu-
lated. The mean of the average values with standard deviation is
0.663� 0.170 (n� 300), while the mean of the minimal values
with standard deviation is 0.476� 0.206 (n� 300), and the mean
of the maximal values with standard deviation is 0.899� 0.167
(n� 300). Maximal values are close to one, since a closed
wound (last measurement) was considered to have width to
length ratio equal to one. Mean initial width to length ratio with
standard deviation is 0.672� 0.216 (n� 300). Comparing the
initial and average width to length ratio with paired t-test showed
no signi®cant difference ( p� 0.260). Therefore, it was con-
cluded that width to length ratio does not change signi®cantly
during the healing process. Mean width to length ratio of all
measurements performed in the study with standard deviation
was 0.653� 0.229 (n� 2481). GORIN et al. (1996) reported a
mean initial width to length ratio 0.58� 0.20 (n� 49), which is
lower, but still close to current ®ndings ( p� 0.027).
edical & Biological Engineering & Computing 2001, Vol. 39



Relative overestimation of the maximum advance of the
wound margin towards the wound centre of the circular approx-
imation (eqn 23) is a function of width to length ratio. Assuming
that the ratio does not change over time, overestimation at a
mean initial width to length ratio 0.672 is only 3.0%.

5.1 Wound healing dynamics

In general, wounds are of an irregular shape. To facilitate
wound size assessment wound shape is approximated either with
an ellipse or a circle. A statistical analysis of clinical data was
performed to determine if there is any difference in the para-
meters SERM; yERM and TERM of wound healing dynamics when
wound shape is approximated with an ellipse or a circle. For the
elliptical approximation of each wound, advance of the wound
margin towards the wound centre, values di; i � 0; 1; . . . ; nÿ 1,
were calculated from n periodically measured wound diameters.
The model termed the delayed exponential rise to maximum
model (eqn 6) was ®tted to the calculated values of di.

For the circular wound shape approximation wound diameters
were recalculated to attain a width to length ratio 1.0 without
changing the wound area. From recalculated diameters values of
di; i � 0; 1; . . . ; nÿ 1, were calculated and the `delayed expo-
nential rise to maximum model' ®tted to these values.

For each wound case comparisons were made of the
parameters of the `delayed exponential rise to maximum
model' calculated with elliptical and circular wound shape
approximation and the parameters of the `delayed exponential
model'. From the results presented in Table 2, it is evident that
wound shape does not signi®cantly affect model parameters. The
measure `advance of the wound margin towards the wound
centre' is dependent on wound shape, but the effect of wound
shape on wound healing dynamics is not signi®cant. Since it is
easier to measure wound area than wound area and perimeter,
wound healing dynamics was accurately estimated from regular

Table 2 Paired sample t-tests performed on each parameter calcu-
lated from the advance of the wound margin towards the wound centre
model (elliptical and circular approximation) and wound area
dynamics model. Calculating natural logarithm normalised nonnor-
mal distribution of parameter y. Bonferroni adjustment probability
was used

SDER ellipse SDER circle SDEX

SDER ellipse 1.000 1.000 0.026
SDER circle 1.000 0.083
SDEX 1.000

yDER ellipse yDER circle yDEX

yDER ellipse 1.000 0.275 0.052
yDER circle 1.000 0.236
yDEX 1.000

TDER ellipse TDER circle TDEX

TDER ellipse 1.000 0.128 0.159
TDER circle 1.000 0.371
TDEX 1.000

Table 3 Mean values with standard deviations of parameters
describing healing dynamics of 300 wound cases and their median
values with interquartile range

SDEX yDEX TDEX

Mean 98.1 0.068 8.8
Standard deviation 11.9 0.079 14.4
Median 99.8 0.049 3.6
Interquartile range 95.9±100.0 0.020±0.091 0.0±11.1
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wound area measurements (eqn 5). In Table 3 mean parameter
values of the delayed exponential model for 300 wound cases are
presented. Out of 300 wound cases only 174 were closed during
the experimental period. For this group, time needed to complete
wound closure was calculated using the mathematical model and
compared to the actual time needed to complete wound closure.
Paired sample t-tests were performed on the calculated time
needed to complete wound closure versus the actual time needed
to complete wound closure in 174 wound cases (distribution of
time needed to complete wound closure was normal). This
resulted in a probability 0.958. The difference was insigni®cant,
which means that the model and the criteria of wound closure
estimate time needed to complete wound closure accurately.

