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Abstract 

Objective: Determine quantitative parameters of dermal wound healing senescence in 

aged BALB/cByJ mice (an important animal model of aging) and evaluate the potential 

for therapeutic intervention by fibroblast growth factor-1 (FGF-1).  

Approach: Utilize a novel, non-invasive, fine-sampled photographic methodology to 

quantify wound healing parameters for healing phases from wounding through to wound 

closure.   

Results: Parameters associated with key healing phases were quantified and compared 

for non-aged and aged cohorts of both sexes. The results identify a sexual dimorphism 

in dermal wound healing, with non-aged females exhibiting a greater overall healing 

efficiency compared to males. This enhanced healing in females, however, senesces 

with age such that healing parameters for aged males and females are statistically 

indistinguishable. Topical application of FGF-1 was identified as an effective therapeutic 

intervention to treat dermal healing senescence in aged females.  

Innovation: The FGF intervention is being analyzed using a new, recently published 

model. This approach significantly increases the amount of pre-clinical animal data 

obtainable in wound healing studies, minimizes cohort number compared to (lethal) 

histological studies, and permits a direct statistical comparison between different 

healing studies. 

Conclusion: Quantitative parameters of dermal wound healing, obtained from non-

invasive fine-sampled photographic data, identify topical FGF-1 as an effective 
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therapeutic to treat the senescence of dermal healing present in aged female 

BALB/cByJ mice.  
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Introduction 

 Aging is associated with a general impairment of wound healing 1-5, and chronic 

non-healing dermal ulcers in the growing elderly population are a major clinical and 

economic burden of increasing magnitude 6-10. The development of novel therapeutics 

to effectively promote dermal wound healing in aged patients is of vital importance to 

the improvement of health and quality of life, and to address the increasing economic 

burden associated with non-healing dermal wounds in the aged population. Sex and 

age comprise two important risk factors for altered drug exposure and response 
11, and 

male and female sex hormones have diverse and potentially opposite effects upon 

dermal wound healing 12-15. Age- and sex-related differences in wound healing, and the 

response to therapeutic intervention, are therefore important to elucidate early in pre-

clinical animal models of efficacy in the therapeutic development pipeline. 

 We report quantitative parameters of wound healing for cohorts of non-aged (2-3 

month) and aged (10-14 month), male and female, BALB/cByJ mice. BALB/cByJ is a 

commonly utilized inbred mouse strain for aging studies; however, detailed and 

quantitative analyses of dermal wound healing have yet to be reported. The surgical 

wound procedure utilized is the splinted excisional wound, which minimizes the skin 

contraction property of "loose-skinned" rodents, and more faithfully represents the 

primacy of re-epithelialization characteristic of human dermal healing 16, 17. The 

quantitation of wound healing utilizes a recently developed mathematical model of 

healing 18 utilizing fine-sampled (i.e. daily) photographic wound healing data, and 

extracts substantially greater quantitative information compared to previous 

methodologies. This analysis permits quantitative determination and comparison of key 
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wound healing parameters, including duration of the initial latent phase of healing 

(associated with hemostasis and inflammatory phases), wound radius during the stasis 

phase, duration of the subsequent active proliferative phase of healing, rate of wound 

healing during the active phase, and overall time to wound closure.  

 We report the effects of aging upon wound healing for male and female 10-14 

month old "retired breeders" compared to 2-3 month old mature non-aged controls. In 

human terms, 10-14 month old mice are considered "middle aged" 19, and demonstrate 

reproductive senescence reducing both litter frequency and size. The results 

demonstrate an age-related impairment of dermal wound healing in female mice, while 

male mice show little if any age-related impairment. In this regard, the non-aged male, 

aged male, and aged female cohorts exhibit similar overall wound healing parameters, 

while non-aged females exhibit uniquely enhanced healing parameters. Also 

characterized are the effects of topical fibroblast growth factor-1 (FGF-1) upon aged 

male and female dermal healing parameters. The specific cell types required for healing 

of skin, and accompanying growth of new blood vessels, include dermal fibroblasts, 

vascular endothelial cells, and epidermal keratinocytes. FGF-1 has been demonstrated 

to stimulate mitosis and migration of each of these cell types 20-22; thus, FGF-1 is 

potentially an effective single therapeutic agent for stimulating dermal healing 23. The 

results identify a significant response to topical FGF-1 in aged females but not aged 

males. This response in aged females effectively reverses the age-related impairment in 

dermal healing and recovers the enhanced time to wound closure exhibited by non-

aged females.   
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Clinical Problem Addressed 

