
A

w
o
f
n
t
e
I

S
h
[
t
w
d
D
w

o
e
w
s
t
t
w
(
t
f
s
i

8

b

The American Journal of Surgery 188 (Suppl to July 2004) 73S–78S

0
d

Statistical analysis of wound-healing rates for pressure ulcers
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bstract

To establish a functional model for determining wound-healing rates to use in the evaluation of efficacy of wound therapies, a review
as conducted of statistical analysis methods from past wound-healing studies. Because most wounds do not usually close within the period
f observation, that is, 12 weeks, evaluating time to 100% closure is not practical. Thus, a new, practical model for statistical analysis was
ormulated. A Gompertz-like function was applied to wound-healing rates of pressure ulcers, in the context of repeated measures for a
onlinear model. Photographing the wounds weekly, tracing their area with planimetry, and applying this new statistical model allows for
he calculation of the expected rate of healing as a function of time. This approach yields a model useful for identifying prognostic factors,
valuating treatments, and improving our understanding of the variables that affect the wound-healing process. © 2004 Excerpta Medica,
nc. All rights reserved.
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everal statistical methods for quantifying the rate of wound
ealing have been documented in wound-healing studies
1]. These methods can be used to identify prognostic fac-
ors that might be associated with changes in the rate of
ound healing and are suggested for use in future studies of
rug intervention to accelerate the rate of wound healing.
etermination of wound-healing rates has been addressed in
ound literature for a considerable time [2–4].
The importance of using wound-healing trajectory as an

utcome has been established in acute wounds [5]. How-
ver, acute wound-closure rates are not easily compared
ith chronic wound closure rates. In this original report,

tatistical methods for estimating a healing rate of a specific
ype of chronic wound in a heterogeneous patient popula-
ion are discussed. We focus on analyzing the normalized
ound size, that is, Y(t) � wound area (time t)/ wound area

baseline). Y(t) has a lower bound of 0, which corresponds
o a closed wound, with no upper bound (other than that
orced by the human body). The value of Y(t) � 1.0 corre-
ponds to no change, values between 0 and 1 correspond to
mprovement, and values �1 to deterioration.

To estimate healing rates, patients are followed periodi-
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ally (eg, weekly). These measurement times are denoted as
� 1, t � 2, and so forth, and the corresponding normalized
ound areas, Y(1), Y(2), and so forth, are viewed as a
articular case of what statisticians call “repeat measure-
ents.” In the last 2 decades, there has been a huge increase

n the statistical literature regarding analysis of repeat mea-
urements. The problems that were overcome include un-
qual numbers of observations per patient and allowing for
decreased correlation between observations over time. Use
f random effects or hierarchical models allow each of the
ubjects to have his or her own value for the rate of decline.
pparently, these methods of repeat measurements analysis

re not commonly used in the context of wound healing.
Wound measurements have additional issues that require

ore consideration before these newer methods of repeat
easurements analysis can be used. The problem of a
ound-healing rate is different from that of other statistical

pplications in that within a “short” period many wounds
ill close, and ideally, after such an event, no further
rogress in terms of wound size is possible. The mirror
mage of this dilemma is that if the outcome is percent
hange in the wound size, some unusually large increases in
ound size are also possible. Either event causes analytic
ifficulties and problems of unduly influential observations.

In this report, we focus on a Gompertz-like wound-
ealing model, which has been suggested in the wound
iterature as an appropriate method to model wound size

gainst time.

ved.
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ethods

se of wound size as an outcome

We suggest that wound size in addition to time to closure
s a meaningful outcome and that this outcome is best
nalyzed by focusing on percent reduction in the wound
rea. We then use a single value to quantify the rate of
ound healing for each patient. Different interventions

ould be evaluated by comparing these wound-healing
ates.

When a drug is being tested for efficacy in randomized
lacebo-controlled studies, the time to 100% closure in the
ontrol versus treatment group is an accepted indicator. This
ype of statistical analysis was used for the 3 US Food and
rug Administration (FDA)–approved treatments for dia-
etic foot ulcers (Regranex, Ortho-McNeil Pharmaceuticals,
aritan, NJ [6–8]; Apligraf, Organogenesis, Canton, MA

9,10]; and Dermagraft, Smith & Nephew, Hull, United
ingdom [11,12]). This method was also used in approving
pligraf for treatment of venous stasis ulcers [13–15]. How-

ver, for examining healing in other types of wounds, for
xample, the rate of healing of other chronic wounds (such
s pressure ulcers), different analyses are required, because
he time to 100% closure is not observed in many subjects.