From 174 wound cases that were closed during the study
period, wound cases were selected that were assessed weekly
with no missing measurements. The delayed exponential model
was applied to wound area measurements assessed during the
®rst three to six weeks. The time needed to complete wound
closure was predicted from parameters of the delayed exponen-
tial model for each wound case. Predicted times were compared
to the actual times wounds needed to close. Because distribution
of the time needed to complete wound closure was nonnormal,
data were transformed using natural logarithms to achieve
normal distribution. Results of paired t-tests are presented in
Table 4. The difference between the actual time needed to
complete wound closure and the time predicted from measure-
ments of wound area in the ®rst three weeks of the observation
period (four measurements) was signi®cant. No statistically
signi®cant difference was found between the actual time to
complete wound closure and the time predicted from measure-
ments of wound area in the ®rst four or more weeks of
observation period (®ve or more measurements). Therefore,
the wound should be observed for at least four weeks to allow
time to predict complete wound closure.

5.2 Wound healing rate

Pearson correlation analysis (r� Pearson correlation coef®-
cient, p� probability of being wrong in concluding that there is
a true association between the variables) was used to examine
the effect of wound area, perimeter (they were logged to achieve
normal distribution) and width to length ratio on the calculated
wound healing rates (for 300 wound cases) according to eqns
7±9. When healing rate was calculated as absolute area healed
per day, healing rates correlated with the initial wound area
(r� 0.580, p50.001), perimeter (r� 0.571, p50.001) but not
with width to length ratio (r� 0.132, p� 0.170). When healing
rate was expressed as a percentage of initial area healed per day,
healing rates moderately correlated with initial wound area
(r�ÿ0.431, p50.001) and perimeter (r�ÿ0.413, p50.001)
but not with width to length ratio (r�ÿ0.153, p� 0.067). When
healing rate was expressed as the advance of the wound margin
towards the wound centre per day, no correlation with initial

Table 4 Results ( p values) of paired t-test between actual time
needed to complete wound closure and predicted time needed to
complete wound closure after three to six weeks of observation.
During the observation period 174 wounds were closed. They were
closed in 8.4� 5.6 (mean� SD) weeks, mininum 3 and maximum 34
weeks, with median (interquartile range) 6 (5±11) weeks. Before
analysis was performed, values were transformed using the normal
logarithm

Predicted healing time Actual time

After 3 weeks p < 0:001
After 4 weeks p � 0:062
After 5 weeks p � 0:484
After 6 weeks p � 0:900
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wound area (r� 0.146, p� 0.091), perimeter (r� 0.121,
p� 0.266), or width to length ratio (r� 0.105, p� 0.493) was
found. Wound healing rate expressed as absolute area healed per
day, tends to exaggerate the healing rates of larger wounds, and
healing rate expressed as a percentage of initial area healed per
day, tends to exaggerate the healing rates of smaller wounds.
Only wound healing rate expressed as the advance of the wound
margin towards the wound centre per day, is not in¯uenced by
initial wound size.

The median initial wound area of 300 wound cases was
633 mm2. When all the wounds in this study were divided
into a group of smaller (S05633 mm2) and larger wounds
(S04633 mm2) no signi®cant difference ( p� 0.338)
was found in mean values of healing rate expressed as the
advance of the wound margin towards the wound centre per
day using a two-sample t-test. The differences in mean values
of healing rate expressed as the absolute area healed per day
and in mean values of healing rate expressed as the percentage
of initial area healed per day between small and large group
of wounds were signi®cant (p50.001). Therefore, it is
proposed that wound healing rate expressed as the advance
of the wound margin towards the wound centre per day be
used when healing rates of wounds with different initial areas
are compared.

6 Conclusion

One of the most important principles of chronic wound
management is periodic assessment of wound healing. It is
important to document healing progress, and to assess the
effectiveness of treatment so as to maximise healing rates
through treatment optimisation. A number of measures of
wound healing rate have been proposed and used. None of
them is ®rmly established for either clinical or research purposes.
Different wound status assessment techniques and different
wound healing rate de®nitions render published reports
(Table 1) dif®cult to compare. In this paper different techniques
of wound healing rate evaluation were compared and it is
proposed that wound healing rate should be de®ned as the
advance of the wound margin towards the wound centre per
day. Many trial studies are ®nancially and time restricted and
thus observation time is limited. Clinicians need a reliable
method of predicting wound closure so that they can provide
this information to insurance companies for reimbursement.
Since the wound healing process is nonlinear and cannot be
made linear by any transformation, only a nonlinear model can
be used to describe wound healing progress. Linear estimation of
healing progress is incorrect and can lead to deceptive results. It
has been shown on 300 electrically stimulated or conventionally
treated chronic wound cases that wound healing dynamics is not
in¯uenced by wound shape, which indicates that wound area
measurements are suf®cient for its adequate description. A
delayed exponential model was ®tted to normalised wound
area measurements (percentage of initial wound area). In this
regard, wound area should be periodically assessed for at least
four weeks with a minimum of ®ve wound area or mutually
perpendicular diameter measurements recorded over this time.
The time needed to complete wound closure is calculated from
delayed exponential model parameters.