 Animal studies of efficacy are a key component in the development pipeline of 

human therapeutics. One guiding principle for such studies is the maximization of 

quantitative data obtained; thereby enabling the smallest effective cohort. Additionally, 

establishment of a standard methodology for quantitation permits wound healing 

parameters from different studies to be directly compared. The present report describes 

the application of a novel mathematical model of dermal wound healing, utilizing non-

invasive fine-sampled photographic data, to robustly determine key wound healing 

parameters to evaluate the effects of both age and sex in BALB/cByJ mice (a "standard" 

rodent strain for aging studies). Additionally, therapeutic intervention of FGF-1 in aged 

mice is also quantified. The methodology enables a robust statistical comparison of 

wound healing parameters between these cohorts using a limited cohort of animals. 
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Materials and Methods 

ACUC approval 

 All procedures involving animals were approved by the Florida State University 

Animal Care and Use Committee (protocol #1637) and the welfare of all animals was 

supervised by a staff veterinarian. 

Mouse strain selection 

  The National Institute of Aging (NIA) maintains aged rodent colonies for aging 

studies, including C57BL/6 and BALB/cByJ mice. These two strains are thus de facto 

"standard" mice for aging studies; however, detailed dermal wound healing data are 

lacking. In this regard, C57BL/6 exhibits a spontaneous, genetically-based and age-

related, severely pruritic ulcerative dermatitis which can confound dermal healing 

studies 24. The BALB/cByJ strain does not develop such dermatitis, and is therefore a 

more appropriate strain for dermal studies in aging. BALB/cByJ mice were purchased 

from The Jackson Laboratory (JAX), the sole commercial source for this strain. 

BALB/cByJ male mice reach puberty by 5 weeks of age and females by 8 weeks; males 

have an average lifespan of 664±202 days, and females 734±154 days 25. Controls 

included sexually mature male and female mice between 2-3 months of age (referred 

throughout as "non-aged"). Although JAX does not maintain an aged BALB/cByJ 

colony, male and female retired breeders of 7-9 months of age are available. Retired 

breeders were purchased and housed until they were between 10-14 months of age 

(300-420 days). 10-14 month old mice are considered "middle-aged", with an 

approximate human equivalent age of 38-47 years 19. This age range exhibits an onset 
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of senescent changes including increases in WBC count, monocyte differential, 

eosinophil count, plasma albumin, as well as a general reduction in plasma lipase, 

serum iron, serum thyroxine, whole body bone area and body mass index 25-27. 

Furthermore, as retired breeders these mice exhibit a reproductive senescence 

associated with both reduced frequency and size of litters. The 10-14 month old male 

and female BALB/cByJ mice are thus referred throughout as "aged". Mice were housed 

in a temperature-controlled facility (23 °C) with a 12 h light/dark cycle, with water and 

food provided ad libitum, and nesting material provided. Mice were fed LabDiet® 5001 

standard rodent chow containing 4.5% fat by weight. Identifying numbers were tattooed 

on the tail.  

FGF-1 protein 

 A recombinant 141 amino acid form of human FGF-1 protein was expressed from 

E. coli and purified to apparent homogeneity as previously described 
28. This protein 

was buffer exchanged against phosphate buffered saline (PBS) pH 7.4 and sterile 

filtered through a 0.2 たm syringe filter. This purified protein was subsequently 

formulated with 3x mass heparin sulfate (also suspended in sterile filtered PBS) and 

diluted with sterile PBS to a protein concentration of 0.1 mg/ml (and heparin 

concentration of 0.3 mg/ml).  