Often, those who study wounds automatically focus on
ime to 100% closure. As simple as it sounds, methods for
nding time to closure should be limited to when one is
pecifically trying to ascertain this. In the case of pressure
lcers and other types of wounds, an equally pertinent
uestion is, What is the rate of healing? There are no drugs
pproved by the FDA based on efficacy for pressure ulcers;
herefore, a fundamental, practical question is, What rate of
losure should be expected for a pressure ulcer? A healing
ound, as measured by decreased area, is one that eventu-

lly closes. Therefore, the clinical issue is what patients and
clinical staff should expect to be the rate of healing.
nswering this question is important for 2 reasons: (1) to
elp guide clinical therapy or, specifically, when a change in
treatment regimen should be made, and (2) to evaluate

ew therapies.

easons for using wound area

The size of a wound can be either inferred or measured
ualitatively. One example of the former is the histomor-
hologic scale. Although such a scale can be useful, it is not
ighly correlated with gross appearance of the scar, which
imits its clinical validity and relevance [16].

If we base our outcome on physical measurement, we
an choose among (1) volume, (2) area, or (3) 1-dimen-
ional outcome, such as diameter or perimeter. Volume is
ot easily measured objectively, because use of gel or some
ther complex and nonreadily reproducible or practical

ethod is needed to acquire an accurate measurement. Area i
s therefore the most relevant, objective, reproducible value
or determining whether the wound is healing.

Analyzing the ratio of area to perimeter is another con-
ept used to describe wound healing [17–20]. Investigation
ould be required to determine whether, in a particular data

et, such an outcome would be useful. However, because we
ave not as yet measured the perimeter, these methods are
ot applicable.

ow do we measure area?

The easiest, most direct method of documenting wounds
s by area. Wounds are measured (length, width, and max-
mum depth) weekly. Our study used planimetry to calcu-
ate wound area. The planimetric computer programs cur-
ently available allow one to trace the perimeter of the
ound image with a mouse and then compute the area the
ay in which one counted the squares on a grid transpar-

ncy in the past [21]. This procedure works well, even for
he most irregularly shaped wounds.

Currently, instruments for measuring the size of wounds
how little variation in accuracy [1]. The highest precision
f area and volume measurements can be obtained, thanks
o the advent of recent technology, with digital videometry
22,23]. Nonetheless, use of planimetry has been shown to
ave good intrarater and interrater reliability. Planimetry is
lso more cost-effective and less cumbersome than the dig-
tal approach, thus making it a good choice for clinical
ractice [23].

caling the area

After we have selected a physical measurement, such as
rea, the rate of change can be evaluated on (1) original
easurement scale, (2) transformation of original scale, and

3) percent of baseline (or nearly equivalently, percentage
eduction).

Analyzing the area according to the original measure-
ent scale, given its wide variability, is not universally

ppropriate. For example, a reduction of 2 cm2/wk might be
ignificant for a large wound and exceed the size of a small
ound.
Transformations are often used in such cases. For exam-

le, the log transformation would allow one to evaluate
ercent change directly. However, this transformation is not
pplicable because of the presence of closed wounds that
nvolve the undefined log(0). Adding a small constant cir-
umvents the technical issue but leaves open the question of
hat constant to use. Moreover, transformations can be
ifficult to interpret.

We prefer to analyze the percent of baseline area, be-
ause it is easy to interpret and is easily interpretable for
ounds of any size. Thus, the approach is consistent with
obson’s observation [24], which considers the premise

hat wounds “are normalized by using a fractional decrease

n wound size or percentage closure to be consistent with
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he analysis of chronic wounds that vary greatly in size”
25]. However, we do not recommend prespecified end
oints, such as 50%, 75%, or 90% closure, but rather prefer
o look directly at percentage differences, which by itself is
relevant clinical end point.

rea–time relations: previous approaches

In 1916, Carel and Hartmann [2] performed an extensive
valuation of wounds on men and on guinea pigs. They
bserved that the rate of cicatrization of a wound is greater
t the beginning than at the end of the period of repair.
u Noüy [3] quantified this finding, suggesting a function
redicting area of the wound based on time and square root
f time that yielded results consistent with the experimental
ndings noted above.

