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Abstract 

 We present a mathematical model to quantify parameters of mouse excisional 

wound healing from photographic data. The equation is a piecewise linear function in log 

scale that includes key parameters of initial wound radius (R0), an initial wound stasis 

phase (Ti), and time to wound closure (Tc); subsequently, these terms permit calculation 

of a latter active proliferative phase (Tp), and the healing rate (HR) during this active 

phase. A daily photographic record of wound healing (utilizing 6 mm diameter splinted 

excisional wounds) permits the necessary sampling for robust parameter refinement. 

When implemented with an automated nonlinear fitting routine, the healing parameters 

are determined in an operator-independent (i.e. unbiased) manner. The model was 

evaluated using photographic data from a splinted excisional surgical procedure involving 

several different mouse cohorts. Model fitting demonstrates excellent coefficients of 

determination (R2) in each case. The model thus permits quantitation of key parameters 

of excisional wound healing, from initial wounding through to wound closure, from 

photographic data. 
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Introduction 

The skin is the first barrier against infection, and as such, effective cutaneous 

wound healing is critical. Due to a combination of peripheral neuropathy and peripheral 

vascular disease, non-healing dermal wounds in diabetic patients are the main contributor 

to lower-extremity amputations (for recent review see 1-3). Unrelieved pressure in bed-

ridden patients is also a primary cause of localized injury to the skin (i.e. decubitus ulcers). 

Seventy percent of such skin ulcers occur in patients older than 65; however, younger 

patients are also susceptible 4, 5. The study of dermal wound healing has assumed 

additional urgency due to the projected demographic increases in incidence of diabetes 

and an aging population 6, 7, 8 .  

Preclinical animal studies of efficacy, as a foundation for the development of novel 

human therapeutics for wound healing, typically utilize rodents and pigs, with a substantial 

number of such investigations commonly utilizing mice 9, 10. Animal studies remain a 

preferred approach, compared to cell culture or in silico simulations, due to the complexity 

of the healing process and challenge of accurate simulation 11. Of the principle phases of 

normal healing (hemostasis, inflammatory, proliferative and remodeling), hemostasis is 

completed within hours of wounding, the inflammatory phase spans a period of days, the 

proliferative phase takes place over a period of weeks, and remodeling can span months 

to years; these phases also exhibit some overlap 12-15. Due to this temporal extent, the 

majority of wound healing studies limit characterization from initial wounding through to 

wound closure (i.e. covering the hemostasis, inflammatory and proliferative phases).  

Two principle analytical methods are commonly utilized to quantify the progression 

of wound healing: photographic and histological analyses. These two methodologies 

provide different, and complementary, information regarding the progression of wound 

healing. Photographic data provides a record of the gross anatomy changes during 

dermal wound healing, and such changes are based upon the underlying histopathology 

events that occur during the phases of healing; thus, a correlation should exist between 

both types of data. Wound healing studies that report temporal fine-sampling of both 

photographic and corresponding histological data are extremely limited; however, a 
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recent report by Mukai and coworkers includes a daily photographic record of 4 mm 

dermal wounds in C57BL/6 mice from day 0 - day 14 (not extending to wound closure, 

however) and histopathology for wound samples on days 3, 7, 11 and 14 16. The 

photographic data for controls indicates a period of wound size stasis from approximately 

day 0-5, followed by a period of progressive reduction in wound size from day 6 onward. 

The histopathology data indicates high neutrophil counts on day 3, with a subsequent 

statistically-significant reduction observed on day 7. Furthermore, the histopathology 

indicates essentially no re-epithelialization on day 3, but initiation of re-epithelialization by 

day 7, and increasing over days 11 and 14. Additionally, the collagen fiber ratio, and 

myofibroblast ratio, both increase over days 7, 11 and 14. Thus, the photographic record, 

in describing an initial stasis in wound size, followed by a transition to progressive wound 

closure, is consistent with the available histopathology data reporting an initial 

hemostasis/inflammatory phase transitioning to the proliferative phase of wound healing. 

Despite the utility of non-invasive photographic analysis in wound healing studies, 

there is no standardized methodology for either collection or analysis; furthermore, 

mathematical modeling of wound healing is typically appropriate only for simulation 17. 

For example, while data from photographic studies are a metric of wound magnitude 

(monitored as a function of time) such data are diversely reported as wound area, % 

wound area, or wound radius 16, 18, 19. A key metric of clinical interest is the wound healing 

rate; however, rate definition is dependent upon how the wound magnitude is quantified. 