Splinted excisional wound model and dosing of FGF-1 

  The splinted excisional surgical model 17, 29 followed a previously published 

methodology 30. Briefly, two 6mm diameter full-thickness excisional wounds were 

introduced by biopsy punch on the upper dorsal region. These wounds were splinted 



Adv. Wound Care (in press)  Mellers, et. al. 

9 

 

using 7.92mm ID, 14.27mm OD silicone washers affixed with 8 radial sutures. After 

suturing, wounds were treated with 5.6 µl of sterile vehicle (PBS buffer) or sterile filtered 

recombinant FGF-1 formulated with 3x HS (referred to as "FGF/HS" hereafter) at 2 

たg/cm2 wound area (i.e. 5.6 たl of 0.1mg/ml FGF/HS for a nominal wound area of 0.28 

cm2).  This dose approaches a practical maximum due to excessive bleeding being 

caused at higher dosing by the added heparin sulfate 30. Wounds were covered using 

Tegaderm® transparent bioclusive dressing (3M Healthcare, St. Paul, MN). A novel 

mouse jacket specifically developed to protect the wound region was utilized 31. Mice 

were re-dosed on days 3, 7 and 10 post surgery (necessitating bandage replacement). 

Redosing on day 10 utilized 2.5 µl FGF/HS or PBS vehicle in an effort to maintain an 

approximately constant vol/wound area ratio with typically decreased wound size at this 

day.  

Fine-sampled photographic data of wound healing 

 A daily photographic record of wound healing followed a previously published 

methodology 30. In the workflow, daily photographic data is analyzed to obtain wound 

area, and from this the wound radius. This data (i.e. wound radius as a function of time) 

is then fit to a mathematical model 18 (described below) by a non-linear least squares 

routine – generating the fitted parameters. Macrophotography with a DSLR camera was 

utilized to achieve a full-frame composition of the wound onto the 6 megapixel CCD 

sensor (i.e. permitting the maximum countable pixels for the wound). Thus, wound sizes 

down to 0.1% of the original area (i.e. constituting ~600 measurable pixels) could be 

accurately measured. Quantification of the wound area utilized ImageJ software 32. 

Horizontal and vertical size references to the nominal 7.92mm ID of the splint were used 
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to calibrate the image dimensions and account for potential skew. The wound epithelial 

border is readily delineated against the underlying fascia/granulation tissue with such 

imaging (for detailed examples of such photographic analyses see Blaber et al. 30). The 

vertical and horizontal normalized area calculations were averaged to define the 

individual wound area.  An equivalent wound radius was calculated as (area/ヾ)0.5. 

Wound measurement was performed by three independent analysts and the results 

were averaged (analysts were not blinded to the particular cohort). Mice were 

photographed daily until post-operative day 18, and then every other day until wound 

closure.  

Wound healing model and statistical analysis 

 Wound radius as a function of time R(t) was fit to a piecewise linear function as 

described by Blaber and coworkers 18. This model parameterizes the initial wound 

radius R0, the initial period of wound stasis (covering the hemostasis and inflammatory 

phases) Ti, and subsequent active proliferative phase of healing ending in the time to 

wound closure Tc:  

(ݐ)ܴ = ܴ ቆ1െ ௧ି்்ି் ଵቀଵା൫ష൫ష൯ ೞΤ ൯ቁቇ  (1) 

Derived parameters of this model include the duration of the active proliferative phase 

Tp = Tc-Ti, as well as the healing rate during the proliferative phase HR = R0/Tp (Fig. 1). 

