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Project Summary 
 

Purpose 

Determining the time since injury of skeletal fractures provides forensic practitioners 

with a means of establishing or corroborating timelines leading up to death, as well as discerning 

situations of abuse. This is especially true for deaths resulting from trauma to the cranial vault, 

which can be indicative of both accidental and non-accidental injury. Despite this, the empirical 

basis from which investigators can accurately and precisely age cranial fractures remains largely 

unexplored. Conversely, the development of fracture healing models and methods for the 

estimation of postcranial fracture age are the focus of several scientific inquiries1–4; however, 

these postcranial descriptions of healing and dating methods cannot be applied to cranial 

fractures due to differences in osseous development5 and biomechanical stress between the 

postcranium and cranium6. The current scientific literature shows there are no standards for 

dating fractures of the cranial vault. The impetus for this research was to remedy the scant 

understanding of the cellular and tissue responses involved in fracture healing in the human 

calvarium, providing the foundation for further inquiry into osseous repair in the cranium. 

Major Goals and Objectives 

The primary goals of this study were threefold, with each phase informing the following. 

The first was to develop a deidentified online database of cranial injuries of known age with 

associated decedent information and injury radiographs, photographs, and photomicrographs. 

This database served as both a case submission portal and the archive of data and sample images 

(photographs, radiographs, and photomicrographs) of human calvarial osseous injuries at varying 

points of healing for the subsequent objectives of this study. In order to populate this database, 
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methods for sampling, decalcifying, and creating slides of fracture histomorphology were also 

developed, including sub-studies on decalcification agent and stain utility. 

The second goal of this study was to microscopically evaluate the histological 

environment of cranial injury samples to ascertain the progression of tissues and cells during 

osseous repair in the outer table, diploë, and inner table of the cranium. As there is currently no 

widely accepted method for analyzing fracture histomorphology of human cranial bone, various 

premises were tested to ascertain the best materials and methods to produce histological slides 

that highlight the cells and tissues of cranial fracture healing. This included exploring the effects 

of different decalcification agents on length of decalcification and resulting quality of histologic 

specimens, the efficacy of four common stains in visualizing cranial histomorphology, and 

evaluations of interobserver error in the method developed for histological feature assessment.   

The final aim of this research was to explore the process of fracture repair in the 

calvarium based upon the presence of tissue and cellular healing characteristics at different 

times. Correlation of these stages with the known fracture ages of the working sample produced 

the first scientifically validated model of healing in the human cranium, providing the foundation 

for a method to estimate the age of cranial injuries. 

The project summaries, participants, design alterations, and outcomes of each research 

goal will be discussed independently. 

Research Goal 1: Develop a Database of Cranial Fractures of Known Age 

Research Design, Methods, and Analytical and Data Analysis Techniques 

The Repository of Antemortem Injury Response (REPAIR) was designed to serve as an 

online case submission portal and repository of cranial injuries of known age for forensic case 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
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comparison and future research. Throughout the course of the grant, the databank’s utility and 

workflow were improved based on user feedback. Notable improvements include developing an 

approval queue for case submissions allowing administrators to screen for identifying decedent 

data prior to cases becoming visible to users, implementing data exportation to a csv file for data 

analysis, and creating a registration link for interested practitioners and contributors to request 

database access. 

Samples of cranial injuries of known age to populate REPAIR were collected from 

medical examiner cases at Western Michigan University Homer Stryker M.D. School of 

Medicine’s (WMed) Forensic and Autopsy Service, WMed’s Body Donation Program, and 

partnering medical examiner offices. If possible, photographs and radiographs of the cranial 

injury were documented via photographs and radiographs. Excised samples were fixed in 10% 

neutral buffered formalin for two to four weeks, depending on the size and thickness of the 

specimen. Following fixation, the weight and dimensions of each sample were recorded, and pre-

decalcification radiographs were taken at settings of 50 KVp and 2.5 mAs for adult samples and 