For example, a constant rate of re-epithelialization from the wound edge would result in 

a linear rate of healing when quantifying by wound radius, but an exponential function 

when quantifying by wound area. Furthermore, a healing rate based upon % wound area 

yields a healing rate that is proportional (inversely) to the wound size. Additionally, time 

sampling has no standardization; in this regard, such data is typically (although not always 

16, 19) coarsely sampled (often with only two or three data points between day 0 surgery 

and wound closure). In the case of coarse sampling, the hemostasis/inflammatory and 

proliferative phases are treated as a single phase and any distinction is lost.  

The current disparate methodologies utilized in photographic analysis of wound 

healing suggest that additional useful data might readily be obtainable with minimal effort. 
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A common formalism for analysis would also permit direct comparison of wound healing 

parameters between different studies (a critical ability that is currently lacking). 

Furthermore, by Federal mandate, a key principle governing the ethical use of animals in 

research is that no animal life is wasted and the number of animals used in each project 

must be the minimum necessary to obtain valid and meaningful results (with the corollary 

that researchers should endeavor to obtain the maximum amount of data from each 

animal study) 20. Motivated by these issues, we have developed a novel mathematical 

model of wound healing, appropriate for the analysis of photographic time course data, 

which quantifies key parameters of excisional wound healing. Parameters of the model 

are shown to be robustly refined using data from a daily photographic record. We believe 

the model we describe will prove to be broadly applicable in advancing wound healing 

studies by extracting key quantitative parameters of healing from photographic data. 

These parameters include initial wound radius (R0), an initial period of wound stasis (Ti) 

consistent with the hemostasis/inflammatory phase, and time to  wound closure (Tc); 

these terms subsequently define the duration of a latter active proliferative phase (Tp = 

(Tc-Ti)) and healing rate (HR) during this phase (HR = R0/TP). The model was evaluated 

using experimental data for 6 mm diameter excisional wounds, and with cohorts that 

permit a comparison of surgical methodology (i.e. splinted versus non-splinted wounds), 

as well as sex and strain differences.  

Surgical splinting is a relatively recent methodology to limit the wound contraction 

typical of "loose-skinned" rodents, and to limit healing to re-epithelialization that is 

characteristic of human wounds 21, 22. However, the effects of surgical splinting upon the 

quantitative parameters of wound healing have yet to be reported. Sex differences 

associated with dermal healing are well-known 23-27; however, the quantitation of sex 

differences upon healing parameters is also lacking. Finally, mice offer a remarkable 

resource of specific strains developed to mimic important human diseases such as 

obesity and diabetes 21, 28, 29; however, quantitation of the effects of such metabolic 

disorders on detailed wound healing parameters are also limited. By its very nature, 

photographic analysis is a non-invasive methodology, based upon and complementary to 

underlying histopathology; readily providing finely-sampled (i.e. daily) data of the wound 
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healing process (from initial wounding through to wound closure), with relevant 

quantitative parameters. The described mathematical model permits such analysis.    

 

 

Materials and Methods 

ACUC approval 

All procedures involving animals utilized in this study were approved by the FSU 

ACUC (protocols #1113 and #1637) and the welfare of all animals was supervised by a 

staff veterinarian. 

Wound healing model 

 The intended application of the model is the quantitative analysis of daily 

photographic records of an excisional dermal wound. Photographic analysis identifies the 

wound margin, quantifying wound area (and equivalent radius) as a function of time. It is 

assumed that the photographic record initiates with day 0 surgery, and proceeds through 

to wound closure. Thus, the model encompasses the hemostasis, inflammatory and 

proliferative phases of healing. The model assumes that there is an initial phase of wound 

stasis, such that the wound radius is essentially constant in time, and lasts between T = 

0 and T = Ti.  Subsequent to this initial phase, there is a transition to an active phase of 

healing characterized by a linear decrease in wound radius as a function of time (i.e. a 

constant rate of healing). This active phase of healing (Tp) lasts between T = Ti and T = 

Tc where the wound is closed. This active phase duration is defined as Tp = (Tc - Ti) and 

the healing rate (HR) is defined as the slope of the linear function between Ti and Tc. A 

piecewise linear model (on the log scale) was developed to reflect the characteristics of 

the initial stasis phase subsequently transitioning into an active phase having a constant 

rate of healing. The resulting equation modeling healing defines wound radius as a 

function of time, R(t): 

