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ABSTRACT    

Purpose:  To evaluate if a correlation exists between wound geometries of venous leg 

ulcers (VLU) and eventual wound healing. 

Methods:  We studied 3,588 serial wound tracings of 338 VLUs that had been 

followed during a controlled, prospective, randomized pivotal trial of two topical wound 

treatments, to determine whether the relationship between wound surface area and wound 

perimeter planimetry measurements, as well as the qualitative assessment of wound 

shape, could be correlated to wound healing rates and eventual full wound closure.   

Results:  VLUs that maintained a consistent linear relationship between wound 

perimeter and the square root of wound surface area over time had a significantly greater 

chance of reaching full wound closure by the end of the 12-week treatment period (Odds 

Ratio 29.5, p<.001).  Wounds that presented with isolated areas of epithelium within the 

wound margins, wounds with concave geometries, and wounds that segmented into 

multiple ulcers typically had a poorer linear correlation (median r2 < 0.80, p<0.001).  

Only 3 out of 68 (4.4%) VLUs with a perimeter-area r2 less than 0.60 eventually reached 

full wound closure, versus 38% (102 of 270) of the remaining wounds. 

Conclusions:  We believe our results show that the quantification of wound geometry 

as a linear relationship between 1-dimensional perimeter and area measurements 

accurately correlates to the healing progress of the wound.  Wounds that do not correlate 

to this linear relationship (concave geometries or multiple islands of healing) may be 

physiologically different than wounds that have good linear correlation, which we 

concluded through the analysis of each woundÕs respective acetate tracings.  
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1. INTRODUCTION  

The influence of wound geometry on wound healing measurement and analysis has 

long been hypothesized.  Billingham and Russel studied the mechanics of geometrical 

influence in full-thickness rabbit wounds, concluding that faster healing rates were 

observed for circular versus rectangular wounds [1].  Watts analyzed the relationship 

between wound shape, tissue tension, and healing and concluded that wound 

contraction was heavily influenced by skin tensions, wound orientation to Langer 

lines, and wound shape change [2].  In-depth numerical investigation into wound 

contraction kinetics by McGrath and Simon found that wound shape, as defined by 

the wound perimeter, primarily influences the size of the wound to be healed; wound 

contraction rates were size and shape independent [3].   Differences in the rate of 

change of wound perimeter length were also undistinguishable between square and 

circle wounds. 

 

Later studies by Snowden and Cliff established a proportional relationship between 

the change in the square root of wound area and the linear movement of the wound 

margins (perimeter) in rat wounds [4].  Gowland Hopkins and Jamieson quantified 

this relationship as the ratio of the change in wound area to the average size of the 

perimeter between measurements [5].  Gilman expanded the Hopkins/Jamieson ratio 

to define a linear healing rate that could be standardized between wounds of different 

perimeters, sizes, and shapes [6].  An evaluation of a wound margin movement in 

human venous leg ulcers by Gorin et al confirmed size-and-shape independence of 

the linear healing parameter [7]. 



 

Many of the experimental observations mentioned above support the conclusion that 

simple shape differences do not influence the rate of wound contraction and healing, 

particularly when a healing rate parameter that incorporates the dimensions for both 

wound area and perimeter is used.  Specifically, rate of change in one-dimensional 

wound area measurements is proportionally (linearly) related to rate of change in 

wound perimeter measurements.  For convex geometries, it holds that any 2 points 

contained within a set of finite points are joined by a line segment that is also 

contained within that set.  Thus, the Euclidean distance between two points in a 

convex shape is always defined.  A convex wound shape should follow a linear 

relationship between its area and perimeter as the wound heals, since the distance 

from the wound perimeter to any given point within the wound is always definable 

via a linear distance.  This is supported by Henshaw and MayerÕs early observations 

that a wound (without contraction) will maintain a rate of epithelial coverage 

proportional to the radius of the largest circle within a woundÕs perimeter [8]. 

 

The same theory cannot be applied to concave (non-convex) wound shapes.  A wound 

geometry that is continuous but concave will contain at least one pair of points which 

no line segment connects and for which no linear distance can be defined.  With an 

undefined linear distance, the linear advance between one point and the other is also 

undefined.  The margin advance and the relationship between wound perimeter and 

wound area in concave wound shapes is most likely nonlinear.  The Òlargest circleÓ 
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principle also does not hold, since many concave shapes may contain numerous 

circles of varying radial extents, leading to multiple rates of epithelial coverage. 

 

In a clinical setting, wounds can present with a wide variety of geometrical profiles, 

both convex and concave.  We have observed this qualitatively through the analysis 

of acetate tracings from a large, controlled, randomized pivotal trial on topical wound 

treatments in venous leg ulcers as well as through our clinical observation outside 

this trial.  Our goal in this study was to analyze the area-perimeter function of each 

VLU over time, to assess the linearity of this relationship and its applicability as a 

predictive marker for wound healing.  In theory, wounds that maintain a linear 

relationship between the square root of the wound area and wound perimeter can be 

assessed as convex geometries, whereas nonlinear area-perimeter relationships reveal 

a non-convex wound shape.  It follows that the difference in wound geometries may 

result in different healing rates with respect to time. 