The s parameter is a scaling parameter describing the curvature of the intersection of 

the initial wound stasis and active proliferative healing phases. The model parameters 

are largely insensitive to the value of s, which is fixed at 0.05 for all analyses. The initial 
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period of wound stasis identified by photographic data is consistent with the hemostasis 

and inflammatory phases of healing; and the subsequent proliferative phase identified 

by photographic data is consistent with the proliferative phase of healing 18. Fitting of 

experimental photographic data (i.e. measured wound radius) to this function was 

accomplished by an independent analyst using the non-linear least squares fitting 

software DataFit (Oakdale Engineering, Oakdale PA). Coefficients of determination R2 

for the fit were also calculated using DataFit. Statistical p-values for the comparison of 

wound healing parameters between cohorts were calculated using the statistical 

analysis server at http://www.socscistatistics.com using a two-tailed model for two 

independent means. 

Study cohort 

 Overall, the study included six cohorts: 1) mature non-aged males, 2) mature 

non-aged females, 3) aged males, 4) aged females, 5) aged males with FGF-1 

intervention, and 6) aged females with FGF-1 intervention. Each cohort comprised 10 

individuals on day 0 (surgery), and two wounds were introduced per animal (for 20 

wounds total per cohort, day 0). Animal losses, due to death or infection, led to a 

modest reduction in the final number of wounds per cohort (described below). 
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Results 

 The overall animal survival to wound closure, for all cohorts, was approximately 

75%. Three mice in the aged male cohort died prior to surgery, and were replaced. 

Animal survival of surgery was excellent, with no loss of animals on day 0. Deaths prior 

to wound closure comprised approximately 15% of each cohort, with a higher apparent 

rate among aged males. A total of 10 animals (~8% of the total and approximately 

equally distributed among all cohorts) exhibited wounds that were non-healing, with a 

copious yellow exudate. These were interpreted as infection, and animals were 

euthanized accordingly; overall, however, aseptic surgical technique was largely 

achieved. Two animals exhibited signs of pain, and were euthanized accordingly. In a 

few cases visual inspection at the time of bandage replacement (i.e. during dosing on 

day 3, 7 or 10) identified loss of suture integrity for one wound; such wounds were 

omitted from analysis due to wound contraction. One animal escaped from the 

protective jacket and damaged the splint sutures. Overall, a wound sample number of 

n≥14 was achieved for each cohort (Table 1). 

 Fitting of the wound data to the wound healing model yielded excellent results in 

all cases: the coefficient of determination R2 for the fitted model averaged ~0.97 for all 

data sets, and the standard error associated with fitted parameters R0, Tc and Ti were 

≤10% in all cases. A typical fit (involving a wound from a non-aged female) is illustrated 

in Fig. 1. A summary of experimental cohorts and derived wound healing parameters is 

provided in Table 1. Age-, sex- and FGF-1 treatment cohort pair-wise comparisons, with 
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corresponding statistical p-values, is provided in Table 2, and the results are described 

below in terms of these pair-wise comparisons. 

Non-aged male vs. non-aged female 

 A comparison of non-aged male and female cohorts shows that females exhibit 

an active proliferative phase Tp that is 4.5 days shorter than males, as well as a time to 

wound closure Tc that is 5.3 days shorter than males (both with p-values <0.0001) while 

the initial wound stasis phase Ti is statistically indistinguishable between these cohorts. 

The shorter proliferative phase in non-aged females corresponds to a ~24% faster 

healing rate compared to non-aged males (p-value = 0.007). There is also a statistically 

significant smaller initial wound radius R0 for females (p-value = 0.004; see Discussion). 

Aged male vs. aged female 

 A comparison of aged male and aged female cohorts indicates no statistically 

significant difference for any wound healing parameter except for wound radius R0. The 

aged female cohort exhibits a 0.14 mm larger average wound radius (p-value = 0.038) 

compared to aged males. 

Non-aged male vs. aged male 

 A comparison of non-aged and aged male cohorts indicates no statistically 

significant difference (i.e. p-value ≤ 0.05) for any wound healing parameter.  