迎岫建岻 噺 迎待 峭な 伐 痛貸脹日脹迩貸脹日 怠岾怠袋勅盤貼盤禰貼畷日匪 濡エ 匪峇嶌  (1) 
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A smooth transition between the two phases is accomplished by incorporating a 

smoothing parameter, s. We empirically assign s a constant value of 0.05 for all analyses, 

which provides for robust fitting for all data sets evaluated. We note that 嫌 has units of 

time, so this is equivalent to assuming the transition between stasis and active 

proliferative phases occurs within one day (i.e. within the sampling interval of a daily 

photographic record).  

Model properties and error analysis 

 Error between the model and data was quantified as 継堅堅剣堅 噺 】迎墜長鎚 伐 迎陳墜鳥勅鎮】 (e.g. 

the 詣態 error) and an evolutionary dynamics minimization method 30 was implemented to 

estimate this error. A global sensitivity analysis on the parameters was performed by 

Sobol analysis 31 which quantifies the sensitivity indices in a relative (not absolute) 

ranking. Such ranking of the parameters gives some idea of whether there is a dominant 

process involved in modeling the experimental data. The basic idea of the Sobol indices 

is to determine the reduction in variance in the output of a model (in this case the error 

between the data and the model fit) given knowledge of a parameter value. Thus, a 

parameter with a large Sobol indice introduces large variance into the fitting while 

parameters with lower Sobol indice do not. Sobol indice was calculated using a Monte 

Carlo algorithm with multiple quasi-random samples of the parameter space 32.   

 Robustness of the global fit of the data to the model was evaluated by calculating 

the fitted parameter deviation upon the omission of individual data points from the 

experimental data set. The sensitivity of fitted parameters to the omission of a single data 

point is potentially greatest for data sets comprising the least number of data points - i.e. 

for wounds exhibiting the shortest Tc. Thus, a data set having the shortest Tc (n = 13 data 

points) was subject to n rounds of fitting where each round omitted a different data point, 

and the average and standard deviation of fitted parameters were calculated. 

Experimental wound healing data 

 The mouse cohorts in the study include BALB/c, BALB/cByJ and NONcNZO10/LtJ 

(Table 1). BALB/c mice are among the most widely used inbred mouse strains used in 
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animal experimentation. BALB/cByJ mice are a closely-related strain to BALB/c, and one 

of two strains maintained by the National Institute of Aging (NIA) Aged Rodent Colony. 

The NONcNZO10/LtJ mouse is a polygenic strain developed to model human metabolic 

syndrome and obesity-induced Type 2 diabetes 28, 33. Male NONcNZO10/LtJ mice exhibit 

a maturity onset of moderate visceral obesity, hyperglycemia, dyslipidemia, moderate 

liver steatosis, and pancreatic islet atrophy; female NONcNZO10/LtJ mice are 

normoglycemic.  

 All mice were purchased from Jackson Laboratories (JAX) (Bar Harbor, Maine) 

and were housed in a temperature controlled facility (23 °C) with a 12hr light/dark cycle, 

with water and food provided ad libitum, and nesting material provided. All wound healing 

studies utilized a 6 mm diameter full-thickness excisional wound, surgically splinted using 

a silicone rubber washer (7.92 mm ID, 14.27 mm OD,.030" thickness, durometer 

hardness 40) affixed with 8 radius sutures, as previously described 19. Two excisional 

wounds were introduced into each mouse on the upper dorsal quadrant. Wounds were 

protected for the duration of healing using a custom designed Velcro® One-Wrap® jacket 

19. The experimental data analyzed in this report includes both previously reported data 

for BALB/c and NONcNZO10/LtJ mice 19, as well as newly-collected data for BALB/cByJ 

mice. A daily photographic record of wound healing, from the day of surgery (day 0) to 

wound closure, was collected in all cases. Wound area was quantified from the 

photographic record using ImageJ software 34 (as previously described 19), and wound 

radius was calculated as (area/ヾ)0.5. 

 

 

Results 

 An example fit of the piecewise linear function to an experimental data set (6 mm 

diameter splinted excisional wound in a female BALB/cByJ mouse) is shown in Fig. 1. 