 

2. METHODS 

The wound surface area data used in the present study was derived from the pivotal 

trial of Dermagraft¨ for treating VLU, which was completed in 2004.  In this 

investigation 366 patients with chronic venous ulceration finished a brief run-in 

period of standard compression therapy and then were randomized to receive 

Dermagraft¨ plus compression, or compression therapy alone.  Patients were 

followed weekly until they were healed or until the 12-week active treatment phase 

was complete. Wound tracings were subjected to computerized planimetry 



measurements.  The primary efficacy endpoint of the trials was 100% ulcer closure by 

week 12 of the treatment phase.  All patients were followed to week 24 to assess 

wound status post-treatment.  Of the 366 patients enrolled in the study, 338 attended 

enough study visits (4) to obtain sufficient trace data for accurate linear regression 

analysis.  The square root of wound area (cm2) was then fitted to a linear regression 

equation as the dependent variable versus the independent variable wound perimeter 

(cm). 

 

Curve fitting algorithms were processed using MATLAB 7.4.0 Curve Fitting Toolbox 

(The Mathworks Inc., Natick, MA).  Correlation coefficient critical values using an 

adjusted-r2 were determined at a significance requirement of ! = .05.  Summary 

statistics and hypothesis tests such as Kruskal-Wallis, ANOVA, and T-tests were 

executed using MATLAB Statistics Toolbox and Minitab 15.1 (Minitab Inc., State 

College, PA).  All tests for significance were 2-tailed. 

 

3. RESULTS 
 
 

A majority of the 338 VLUs had a good linear relationship between the square root of 

wound area and wound perimeter measurements, with the median r2 = 0.88 for all 

wounds.  Upon visual re-evaluation of the acetate tracings with the goodness-of-fit 

data, it was found that wounds with asymmetric trace profiles (r2 = 0.79), as well as 

wounds with Òskin islandsÓ within the wound margins (r2 = 0.28), had lower median 

r2 values (p<0.001).  While many (n=168) of the VLUs did not have wound trace 



images to review, we generally found that most wounds with a poor area-perimeter 

linear goodness-of-fit (r2 < 0.80) did seem to be of concave geometrical shape. 

 

In a previous manuscript we detailed the use of nonlinear regression for quantifying 

wound healing rates on the same sample of VLUs studied within this manuscript [8].  

The healing rates derived from this test were evaluated against the area-perimeter 

goodness-of-fit statistics to determine if there was any relationship between the two 

parameters.  After transformation of both the r2 and healing rate datasets to rank 

distributions, we found that higher linear correlations of wound area to perimeter 

were directly correlated to faster healing rates from our exponential model (Figure 1).  

Spearman rank correlation confirmed this relationship (p<0.001). More specifically, 

wounds that had a good linear correlation (r2 > 0.80) by our definition had a median 

healing rate nearly 6-times greater than that of wounds with poorer area-perimeter 

correlation (0.219 vs. 0.038, p<0.001).   

 

To further test the influence of wound area-perimeter linear relationships on wound 

healing, we analyzed the binary outcome of 100% full wound closure (re-

epithelialization) using logistic regression. Literature-supported clinical factors that 

influence wound healing were included in our model, as well as those determined by 

the results from the VLU clinical trial.  We also included the area-perimeter linear 

correlation r2 value from each VLU as a continuous in the model to see if the linear fit 

of wound area to wound perimeter (and to a similar extent concave wound 



geometries) had any influence in the odds of a wound reaching full closure by the end 

of its treatment cycle (12 weeks). 

 

The results of our logistic regression analysis (Table 1) show a statistically significant 

influence of wound area-perimeter linearity on eventual wound closure (Odds Ratio = 

29.5, p<0.001).  This particular model had an extremely high goodness-of-fit 

(Deviance = .904).  Wounds whose geometrical shape resulted in a consistent linear 

relationship between 1-dimensional wound area and wound perimeter measurements 

were much more likely to reach full wound closure than those that did not maintain 

this relationship.  This test held true to significance with the inclusion of all 

significant and nonsignificant clinical factors recorded from the trial.   

 

4. DISCUSSION 

Hypotheses on the influence of wound geometry in wound healing have long been 

evaluated.  Though much of the older literature was inconclusive about the 

relationship, newer studies have shown that healing rate measurements including both 

wound area and perimeter measurements are independent of wound size and shape.  

Our study is a fresher look at the outcome of wound healing as influenced by the 

geometrical shape of the wound.  We analyzed computer planimetry wound area and 

perimeter measurements as well as acetate tracings from 338 venous leg ulcers 

enrolled in a randomized clinical trial, to determine if qualitative and quantitative 

assessment correlated to healing outcomes in any manner. 

 



We hypothesized that wounds with basic convex geometries would maintain a 

consistent linear relationship between the 1-dimension (square root) wound area 

measurement and wound perimeter measurement, much like that of a circle or square.  

Conversely, we assumed that wounds which produced a poor linear relationship 

between wound area and perimeter were non-convex (concave) in shape definition.  