40 to 48 KVp and 0.9 to 1.8 mAs for infant cranial bone and non-diploic adult bone. Samples 

were immersed into either neutral 10% Ethylenediaminetetraacetic acid (EDTA), 5% nitric acid, 

or 7% hydrochloric acid (HCl) until radiography confirmed complete extraction of bone 

minerals. Specimens immersed in EDTA were assessed radiographically every 20 days or less, in 

under 10 days for nitric acid samples, though typically in two- to three-day periods, and checked 

every one or two days for HCl. Decalcification solutions were changed at each radiographic 

assessment. To assess the impact of different decalcification agents on the resulting quality 

fracture histomorphology features, a decalcification study was completed. 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
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When completely demineralized, the samples were rinsed under running water for at least 

one hour and cross-sections of the injury were cut, photographed, and placed into cassettes for 

paraffin embedding. Embedded samples were cut into four 4-6 µm thin sections on a microtome. 

Samples were affixed to microscopic slides and stained with hematoxylin and eosin (H&E), 

Masson’s trichrome, alcian blue hematoxylin with an orange G counterstain (AB/OG), and 

Russell-Movat pentachrome. Each slide was checked microscopically for quality and recut or re-

stained if not sufficient. Slides were digitally scanned at 40X using an Aperio CS2 digital slide 

scanner and archived in the Aperio e-slide management database. Each digital slide was also 

checked for quality. From these scans, images of the overall sample and magnified views of the 

outer table, diploë, and inner table were acquired and manually uploaded to the 

Photomicrographs section of REPAIR. Glass slides were compiled into slide sets consisting of 

the four differently stained slides for each sample. 

Expected Applicability of the Research 

Beyond being a repository of data related to this research, REPAIR serves as a valuable 

resource for forensic practitioners to use to compare cranial fractures of unknown age in forensic 

cases to those in this study. Furthermore, REPAIR is a foundational dataset for future researchers 

to explore new questions related to cranial fracture healing. Finally, REPAIR was designed to 

allow for the inclusion of postcranial fractures in future research endeavors, adding to its future 

utility. 

Participants and Other Collaborating Organizations 

For the design of the database, we worked with Occupational Research and Assessment 

(ORA) to design and host REPAIR and implement suggested improvements. Samples of cranial 
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injuries for the study were provided by Western Michigan University Homer Stryker M.D. 

School of Medicine (WMed) Forensic and Autopsy Service and WMed’s Body Donation 

Program which were acquired by the PIs. Partner institutions that provided samples include the 

Pima County Office of the Medical Examiner in Tucson, Arizona, and the Macomb County 

Medical Examiner in Mt. Clemens, Michigan. Paraffin embedding, thin sectioning, mounting, 

and staining of glass slides were completed by histotechnologists Kristi Bailey and Jon 

Langworthy. The population of REPAIR with data and images was completed by the PIs, 

Kerianne Armelli, and Erica Christensen. All other tasks were completed by the PIs. 

Design Alterations 

To increase the participation of partnering institutions, an optional consent process and 

standard language for sample donation was developed for decedent next-of-kin. These changes 

were submitted to WMed’s Institutional Review Board but the project remained “Not Human 

Subjects Research.” A Grant Adjustment Notification (ID# 1061401) and updated Privacy 

Certificate were also submitted to the NIJ. After this change was approved on December 19, 

2018, partnering institutions could contact the PIs to obtain a verbal consent from the decedent’s 

next-of-kin for sample procurement. 

 Initially, this study included five histological stains: H&E, Masson’s Trichrome, 

AB/OG, Perl’s Prussian Blue (iron stain), and Tartrate-Resistant Acid Phosphatase (TRAP). 

Upon evaluations by the PIs, Perl’s Prussian blue and TRAP were not performing in the manner 

expected. The iron stain failed to highlight its target protein, hemosiderin, and the TRAP stain 

chosen for its ability to highlight osteoclastic enzymes did not signal as anticipated. Both stains 

were discontinued from use in this study following failed efforts at troubleshooting. Russell-
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Movat pentachrome was the chosen alternative for the discontinued stains as it distinguishes 

types of collagen, connective tissues, cartilage, bone, osteoid, and osteogenic cells. 

Activities/Accomplishments 

The Repository of Antemortem Injury Response is accessible at repair.orainc.com (Fig. 