Non-aged female vs. aged female 
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 A comparison of non-aged female and aged female cohorts indicates a 

statistically significant difference in all wound healing parameters except for healing rate 

HR. Aging in females is associated with a 5.4 day longer time to wound closure Tc (p-

value = 0.0009), a 1.8 day longer initial stasis phase Ti (p-value = 0.003), and a 3.5 day 

longer proliferative phase Tp (p-value = 0.004). Aged females also exhibit a 0.38 mm 

larger R0 wound radius (p-value 0.00002; see Discussion). A graphical comparison of 

data sets for the non-aged and aged female cohorts is provided in Fig. 2.  

Effect of 2 たg/cm2 topical FGF/HS on aged males 

 Topical application of FGF/HS on aged males had no statistically significant 

effect on any wound healing parameter (i.e. p-value ≤ 0.05). 

Effect of 2 たg/cm2 topical FGF/HS on aged females 

 Topical application of FGF/HS on aged females had no statistically significant 

effect upon either wound radius R0 or initial stasis phase Ti but did result in a 4.2 day 

reduction in time to wound closure Tc (p-value = 0.011), a 3.8 day reduction in the 

duration of the active proliferative phase of healing Tp (p-value = 0.008), and a ~35% 

increase in healing rate HR (p-value = 0.004). A graphical representation of the aged 

female + FGF/HS cohort data is provided in Fig. 2. 
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Discussion 

 Two principal methodologies are commonly utilized to quantify the progression of 

dermal wound healing: photography and histology. These two methodologies provide 

complementary information regarding the progression of wound healing. Photographic 

data quantifies changes in the visible morphology of healing based upon the underlying 

histological events during the hemostasis, inflammatory and proliferative phases (the 

wound remodeling phase subsequent to wound closure is not readily discernible with 

visible photography). Mukai and coworkers reported the analysis of both a photographic 

and sparse-sampled (i.e. day 3, 7, 11 and 14) histological study of excisional wound 

healing in C57BL/6 mice 33. This report demonstrated a correlation between the initial 

stasis phase identified by photographic data and the inflammatory healing phase 

characterized by histology; furthermore, the active healing phase identified by 

photographic data corresponded to the proliferative healing phase characterized by 

histology. The mathematical analysis of fine-sampled photographic data reported by 

Blaber and coworkers 18 provides for a robust parameterization of healing phases (which 

is not possible with sparse sampled histological data); furthermore, such analyses 

permit robust statistical analyses for cohort comparisons. Of significant additional 

benefit, photographic data is non-invasive while histological sampling is a lethal event in 

mice (necessitating a correspondingly larger number of animals per cohort). 

 The present study demonstrates an age-related senescence in dermal wound 

healing in female mice, characterized by  a ~12% increase in initial wound radius R0 (p-

value=0.00001),  a ~43% increase in time to wound closure Tc (p-value=0.0002), a 

~35% increase in the duration of the inflammatory phase Ti (p-value=0.009), a ~16% 
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reduction in the healing rate HR (p-value=0.016 ), and a ~46% increase in the duration 

of the proliferative phase Tp (p-value=0.001). Thus, the shorter time to wound closure in 

non-aged females is due to the combination of greater effectiveness for several healing 

parameters (Fig. 2). Conversely, male mice exhibit no statistically significant difference 

in wound healing parameters in response to aging. However, an apparent consequence 

of aging, affecting both male and female cohorts, is a ~100-400% increase in the 

standard deviation of wound healing parameters Tc, Tp and HR (parameters associated 

with the active proliferative phase of healing) (Fig. 3); Thus, both male and female aged 

mice exhibit a general dysregulation of the healing process as evidenced by an 

increased standard deviation for healing parameters.  