Armed with this information, we set out to determine if the differences in area-

perimeter linearity between convex and concave wounds shapes correlated to wound 

healing rates and eventual wound closure. 

 

Our results strongly suggest that wounds failing to maintain a linear relationship 

between the square root of wound area and wound perimeter have a much lower 

chance of predictably healing at 12 weeks.  Upon visual review of wound trace 

images from poorly linearly correlated wounds, we determined that this relationship 

did indeed seem to be related to concave wound shapes.  Wounds that had severely 

asymmetrical geometries or presented with isolated areas of epithelium (Òskin 

islandsÓ) with the wound margins were most frequently associated with poor area-

perimeter linearity (Figures 2, 3).  Wounds that had good area-perimeter linearity had 

a higher frequency of convex wound shapes (Figure 4).  Convex wound shapes were 

more likely to heal faster and reach full closure through 12 weeks of treatment than 

were concave wound shapes. 

 

The physiological mechanism that explains this result is scarcely described in recent 

medical literature.  As Watts concluded almost 50 years ago, wound orientation with 
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respect to skin tension lines may impair the wound contraction process [2].  It is 

possible then that wounds with concave shapes are orientated in unfavorable positions 

with respect to tension lines, or it is the surrounding skin tension itself that creates the 

abnormal wound geometry.  Specifically for VLUs, the sudden change from linearity 

to nonlinearity in the area-perimeter relationship may be due to sudden swelling of 

the leg, thus the wound geometry is simply a reactive marker for underlying physical 

conditions that must be remedied for the wound to heal. 

 

The high statistical (and clinical) significance of area-perimeter linearity to both 

wound healing rates and eventual wound closure suggest that this parameter may be 

an excellent prognostic marker for wound healing.  Future trials into wound treatment 

therapies and wound measurement techniques should evaluate this parameter and its 

accuracy for predicting wounds to heal. We also intend to evaluate this relationship in 

other wound types. Further research into the physiological properties of wound shape 

variation may be required before area-perimeter linearity can be used to evaluate 

wound healing progress. 
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Figure 1 Ð Spearman rank correlation of VLU healing rates versus wound area-perimeter linearity 
parameters.  Wounds that had a stronger linear relationship between wound area1/2 and wound 
perimeter measurements healed at significantly faster rates (p <0.001). 



12-week binary healing (Event = 100% closure)  

Predictor p-value Odds Ratio 95% CI 
Area-Perimeter Linearity (r2) 0.001 29.5 3.98-218.9 
Treatment (Control:BDS) 0.954 1.02 0.53-1.94 
# of Weeks with Infection 0.111 0.65 0.39-1.10 
Initial Wound Area (cm2) 0.016 0.90 0.82-0.98 
Wound Duration (weeks) 0.002 0.99 0.98-0.99 
Sex (M:F) 0.269 1.65 0.68-4.01 
Height (cm) 0.327 1.07 0.94-1.21 
Weight (kg) 0.213 0.93 0.83-1.04 
BMI 0.138 1.27 0.93-1.73 
Age (years) 0.891 1.00 0.97-1.03 
Anemia (Yes:No) 0.739 1.26 0.33-4.86 
Diabetes 0.389 0.66 0.26-1.70 
Stroke 0.928 0.94 0.22-3.98 
Hypertension 0.532 1.26 0.61-2.61 
PVD 0.930 0.96 0.36-2.57 
Congestive Heart Failure 0.569 0.69 0.19-2.50 
Rheumatoid Arthritis 0.637 1.35 0.39-4.63 
Osteoarthritis 0.671 0.84 0.38-1.86 
Alcohol Consumption 0.790 0.91 0.45-1.82 
Smoking 0.217 0.55 0.21-1.42 
ABPI 0.839 0.75 0.05-12.24 
Recurring Ulcer  0.150 1.64 0.84-3.24 
Bilateral Ulcer 0.296 1.64 0.65-4.15 
Leg Mobility (Mobile:Immobile) 0.447 1.33 0.64-2.76 
DVT 0.767 0.89 0.41-1.92 
Ulcer Position (Calf:Ankle) 0.020 2.30 1.14-4.63 
Wound Exudate  0.001 0.72 0.59-0.88 
Necrotic Tissue (%) 0.550 0.98 0.92-1.04 
Pain 0.336 1.11 0.74-1.67 
    

 
Table 1 Ð Logistic regression (logit) model of 12-week healing probabilities with clinical factors as 
predictor variables.   A good linear correlation between wound area and wound perimeter 
significantly increased the odds that a wound healed by the end of the treatment phase in the trial. 
 



 
 

Figure 2  Ð Asymmetrical concave wound shape.  This particular wound had an area-perimeter 
linearity of r 2 = 0.041. 
 
 

 
 

Figure 3 Ð Concave wound shape with an isolated area of epithelium (or Òskin islandÓ) within the 
wound perimeter.  Area-perimeter linearity of r 2 = 0.009. 
 



 
 
 
Figure 3 Ð Primarily convex wound shape.  Area-perimeter linearity of r 2 = 0.976. 
 