Gorin et al [20] proposed a method that evaluated the rate
f healing based on area but assumed a linear relation
etween wound size and time. A linear relation would
ltimately predict negative wound sizes and therefore has
ather restricted functionality.

Another possible model assumes that the normalized
ound area decays in an exponential fashion. Formally, one

ssumes Yi(t)—the normalized area for patient i at time t—
ecays with time t as Yi(t) � exp (�t�i).

We do not use this exponential model because of prob-
ems of modeling data for patients whose wounds increase
n size. The exponential model postulates that either the
ound will close or the wound size will increase to infinity,
hich is unrealistic.

Gompertz model for area–time relation

Although the Gompertz distribution was originally pro-
osed and still is primarily used to evaluate the length of life
r survival in general [26], it has a history of also being used
s a growth curve [27]. Hokanson et al [4] applied the model
o healing of wounds, in a slightly different context than
ere.

As with the other area–time relations described above,
e use a single value to capture differences in healing rates
etween patients. Our model accommodates those whose
ounds heal completely, as well as those whose wounds fail

o decline in the period of the study. We describe the
hanges in wound size by a single value, �. For a certain
ange of values (typically � � 0), the wound size ultimately
eclines to 0. The magnitude � determines how soon that
ound will be near closure. For another range of values

typically � � 0), the wound size increases to an arbitrarily
et ceiling, a doubling of size, in this particular model. In
hat case, � might be used to measure the increase at wound
ize at, for example, 1 month.

Our proposed model expresses the normalized area
percent of baseline) for patient i at time t as Yi(t) � exp
0.69[1 � exp(�t�i/0.69)]} � �i(t). Here, �i is the quantity

hat summarizes a patient’s improvement. The model has s
een constructed (with the repetition of the 0.69) so that �i

s the rate of closure, at least near time 0 and possibly over
considerable length of time. The equation 0.69 � ln(2)

mplies the maximum percent change is 200%. Values
lightly in excess of 200% can be ascribed to measurement
rror. We discuss below appropriate actions when increases
ell beyond 200% are noted in the data.
Figure 1 plots the Gompertz-like curve when �i takes on

alues �0.1, �0.2, �0.5, �1.0, and where time varies from
to 8 weeks. The curve has 2 mirrorlike properties depend-

ng on whether �i is, or is not, positive. When �i is negative,
he curve decreases in time, starting in a linear manner, and
pproaches an asymptote of 0. When �i is positive, the
urve increases in time, starting in a linear manner, and
pproaches an asymptote of 2. It is a mirror image of the
ase when �i is negative. In this respect, our model differs
rom an exponential model, which would portray the wound
ize as increasing at a faster and faster rate over time.

Our proposed model has 2 random components of vari-
bility. The first source of variability concerns the different
ates of healing in people relative to the mean healing rate
nd reflects the anticipated large differences in individual
ealing abilities. The second source of variability is a ran-
om error, �i(t), at each measurement point. These measure-
ent random error terms are assumed to be independent

rom time to time and from person to person.

esults

A total of 45 consecutive hospitalized patients with stage
I or III pressure ulcers were studied. They were selected
rom a larger subset and had 2 exclusions: (1) stage IV
ressure ulcers, and (2) wounds with initial size �2.0 cm2.
hese 2 groups were excluded because the variability in the
linical presentation, as well as progression of the wounds,
s too great for this model to be applicable. Consent was
btained from every patient and the institutional review
oard approved the study. Standard protocols were used and
o topical or systemic agents were being evaluated. The
rimary purpose of the study was to measure the rate of
ealing for pressure ulcers.

Examination of Figure 2 indicates that many wounds
how excellent improvement but that some heal slowly,
aver around initial size, or increase in size, but never
ramatically so. Before applying our model, we examined
hether there were any wounds that more than doubled in
ound size area at any time. As indicated (Fig. 2), we found
nly 1 such case, a transient increase at weeks 3 and 4 to 2.2
nd 2.0, which was preceded and followed by values in the
.5 to 2.0 range. Thus, we thought that the model could be
t to the observed data so that we could get an overall rate
f decline and have the potential then to determine which
aseline characteristics are associated with faster rather than

lower healing.
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iscussion

Only recently have FDA-approved therapies been ap-
roved to accelerate healing. Our model allows one to
onduct the next step, that of evaluating the effects of
ifferent characteristics or interventions on wound size.
his model would be suitable for randomized and nonran-
omized clinical trials and has the ultimate purpose of
ssessing the effect of various interventions.