 Aging in females is associated with a ~12% (0.39mm) increase in the wound 

radius R0 (p-value=<0.00001; Table 2, Fig. 2). The silicone splint (which fixes the wound 

radius) is sutured immediately subsequent to the excisional wound; thus, this wound 

expansion is occurring essentially concurrent with excision. Skin is naturally under 

tension, and such tension is opposed by elastic fibers of the skin (principally collagen, 

elastin, and matrix proteoglycan) 34. Reduced elasticity results in a reduced ability to 

oppose the intrinsic tension of skin, leading to thinning of the skin and greater wound 

gape. Thus, the increase in R0 for the aged female mice is consistent with an age-

associated reduction in skin elasticity. With regard to R0, aged females exhibit similar 

values to both non-aged and aged males, thus, the young female mice appear to have a 

uniquely enhanced skin elasticity as determined from the R0 parameter. This conclusion 

is consistent with the known effects of estrogen upon skin elasticity and reduced levels 

of estrogen in aged mice. Decreased levels of estrogen lead to atrophy and thinning of 
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the skin, a decrease in skin elasticity and strength, and these effects are considered 

part of the aging senescence of female skin associated with decreased collagen and 

blood flow to this organ 35, 36. Studies of plasma levels of sex hormones in 12-15 month 

old reproductively senescent female C57BL/6 mice reported a reduced level of estrogen 

and a dysfunction of the hypothalamic-pituitary complex 37. The fine-sampled 

photographic analysis thus also appears capable of providing some basic quantitative 

information related to skin elasticity. 

 The topical application of FGF-1 as a therapeutic in wound healing has been 

investigated in both normal and diabetic non-aged rats and mice, although a detailed 

age-and sex-related study has not been reported 23, 30, 38-41. FGF-1 is of interest as a 

therapeutic in wound healing since it is chemotactic for inflammatory cells including 

macrophages 42 and is also mitogenic/chemotactic for dermal fibroblasts 20, 22, 43, 

vascular endothelial cells 21, 44, 45 and epidermal keratinocytes 20, 46, 47. Thus, FGF-1 as a 

single therapeutic agent has the potential to promote dermal healing. In aged females 

FGF-1 treatment resulted in a 24% reduction in wound time to closure Tc (p-

value=0.003), a 41% increase in healing rate HR (p-value=0.0009), and a 32% 

reduction in duration of the proliferative phase Tp (p-value=0.002) (parameters 

associated with the active proliferative phase), but had no effect upon initial wound 

radius R0 or duration of the initial wound stasis phase Ti. The dosage regimen of 

FGF/HS on day 0, 3, 7 and 10 results in two applications during the initial wound stasis 

phase, and two applications during the active proliferative phase. The wound stasis 

phase Ti is statistically unaffected by FGF/HS treatment; thus, the results indicate that 

the improvement in dermal healing in aged females by FGF/HS is driven principally by 
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effects upon the active proliferative phase of healing. This result is consistent with the 

mitogenic and chemotactic properties of FGF-1 upon fibroblasts, keratinocytes and 

endothelial cells. In contrast to the effect in aged females, FGF/HS had little apparent 

effect on the wound healing in aged males. 

 The presence of estrogen receptor α and く has been reported in cultured human 

fibroblasts 48, keratinocytes 49, and vascular endothelial cells 50. Estrogen treatment can 

accelerate human dermal wound healing in both aged males and females 51. Estrogen 

activates the ERK1/2 signaling pathways, induces the expression of c-fos and c-jun, 

and upregulates cyclin D1 in keratinocytes 49. FGF-1 has also been shown to activate 

the ERK1/2, c-fos and c-jun cyclin D1 and p38 MAPK pathways in chrondrocytes 

(although the response is inhibitory and not proliferative for these cells) 52, 53. Possible 

functional cross-talk between the sex-hormone and FGF axes is indicated by FGF-1 

administration preventing bone loss and stimulating bone formation in ovarectomized 

rats 54 and estrogen-induced expression of FGF-1 in endometrial cancer cells 55. Further 

work is needed to understand whether the observed sex difference in response to 

FGF/HS in BALB/cByJ mice is a dose-response difference in males (i.e. necessitating a 

higher effective dose for males), or whether there may be intersection of FGF-1 and 

estrogen signaling activity in females. As regards the outcome of FGF/HS therapeutic 

intervention in dermal healing of aged females, the time to wound closure Tc and active 

proliferative phase Tp are statistically indistinguishable with the non-aged female cohort, 

and the healing rate HR of the aged females treated with FGF is enhanced compared to 

that of the non-aged females (Fig. 2). Therapeutic intervention of FGF/HS in the aged 

female cohort can therefore be described as effectively recovering the more efficient 
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wound healing observed in non-aged female cohort (with the exception of R0 and 

intrinsic skin elasticity).  