The regions that model the initial stasis phase (having constant wound area) and 

subsequent active phase (with constant rate of healing until wound closure) are apparent, 

and the graphical representation of the R0, Ti and Tc parameters is also indicated. The 
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experimental data utilized in model fitting comprised wound area measurements 

performed by three independent analysts. The percent error for data points were ~10% 

for wound areas >15mm2, and ~20% for wound areas <15mm2 (i.e. measurement error 

is inversely proportional to wound area).  

 The Sobol indice rankings calculated for the model parameters indicate that the 

smoothing parameter s exhibits the smallest Sobol indice (having a value on the order of 

10-7), while all other parameters (R0, Ti, and Tc) have Sobol indice on the order of 10-1. 

The model is therefore relatively insensitive to the precise value of s. Allowing the value 

of s to vary within the range 0.01<s<0.5 for different data sets confirmed no significant 

variation in fitted model parameters; thus, fixing the smoothing parameter s = 0.05 does 

not introduce significant error, and the parameter is fixed at this value for all fitting. Sobol 

indices suggest  迎待 and 劇頂 are slightly more sensitive than 劇沈 but all of these parameter 

sensitivities are on the same order. The potential sensitivity of model parameters to 

individual data points was evaluated by comparing fitted parameters for the same test 

data set, but with different data points omitted during the fit (Fig. 2).  This analysis yielded 

parameters having standard deviation values <5%; thus, model fitting is generally robust 

and parameter values are fundamentally determined from a global fit to the entire data 

set, and not heavily weighted by specific data points. A summary of the fitted model 

parameters for all cohorts, including coefficient of determination (R2) and one-tailed p-

values for pairwise comparisons, is provided in Table 2. The coefficient of determination 

for each cohort as a set varies between 0.95 - 0.98. An example of an individual fit (with 

coefficient of determination R2 = 0.98) is shown in Fig. 1. The results are presented in 

terms of pairwise comparisons in order to illustrate key differences in healing parameters 

(described below). 

Splinted vs. non-splinted male NONcNZO10/LtJ cohort  

 A comparison of the splinted vs. non-splinted male NONcNZO10/LtJ cohorts 

enables an evaluation of the effects of surgical splinting upon wound healing. In the 

absence of wound splinting the most statistically-significant differences in wound healing 

are a decrease in the apparent stasis phase (Ti) from 3.50 to 1.47 days (p-value = 0.0004) 
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and a decrease in the time to closure (Tc) from 30.3 to 24.4 days (p-value = 0.002). Also, 

in the absence of wound splinting the active phase (Tp) is decreased from 26.8 to 23.0 

days (p-value = 0.04), and the healing rate (HR) over the active phase is increased from 

0.122 mm/day to 0.140 mm/day (p-value = 0.06).  

Male vs. female NONzNZO10/LtJ cohort 

 A comparison of male (diabetic) vs. female (normoglycemic) NONzNZO10/LtJ 

cohort permits characterization of sex-related differences in dermal healing, where a 

significant sex-related difference is the male diabetic condition. The most statistically 

significant difference in wound healing is a decrease in the healing rate (HR) from 0.157 

mm/day in the female to 0.122 mm/day in the male (p-value = 0.002). Also, the time to 

closure (Tc) was increased from 26.3 days in the female to 30.3 days in the male (p-value 

= 0.016), and the active phase (Tp) was increased from 22.6 days in the female to 26.8 

days in the male (p-value = 0.027). 

Male BALB/c vs. male BALB/cByJ cohort 

 A comparison of the male BALB/c and BALB/cByJ cohort enables an evaluation of 

any differences in healing properties (among males) for these two closely-related strains. 

The most significant wound healing differences include a decrease in time-to-closure (Tc) 

from 22.6 days in BALB/cByJ male mice to 19.6 days in BALB/c (p-value = 0.002), as well 

as a decrease in the active phase (Tp) from 16.4 days in BALB/cByJ male mice to 13.3 

days in BALB/c (p-value = 0.001). Additionally, the healing rate (HR) during the active 

phase increased from 0.224 mm/day in the BALB/cByJ male mice to 0.258 mm/day in the 

BALB/c mice (p-value = 0.012). 

Male BALB/cByJ vs. female BALB/cByJ cohort 

 A comparison of male vs. female BALB/cByJ cohort permits characterization of 

sex-related differences in dermal healing for this strain. The most significant difference is 

a decrease in the time-to-closure (Tc) from 22.3 days in the male to 17.0 days in the 

female (p-value = 0.00001). Additionally, the active phase (Tp) decreases from 16.4 days 

in the male to 11.9 days in the female (p-value = 0.0009) and the healing rate (HR) 
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increases from 0.224 mm/day in the male to 0.278 mm/day in the female (p-value = 

0.007). 