Only a generally accepted uniform wound healing rate
de®nition would enable comparison of treatment ef®cacy by
different research groups. The proposed measure of wound
healing rate is simple to use if wounds are closed within the
observation time period. When model ®tting is required, the
proposed method requires use of a computer with appropriate
software. This is the most adequate estimation of wound healing
rate although its complexity could be a drawback because a
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personal computer is needed. However, computers and infor-
matics are now common in clinics and this drawback will soon
be of no consequence.

In further work we are planning to set an application for
wound healing rate prediction on the Web.
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Appendix 1

This appendix discusses the time dependence of the advance
of the wound margin towards the wound centre. The advance of
the wound margin towards the wound centre �di� is de®ned as an
absolute change of wound area �DSi� divided by mean wound
perimeter ��pi� in the time interval t0 to ti (eqn 1). Wound shape
can be approximated with an ellipse and wound area �Si�
calculated from two mutually perpendicular diameters (ai and
bi) of the wound taken at time ti (eqn 2). The two diameters
de®ne width to length ratio ri (eqn 3). As ratio ri and wound area
Si change over time, perimeter pi (eqn 4) also changes over time.
Mean wound perimeter �pi was calculated for each periodical
assessment i � 0; 1; . . . ; nÿ 1:

�pi �
p0 � pi

2

� p
4

3

2
�a0 � b0 � ai � bi� ÿ

���������
a0b0

p
ÿ

��������
aibi

p� �
�10�

Wound area has a delayed exponential behaviour over time
(CUKJATI et al., 2000):

ŜDEXi
� SDEX; 04 ti < TDEX

SDEXeÿyDEX�tiÿTDEX�; ti 5 TDEX

�
�%�

�11�
where TDEX � 0. Nonlinear regression of eqn 11 to n
normalised wound area values measured over time results
in parameters SDEX; yDEX and TDEX, which describe wound
healing progress for the speci®c wound case. ŜDEXi

is the
estimated wound area at time ti as a percentage of initial
wound area. It was multiplied by the absolute initial wound
area S0 (mm2) and divided by 100 to achieve an absolute
value of wound area Ŝi:

Ŝi � S0

ŜDEXi

100

�
S0

SDEX

100
; 04 ti < TDEX

S0
SDEX

100
eÿyDEX�tiÿTDEX�; ti 5 TDEX

8<: �mm2�

�12�
where S0SDEX=100 is the estimated initial wound area (mm2).

Considering eqn 12, absolute change in wound area at time ti
was calculated according to

DŜi � S0 ÿ Ŝi

�
S0 ÿ S0

SDEX

100
eÿyDEX�tiÿTDEX�; ti 5 TDEX

S0 1ÿ SDEX

100

� �
; 04 ti < TDEX

8<:
�13�
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Determination of healing dynamics was performed in two
steps. In the ®rst step mean wound perimeter �pi was determined
in terms of ratio ri and estimated wound area ŜDEXi. In the
second step the advance of the wound margin towards the wound
centre was obtained over time.

Considering eqns 2 and 3, we can express ellipse axes ai and bi

as terms of ratio ri and estimated wound area Si:

ai � 4
p

Si

bi

bi � ri � ai

9=; �) ai �
������������
4

p
Si

1

ri

s
�14�

bi � 4
p

Si

ai

ai � 1
ri
� bi

9>=>; �) bi �
��������������
4

p
Si � ri

r
�15�

After inserting eqn 14 and eqn 15 in eqn 10, mean perimeter is
expressed in terms of ratio ri and wound area Si:

�pi �
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p
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p
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where

ki �
���
p
4

r
3

2
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1
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s
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ri

p
 !
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" #

Replacing wound area Si in eqn 16 with estimated wound area

Ŝi (eqn 12) results in the estimated mean wound perimeter �̂pi:

�̂pi � k0

�����
S0

p
� ki

����
Ŝi

q

�̂pi �

���
S
p

0 k0� ki

��������
SDEX

100

q� �
; 04 ti < TDEX�����

S0

p
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��������
SDEX

100

q
e
ÿyDEX
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�tiÿTDEX�

� �
; ti5TDEX

8>>><>>>:
�17�

By dividing eqn 13 by eqn 17 we obtain a function of time that
describes the dynamics of the advance of the wound margin
towards the wound centre.