 In summary, a novel mathematical analysis of fine-sampled (i.e. daily) 

photographic data of dermal wound healing in BALB/cByJ mice provides quantitative 

parameters for the initial stasis phase and subsequent active proliferative phase of 

healing; and may also provide information regarding intrinsic skin elasticity. The results 

identify a senescence-related impairment in dermal wound healing in aged female mice. 

Furthermore, topical application of 2たg/cm2 FGF/HS results in a time to wound closure 

equivalent to that of non-aged females. The results suggest possible cross-talk between 

the estrogen and FGF-1 functional axes in dermal wound healing. 
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Innovation 

 Preclinical animal efficacy studies of wound healing can benefit from new 

methods to maximize data with limited cohort size, and to define standard 

methodologies that permit comparison of healing parameters from different studies. A 

novel mathematical analysis of fine-sampled photographic data is used to quantify key 

parameters of healing in mouse excisional wounds. The results permit robust statistical 

comparison between cohorts and with limited cohort size. An age-related senescence of 

dermal healing parameters in aged female BALB/cByJ mice is demonstrated, and 

topical application of FGF-1 is shown to restore dermal healing similar to non-aged 

females (via enhanced proliferative phase parameters).  
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Key Findings 

•  A novel mathematical analysis of fine-sampled photographic data permits the 

quantitation of detailed parameters of dermal healing in pre-clinical animal 

studies  

•  Female BALB/cByJ mice exhibit an age-related senescence of dermal wound 

healing 

•  Topical application of FGF-1, in a single-dosage study, effectively restores 

youthful dermal healing in aged BALB/cByJ females via enhanced proliferative 

phase parameters  
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wound stasis phase;  Tp, active proliferative phase. 
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Tables 

Table 1. BALB/cByJ mice cohort and average wound healing parametersa 

Cohort 
Numberb 

(n) 

Age 

(day) 

R0  

(mm) 

Tc 

(day) 

Ti 

(day) 

HR 

(mm/day) 

Tp 

(day) 

R2c 

Non-

aged 

Maled 

15 101±3 3.48±0.19 22.3±3.3 6.0±1.8 0.224±0.055 16.4±3.7 0.98±0.01 

Non-

aged 

Female

d 

18 112±4 3.24±0.25 17.0±2.3 5.1±1.4 0.278±0.046 11.9±1.7 0.97±0.02 

Aged 

Male 

15 309±3 3.48±0.16 24.1±7.1 7.3±3.8 0.236±0.092 16.8±6.4 0.97±0.01 

Aged 

Female 

14 307±1 3.62±0.21 22.4±5.5 6.9±2.5 0.249±0.060 15.4±4.1 0.98±0.02 

Aged 

Male  

+ FGFe 

15 383±36 3.61±0.14 27.4±2.5 6.2±2.3 0.172±0.020 21.2±2.6 0.98±0.01 

Aged 

Female  

+ FGFe 

17 408±2 3.63±0.21 18.2±3.6 6.6±1.4 0.336±0.090 11.6±3.4 0.98±0.02 

a Error values reported as standard deviation 

b Total number of wounds in cohort 

c Average coefficient of determination R2 for model fitting to individual datasets 

d Data from Cogan et al. 18 

e FGF-1 formulated with 3x mass heparin sulfate, dosed day 0, 3, 7 and 10 at 2 たg/cm2 
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Table 2. Wound healing parameters and p-valuesa for age- and sex-related 

cohort comparisons in BALB/cByJ mice 

Cohort 
R0 

(mm) 