Female NONcNZO10/LtJ vs. female BALB/cByJ cohort 

 A comparison of the female NONcNZO10/LtJ and female BALB/cByJ cohort 

enables an evaluation of any differences in healing properties (among females) for these 

different strains. Although female NONcNZO10/LtJ mice are normoglycemic (whereas 

males are diabetic) they exhibit a number of statistically significant differences in healing 

parameters compared to female BALB/cByJ mice. The time-to-closure (Tc) in 

NONcNZO10/LtJ females increases to 26.3 days compared to 17.2 for female BALB/cByJ 

(p-value = 0.00001); the active phase (Tp) in NONcNZO10/LtJ females increases to 22.6 

days compared to 11.8 for female BALB/cByJ (p-value = 0.00001); and healing rate (HR) 

of NONcNZO10/LtJ female mice decreases to 0.157 mm/day compared to 0.279 mm/day 

in BALB/cByJ females (p-value = 0.00001). The stasis phase (Ti) in female 

NONcNZO10/LtJ mice decreases to 3.69 days compared to 5.40 for female BALB/cByJ 

mice (p-value = 0.002). 

 

Discussion 

Over 100 different mathematical models of wound healing have been reported in 

the literature (for a recent review see Jorgensen and Sanders 17). The vast majority of 

such models describe only a single phase of healing, and only a small number describe 

multiple phases (such as hemostasis, inflammatory and proliferative phases combined). 

Reported models also typically describe complex interacting systems of different cell 

types, time-dependent concentration gradients of signaling molecules/growth factors, cell 

migration rates, and substrate reaction rates. Consequently, such models are defined by 

a large number of parameters (sometimes in excess of 30) 35, 36. In the case of wound 

healing studies involving a daily photographic record, such models are appropriate for 

simulation rather than analysis since the number of model parameters can easily exceed 

the number of experimental data points. The model described herein covers wounding 
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through to wound closure (spanning the hemostasis, inflammatory and proliferative 

phases of wound healing) utilizing a small number of key parameters of fundamental 

interest, and therefore appropriate for the analysis (rather than simulation) of 

experimental data.  

Properties of the model 

 Our model covers the hemostasis, inflammatory and proliferative phases of 

excisional wound healing (i.e. from wounding through to wound closure) in terms of an 

initial period of wound stasis followed by an active period of healing. The model defines 

three fundamental parameters of interest: initial wound radius (R0), stasis phase duration 

(Ti), and time-to-closure (Tc). These parameters subsequently define the active healing 

phase duration (Tp = Tc-Ti) and the healing rate (HR) during the active healing phase (HR 

= R0/Tp). These parameters are fit using experimental daily photographic record of wound 

healing (generating data points of wound radius as a function of time). Data sets of this 

type typically comprise 13 - 30 data points (i.e. 13 - 30 days span surgical wounding to 

wound closure) and the parameters of the model are therefore over-sampled by at least 

a factor of 4 (enabling robust fitting). Trials of parameter fitting using incomplete data sets 

(i.e. missing one random data point, or ~8% of the total data set) demonstrates robust fit 

of all parameters. Error analysis by Sobol indices indicates a general equivalence 

between model parameters upon their contribution to model sensitivity. Overall therefore, 

the model can be described as both robust and well-matched to daily photographic data 

sets quantifying excisional wound healing.  

 An aspect of the present model is that it treats the initial stasis and subsequent 

active healing phases as distinct. The transition between these phases is a function of 

the s scaling parameter in the model. As 嫌 goes to zero, the transition is instantaneous 

and as 嫌 increases, there is more overlap between the two processes. The granularity of 

the experimental data defines the actual minimum discernible period of overlap for the 

two phases. This overlapping period is therefore a minimum of one day with a daily 

photographic record. Accurately defining curvature at the intersection of the stasis and 

active proliferative phases would require additional data points in this region; however, 
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greater than daily photographic recording is likely impractical. Given these considerations 

the simple treatment of discrete stasis and active phases in the model (with one day 

overlap) appears an adequate approximation. Another aspect of the model is the 

assumption of zero slope (i.e. constant wound size) during the initial wound stasis phase 