d̂i �
DŜi

�̂pi

�

�����
S0

p 1ÿ SDEX

100

k0 � ki

��������
SDEX

100

q ; 04 ti < TDEX

�����
S0

p 1ÿ SDEX

100
eÿyDEX�tiÿTDEX�
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q
kie

ÿyDEX
2
�tiÿTDEX�
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If we assume that width to length ratio ri does not change
during the wound healing process, ki � k0, i � 0; 1; . . . ; n, then
eqn 18 reduces to

d̂i �

�����
S0

p
k0

1ÿ SDEX

100

1�
��������
SDEX

100

q ; 04 ti < TDEX�����
S0

p
k0

1ÿ SDEX

100
eÿyDEX�tiÿTDEX�

1�
��������
SDEX

100

q
e
ÿyDEX

2
�tiÿTDEX�

; ti 5 TDEX

8>>>>><>>>>>:
�19�

After considering

�1ÿ x�=�1� ���
x
p � � 1ÿ ���

x
p

;�����
S0

p
k0

� 2
S0

p0

and re-indexing parameters (DEX is renamed ERM) the ®nal
equation is obtained:

d̂i �
2

S0

p0
1ÿ

��������
SERM

100

q� �
; 04 ti < TERM

2
S0

p0
1ÿ

��������
SERM

100

q
e
ÿyERM

2
�tiÿTERM�

� �
; ti 5 TERM

8>><>>:
�20�

It can be shown that d̂i follows a `delayed exponential rise to
maximum' behaviour, which can be mathematically expressed
as a function of three parameters SERM, yERM and TERM, where
TERM 5 0.

Appendix 2

Wound shape can also be approximated by a circle containing
the actual wound area. However, in this case all information
about actual wound shape is lost. Circular approximation of
wound shape is just a special case of elliptical approximation,
with width to length ratio equal to one and not changing over
time. Considering the perimeter of the circle

p0 � 2
��������
pS0

p
in eqn 20 results in the circular wound shape approximation
based model of the advance of the wound margin towards the
wound centre dynamics:

d̂�t� �

����
S0

p

q
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��������
SERM

100

q� �
; 04 t < TERM����
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q
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2
�tiÿTERM�

� �
; t5 TERM

8>><>>:
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Parameters SERM, yERM and TERM are the same for both
elliptical (eqn 20) and circular (eqn 21) wound shape approx-
imation based models of wound healing dynamics. However,
when wounds of noncircular shape are approximated by a circle,
the maximum advance of the wound margin towards the wound
centre S0=p0 is overestimated, because a circle has the lowest
perimeter for a given area. The relative difference between the
circular and exponential approximation (eqn 22) is calculated by
subtracting eqn 21 from eqn 20 and dividing by eqn 20.

e0 �
����
S0

p

q
ÿ 2

S0

p0

2
S0

p0

� 100 � p0

2
��������
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� 100 �22�
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The relative difference expressed in terms of initial width to
length ratio is given by

e0 �
3

2

1

2

����
1

r0

s
� ����

r0

p
 !

ÿ 1

" #
� 100 �%� �23�

Appendix 3

As the ®nal goal of wound treatment is closure then the wound
healing rate should contain information about the time needed to
complete wound closure. If a wound defect is totally resurfaced
by epithelium during the experimental period, the time to
complete wound closure is known. In wound cases where the
wound is not completely closed during the experimental period,
time to complete wound closure can be predicted using the
delayed exponential model parameters. Because the exponential
curve becomes asymptotic at in®nity (i.e. the time to complete
wound closure is in®nite), criteria must be de®ned to specify
when the wound is considered to be closed. The wound was
de®ned to be closed when the mathematically estimated wound
area is less than 5% of the initial wound area and simultaneously
less than one square centimetre.

Wound area falls to 5% of the initial area after x time
constants �t� (Fig. 2). The exact value of x is given by

SDEXeÿyDEX�tiÿTDEX� � 5 j ln

ÿyDEX�tÿTDEX�|������{z������}
x

yDEX

� ln
5

SDEX

� ÿx�) x � ln
SDEX

5
�: 3t

The time needed for the wound area to fall to 5% of the initial
area is TDEX � xt. Accordingly, the time needed to complete
wound closure, T5%, is given by

T5% � TDEX � xt � TDEX � ln
SDEX

5

1

yDEX

�day� �24�
Wound area falls to 100 mm2 after y time constants (t):

SDEX

100
S0e
ÿyDEX�tÿTDEX� � 100 j ln

ÿyDEX �tÿ TDEX�|�������{z�������}
y

yDEX

� ln
100

S0

100

SDEX

� �

� ÿy) y � ln
S0SDEX

104

� �
The time needed for the wound area to fall to 100 mm2 is

TDEX� yt. Accordingly, the time needed to complete wound
closure T100 is given by

T100 � TDEX � yt � TDEX � ln
S0SDEX

104

� �
1

yDEX

�day�

�25�
The time needed to complete wound closure T is the greater

of T5% and T100. If wound is not healing, time is negative,
describing time needed to double wound area.

T � T5%; if jT5%j5 jT100j
T100; otherwise

�
�26�
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