Tc 

(day) 

Ti 

(day) 

HR 

(mm/day) 

Tp 

(day) 

I. Sex differences in dermal healing 

Non-aged 

Non-aged male 3.48±0.19 22.3±3.3 6.0±1.8 0.224±0.055 16.4±3.7 

Non-aged female 3.24±0.25 17.0±2.3 5.1±1.4 0.278±0.046 11.9±1.7 

p-value 0.004 <0.00001 0.148 0.007 0.00009 

Aged 

Aged male 3.48±0.16 24.1±7.1 7.3±3.8 0.236±0.092 16.8±6.4 

Aged female 3.62±0.21 22.4±5.5 6.9±2.5 0.249±0.060 15.4±4.1 

p-value 0.038 0.517 0.267 0.621 0.318 

II. Age differences in dermal healing 

Male 

Non-aged male 3.48±0.19 22.3±3.3 6.0±1.8 0.224±0.055 16.4±3.7 

Aged male 3.48±0.16 24.1±7.1 7.3±3.8 0.236±0.092 16.8±6.4 

p-value 0.750 0.196 0.424 0.873 0.335 

Female 

Non-aged female 3.24±0.25 17.0±2.3 5.1±1.4 0.278±0.046 11.9±1.7 

Aged female 3.62±0.21 22.4±5.5 6.9±2.5 0.249±0.060 15.4±4.1 

p-value 0.00002 0.0009 0.003 0.134 0.004 

III. Effects of FGF/HS on aged mice dermal healing 

Aged Male 

Aged male 3.48±0.16 24.1±7.1 7.3±3.8 0.236±0.092 16.8±6.4 

Aged male + FGF 3.61±0.14 27.4±2.5 6.2±2.3 0.172±0.020 21.2±2.6 

p-value 0.064 0.282 0.719 0.073 0.268 

Aged Female 

Aged female 3.62±0.21 22.4±5.5 6.9±2.5 0.249±0.060 15.4±4.1 

Aged female + FGF 3.63±0.21 18.2±3.6 6.6±1.4 0.336±0.090 11.6±3.4 

p-value 0.682 0.011 0.266 0.004 0.008 

Non-aged females vs. aged females + FGF/HS 

Non-aged female 3.24±0.25 17.0±2.3 5.1±1.4 0.278±0.046 11.9±1.7 

Aged female + FGF 3.63±0.21 18.2±3.6 6.6±1.4 0.336±0.090 11.6±3.4 

p-value 0.00002 0.274 0.006 0.025 0.730 

aTwo-tailed hypothesis for two independent means 
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Figure Legends 

Figure 1  

 Example fitting of a single wound dataset to the wound model. The wound 

healing model is a piecewise linear function describing an initial wound stasis phase Ti 

corresponding to the hemostasis and inflammatory phases, having constant wound 

radius R0, followed by an active proliferative phase Tp with constant healing rate HR until 

wound closure Tc 18.  

Figure 2 

 Effect of age and sex on wound healing and FGF/HS upon aged female 

wound healing. Left panel: Non-aged females have enhanced dermal wound healing 

compared to aged females, non-aged males, or aged males (which as a group heal 

similarly) (see Tables 1 and 2). Right panel: In aged female mice topical FGF-1 at 

2たg/cm2 (formulated with 3x mass HS and dosed day 0, 3, 7 and 10) results in an 

increase in healing rate HR during the active proliferative phase Tp such that the overall 

time to wound closure Tc is essentially indistinguishable from that of non-aged females. 

Error bars in both graphs are standard error of the measurement (SEM). 

Figure 3 

 Standard deviation of Tp parameter in response to aging. The standard 

deviation of several parameters of wound healing is increased in response to aging for 

both male and female cohorts (although the average value for cohorts may be 
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statistically unchanged). The Tp parameter is shown here, but similar deviations are 

observed for HR and Tc (see Table 1). 
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Figure 1. 
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Figure 2. 
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Figure 3. 

 

 

 