- this is unlikely to capture the full complexity of this phase. For example, release of 

proteases by inflammatory cells can cause debridement of the wound edges, resulting in 

an apparent initial increase in wound size (and this is sometimes observed). On the other 

hand, some initial contraction of the wound can take place immediately subsequent to 

surgery – indicating that surgical splinting must attain some tension before an apparent 

stasis of wound size is achieved. Of course, the model can readily be modified to permit 

a non-zero slope in the initial wound stasis phase, by inclusion of an additional parameter 

(a stasis phase slope). However, the stasis phase is typically short - typically lasting 3-6 

days (Table 2). Daily sampling would therefore provide only 3-6 points with which to fit 

two independent model parameters, resulting in under-sampling with an associated fitting 

uncertainty. Thus, zero slope for the stasis phase is an appropriate simplification for 

robust parameter fitting with daily data sets, and is supported by the excellent coefficient 

of determination (R2) observed with such a model (Table 2).  A constant rate of healing 

during the active healing phase is another characteristic of our model. If the rate of re-

epithelialization from the wound edge occurs at a constant rate then d(radius)/d(t) is a 

constant value. Fitting to experimental data tests this assumption and the quality of fit, as 

evaluated by coefficient of determination (R2), is excellent and therefore supports the use 

of a constant healing rate model. Despite its simplicity, the model exhibits excellent 

agreement with diverse photographic data sets of wound healing (R2 = 0.95-0.98); the 

equation therefore effectively models fundamental aspects of the overall wound healing 

process.  

Surgical splinting, sex, and strain cohort analyses of excisional wound healing 

The following discussion of differences in healing between specific cohorts refers 

extensively to the data provide in Table 2. In the non-splinted cohort the model indicates 

that an initial wound stasis phase is no longer discernible. We interpret this to mean that 

non-splinted wound contraction causes the stasis phase to be obscured within an 
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apparently immediate active healing phase. This, in turn, increases the active phase 

healing rate and reduces overall time-to-closure; however, the healing rate is not 

indicative of true re-epithelialization as it includes the effects of contraction. Distinct sex-

related differences in dermal healing for age-match BALB/cByJ cohorts are observed with 

statistical significance. Thus, specific sex- and age-related differences in dermal healing 

can be quantified in terms of the specific stasis and active healing phase parameters. The 

diabetic NONcNZO10/LtJ male mouse exhibits a reduced healing rate compared to the 

normoglycemic NONcNZO10/LtJ female; however, the NONcNZO10/LtJ female exhibits 

a significantly impaired healing rate, and substantially increased active phase duration 

(resulting in a longer time-to-closure) compared to BALB/cByJ female mice. Thus, the 

polygenic NONcNZO10/LtJ mouse exhibits diminished healing characteristics distinct 

from the male-linked diabetic phenotype (although the male diabetic condition 

exacerbates delayed dermal healing). In comparison to the BALB/cByJ mouse the 

NONcNZO10/LtJ exhibits a reduced stasis phase, but an extended active healing phase. 

Thus, the analysis suggests a potential dysregulation of inflammatory and proliferative 

phases in the NONcNZO10/LtJ mouse - such that proliferation proceeds before an 

effective inflammatory phase has completed. Without an appropriate inflammatory phase 

the healing wound may be less competent to support efficient re-epithelialization. The 

detailed parameters of the model thus provide a hypothesis regarding the expected 

histopathology associated with healing (i.e. early infiltration of fibroblasts, and 

underdeveloped granulation tissue and revascularization subsequent to the inflammatory 

phase); further work may provide a histopathology basis for these parameters. 

The data analysis shows that the derived parameters of the model can elucidate 

cohort differences in the initial stasis and subsequent active phases of wound healing; 

thus, facilitating hypotheses regarding the histological basis of such behavior, enabling 

quantitation of therapeutic intervention, and permitting the identification of pivotal clinical 

endpoints. In this regard, an automated non-linear least squares fit of the model to 

experimental data enables operator-independent determination of healing parameters; 

thus, providing practical utility in reducing operator-introduced bias analysis of pre-clinical 

and clinical studies. 
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Broader applicability of the model 