1) and includes a Submission Worksheet (Fig. 2) for case/decedent information, injury 

circumstances, and sample information; a Processing Worksheet (Fig. 3) detailing the specifics 

of the sample decalcification; and a Documentation section (Fig. 4) for radiographs, 

photographs, and photomicrographs of each specimen. The Advanced Search feature (Fig. 5) 

allows users to customize their search using any of the case information reflected within the 

worksheets and the administrators can export the data of interest for research purposes. 

 

Figure 1. The Repository of Antemortem Injury Response (REPAIR) online case submission, 
comparison, and research database 
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Figure 2. Submission Worksheet in REPAIR containing case information related to the 
decedent, injury circumstances, and details of the sample taken for the study. 
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Figure 3. Processing Worksheet in REPAIR containing details of the sample dimensions and 
decalcification process. 

 

 

Figure 4. Photomicrograph section of the Documentation tab with images of the four differently 
stained histology slides. 
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Figure 5. Customizable search capabilities of REPAIR. 

Results and Findings 

The Repository of Antemortem Injury Response currently houses 86 case files of 

individuals aged 20 days to 87 years (Table 1) with 187 samples of fractures and medical 

interventions to the calvarium of known ages ranging from acute to 46 years of healing (Table 

2). Table 3 provides a summary of the macroscopic injury types represented within REPAIR.  

Table 1. REPAIR cases and samples by age group 

AGE GROUP DECEDENT CASES SAMPLES 
Infant (0-3 years) 10 25 
Juvenile (3-16 years) 4 12 
Adult (16+ years) 72 150 
TOTAL 86 187 
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Table 2. REPAIR sample cranial injury ages 

INJURY AGES SAMPLES 
Acute 19 
<1 day 12 
1-7 days 43 
8-30 days 20 
31-90 days 16 
91-365 days 11 
365-1825 days (1-5 years) 12 
>1825 days (>5 years) 48 
Unknown 6 
TOTAL 187 

Table 3. REPAIR cranial injury types to date 

INJURY TYPES SAMPLES 
Linear 80 
Craniotomy/Craniectomy/Cranioplasty 45 
Diastatic 16 
Burr hole 15 
Depressed 9 
Ventriculoperitoneal (VP) Shunt 6 
Cephalohematoma 5 
Comminuted 4 
Suture 3 
Intracranial Pressure Monitor 2 
Hinge 1 
None 1 
TOTAL 187 

 

Research Goal 1a: Decalcification Agent and Sample Preservation 

Research Design, Methods, Analytical and Data Analysis Techniques 

This sub-study had two components. The first was to assess the variables that influence 

the time it takes to decalcify a sample and the second was to assess the visibility of fracture 

histomorphology features of samples decalcified with different agents. For the first portion of the 

study, 124 samples (Table 4) were used to calculate and discern sample characteristics 
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contributing to decalcification time, including decedent age and sample dimensions. 

Measurements of sample thickness, width, and length were available for 113 of the 124 samples; 

volume and surface area were calculated for these samples (Table 5). All samples were fixed in 

10% neutral buffered formalin for two to four weeks and decalcified in either 10% EDTA 

(n=34), 5% nitric acid (n=83), or 7% hydrochloric acid (n=7) (Table 4) until radiographic 

assessment confirmed complete demineralization. Decalcification times were recorded in days.  

Table 4. Samples per decalcification agent by age group 

 DECALCIFICATION AGENT 
AGE GROUP EDTA HCL NITRIC ACID TOTAL 

Infant 7 2 7 16 
Juvenile 5 1 4 10 

Adult 22 4 72 98 
Total 34 7 83 124 

 

Table 5. Sample measurements 

 N MEAN STD 
DEV MIN LOWER 

QUARTILE MEDIAN UPPER 
QUARTILE MAX 

Age of 
Decedent 
(years) 

124 39.7 25.1 0.2 22.6 39.2 60.9 87.8 

Sample length 
(mm) 

113 42.2 17.1 11.9 32.0 38.2 50.3 122.3 

Sample width 
(mm) 

113 27.7 12.7 6.1 20.1 26.7 33.5 88.7 

Sample 
thickness 

(mm) 

113 7.9 3.5 1.5 5.4 7.5 9.9 24.0 

Calculated 
Volume 
(mm^3) 