Our proposed model implies that, ignoring measurement
rror, a wound would at most double in size. Wounds that

Fig. 1. The idealized Gompertz curve for 8 different values

Fig. 2. The normalized wound sizes (ratios of observed ar
how a slightly greater increase than doubling in size do not
ause any particular problems, because the values �2 are
scribed to measurement error. As noted in the Appendix, if
here are a few values much larger than 2.3, the model can
e used after truncating these values to 2.3. One would then
escribe the percentage of times that wounds that more than
oubled in size were noted and possibly examine, formally
r informally, whether such changes were related to any
ovariates of interest. If truncation were applied, one would
einterpret average changes and effects of covariates in light
f a ceiling on the increase. Alternatively, as described in
he Appendix, one can change the “ceiling” in the model.

ach joined figure plots normalized wound size against time.

baseline areas) against time for each patient in the study.
of �. E
eas to
Our proposed model implies that ignoring random vari-
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bility, a wound will either decrease continuously in size
ntil it is healed or, alternatively, increase continuously in
ize until it reaches a ceiling. However, as noted in Fig. 2,
t is not required that individual data exhibit such a pattern.
ur model could not suggest a pattern of increases followed
y decreases (or vice versa). Plotting differences between
bserved and predicted values would visually suggest such
pattern.
In practice, debridement presents a difficulty for any

odel, because it causes a wound to increase in size before
ontraction. Thus, data collection would stop before de-
ridement, or possibly debridement could be added as a
ime-varying covariate. Other potential interventions, such
s evaluation of antibiotics, nutrition regimens, and multiple
opicals could be handled similarly.

It is also important to acknowledge that in any statistical
nalyses of healing that no single drug or intervention alone
ill heal a wound. Growth factors, cellular therapies, bed

urfaces, age, diabetes mellitus, and other contributing fac-
ors may have a significant impact on healing a chronic
ound but even when addressed will not result in 100%
ealing.

onclusion

Our new statistical model provides a relevant method to
etect prognostic factors and evaluate interventions in the
ontext of wound healing. Positive features include (1) a
ingle variable with a physical interpretation that summa-
izes data from an individual patient, (2) a model that works
ell for wounds that close, and (3) a model that is not overly

nfluenced by wounds that deteriorate. This statistical model
s useful to study which interventions can contribute to
aster healing of wounds.

ppendix
In our proposed Gompertz model, ceilings other than 2.0

ould be used by changing the 0.69 in the model to c, which
ould result in a ceiling of C � ec. Ideally, it would be
referable to eliminate any such ceiling and replace the
ompertz function in our model by a function that has a
oninfinite upper bound that is a function of the value of �.
e have not been able to construct such a model that also

as the other features we have incorporated. Alternatively,
e obviously could let the model choose C, which presum-

bly would be near the observed maximum, but prefer not to
o so. As suggested in the text, if the Gompertz model is
sed with values higher than the ceiling � 1.5s, where s is
n estimate of �, then these large values should be truncated
nd the results interpreted in light of truncation. In the text,
e assumed that with our model, this truncation level was
.3.
Software to estimate the parameters of the model is [
volving rapidly. We used PROC NLMIXED of SAS (Sta-
istical Analysis System, version 8; SAS Institute, Inc, Cary,
C) [28] to analyze the data set. Slight changes in various

omputational options can be helpful in the convergence of
he procedure. In this particular run, we used the default
ptions with addition of a METHOD � FIRO option, which
pproximates the integral of the likelihood over the random
ffects using the first-order method of Beal and Sheiner
29]. The actual statements used in SAS were:

roc nlmixed data�notstage4 method�firo;
parms b��0.1 sb�0.1 s2�0.2;
beta�b�bran;
pred�exp(log(2.0) � (1�exp (���week/log(2.0))));
model ratio � normal (pred,s2);
random bran�normal (0, sb) subject�id;run;
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