The model was developed to enable a more detailed quantification of mouse 

excisional wound photographic data; specifically, providing a quantitation of both initial 

stasis and active healing phases. Preclinical animal studies of healing can now provide a 

more detailed quantitative view of the effects of a therapeutic intervention upon these 

different phases of healing. The model is likely readily applicable to other animal models 

of excisional dermal healing (e.g. pig). Photographic quantitation of human wounds in the 

clinic has also been reported 37-39. In principle therefore, the model is applicable to the 

analysis of human excisional wound healing photographic data. 
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Tables 

 

Table 1. Cohorts of splinted excisional dermal wounds  
Strain Sex Age (day) n=wounds1 

NONcNZO10/LtJ2 Male 128±14 15 
NONcNZO10/LtJ (non-splinted)2 Male 112±15 15 
NONcNZO10/LtJ2 Female 123±31 13 
BALB/c2 Male 122±10 18 
BALB/cByJ Male 101±3 15 
BALB/cByJ Female 112±4 18 
1Count of single wounds in the cohort 
2Data from Blaber et al. 19  

 

Table 2. Fitted parameters of the piece-wise linear model of excisional wound healing and cohort 
comparison 

Cohort Ti 
(day) 

Tc 
(day) 

R0 
(mm) 

Tp 
(day) 

HR 
(mm/day) 

R2 

NONcNZO10/LtJ Male splinted vs. non-splinted wounds 
NONcNZO10/LtJ  3.50±1.791 30.3±5.5 3.13±0.19 26.8±6.3 0.122±0.027 0.96±0.02 
NONcNZO10/LtJ  
(non-splinted) 

1.47±1.10 24.4±4.6 3.07±0.20 23.0±5.2 0.140±0.032 0.95±0.04 

p-value 0.0004 0.002  0.04 0.06  

NONcNZO10/LtJ Male vs. Female 
NONcNZO10/LtJ (male) 3.50±1.79 30.3±5.5 3.13±0.19 26.8±6.3 0.122±0.027 0.96±0.02 
NONcNZO10/LtJ (female) 3.69±1.19 26.3±3.6 3.43±0.13 22.6±4.4 0.157±0.030 0.98±0.01 

p-value  0.016  0.027 0.002  

BALB/c Male vs. BALB/cByJ Male 
BALB/c 6.36±1.20 19.6±2.0 3.35±0.13 13.3±1.9 0.258±0.039 0.97±0.02 
BALB/cByJ 6.00±1.80 22.3±3.3 3.48±0.19 16.4±3.7 0.224±0.055 0.98±0.01 

p-value  0.002  0.001 0.012  

BALB/cByJ Male vs. Female 
BALB/cByJ (male) 6.00±1.80 22.3±3.3 3.48±0.19 16.4±3.7 0.224±0.055 0.98±0.01 
BALB/cByJ (female) 5.10±1.40 17.0±2.3 3.24±0.25 11.9±1.7 0.278±0.046 0.97±0.02 

p-value  0.00001  0.0009 0.007  

NONcNZO10/LtJ Female vs. BALB/cByJ Female 
NONcNZO10/LtJ (female) 3.69±1.19 26.3±3.6 3.43±0.13 22.6±4.4 0.157±0.030 0.98±0.01 
BALB/cByJ (female) 5.10±1.40 17.0±2.3 3.24±0.25 11.9±1.7 0.278±0.046 0.97±0.02 

p-value 0.002 0.00001  0.00001 0.00001  
1All error values are standard deviation 
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Figure Legends 

 

Figure 1. Example fit of the piecewise linear function to experimental wound 

healing data. The experimental data (filled circles) is for a 6mm diameter splinted 

excisional wound on a BALB/cByJ female. Wound radius was derived from the 

measurement of wound border (i.e. area) from the daily photographic record of wound 

progression until closure. The fitted piecewise linear function is indicated by black line. R0 

defines the constant wound radius during the initial wound stasis phase, Ti defines the 

duration of the stasis phase, and Tc is time to wound closure. The duration of the active 

healing phase, Tp, is (Tc - Ti). The (constant) healing rate during the active healing phase 

is R0 /(Tp). 

 

Figure 2. Example model fitting with omitted data points. A test data set for a 

BALB/cByJ female mouse comprising 13 data points was fit with omission of the indicated 

data point. The fitted R0, Ti and Tc parameters for the fit to these incomplete sets of data 

are plotted (symbols) along with the fitted value using all data points (solid line). Also 

shown are the average and standard deviation values for the set of 13 different fits. 
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Figure 1. 
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Figure 2. 

 

 

 

 

 