113 11268.4 13977.2 198.8 3672.6 7833.1 13564.5 104160.6 

Calculated 
Surface Area 

(mm^2) 

113 3761.5 3127.2 253.0 2156.8 3138.6 4766.6 23142.6 

Decalcification 
time (days) 

124 28.9 45.4 1 7 11 24.5 281 
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Decalcification times for each agent were analyzed visually and through averages to 

assess expediency and distribution. A general linear model to predict decalcification time from 

dimensional variables, decedent age, and decalcification agent was developed through a step-up 

modeling process. The base model consisted of decalcification agent, EDTA or nitric acid, as the 

single predictive variable of processing time. HCl was discontinued because of the poor quality 

of the resulting slides, thus it was excluded from inferential analysis due to its 

underrepresentation within the sample set. The heteroscedascity of the initial modelling process 

was removed through the log transformation of the response variable and the modelling process 

was restarted using log-time as the outcome measure. Type-III sum-of-squares p-values at a 

significance level of 5% were used to evaluate models. To evaluate the difference between the 

model’s estimated predicted value and the true observed time, log-time to time transformed 

residual values were analyzed. The log-time residuals were exponentiated and applied as a 

multiplicative factor to the corresponding observed decalcification times, providing residual 

values for predicted time. 

To assess histological slide quality, six formalin-fixed fracture samples were cut into 

three sections for decalcification in 10% EDTA, 5% nitric acid, and 7% hydrochloric acid 

respectively. The resulting 18 demineralized samples were used to create slides stained with 

hematoxylin and eosin. Seven evaluators with expertise in histology assessed the preservation of 

each slide’s tissues, cells, and nuclei using a Likert scale from one to five in order of increasing 

feature quality and clarity. 

Generalized linear mixed models using an ordered multinomial response variable and 

cumulative logit linking function were used to assess Likert scores for tissues, cells, and nuclei. 

Decalcification agent was the fixed effect and sample identifier and evaluator were assessed as 
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covariates. These covariates were assessed due to preliminary analysis of the data indicating 

certain evaluators scored samples higher regardless of histological feature or decalcification 

agent, and particular samples scored high in every possible category while others were scored 

low. Odds ratios were produced for each histological feature for three comparisons: EDTA vs. 

nitric acid, nitric acid vs. HCl, and EDTA vs. HCl. The non-normal distribution of Likert scores 

and apparent influence of evaluator and sample identifier upon scoring necessitated the use of a 

Bonferroni-corrected p-value of 0.0167 to control for type-1 errors. P-values between 0.0167 and 

0.05 were deemed “borderline significant”. 

Expected Applicability of the Research 

This study was conducted to provide useful data for practitioners to determine which 

decalcification agent to use based on the decedent’s age, sample dimensions, and time 

constraints compared to the resulting slide quality. 

Participants and Other Collaborating Organizations 

Evaluations were completed by the seven project evaluators. The data analysis was 

completed by biostatistician Joseph Billian. The sample preparation and data collection were 

completed by PI Jered Cornelison. 

Results and Findings 

HCl provided the fastest decalcification (𝑋𝑋�=3.57 days), followed by nitric acid (𝑋𝑋�=10.35 

days), then EDTA (𝑋𝑋�=78.97 days). However, EDTA decalcified samples over a broader range of 

times than its acidic counterparts (Table 6). Decalcification time in HCl and nitric acid varied 

little between age cohorts (Table 7), while decalcification time in EDTA was reduced for infants. 
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Figure 6 highlights the variation in EDTA decalcification time with age and the 

underrepresentation of HCl samples, prompting exclusion of HCl from the inferential analysis. 

Table 6. Agent decalcification rates 

DECALCIFICATION 
AGENT 

𝑿𝑿� + SD 
(DAYS) 

MAX 
(DAYS) 

MIN 
(DAYS) 

RANGE 
(DAYS) 

10% EDTA  78.97 + 63.13  281  4  277  
5% Nitric Acid  10.35 + 5.54  30  1  29  

7% HCl  3.57 + 2.70  9  1  8  

 

Table 7. Decalcification rate in days by age cohort 

AGE 
GROUP 

DECALCIFICATION 
AGENT N MIN MAX MEAN STD DEV 

Infant 
(0-3 yrs) 

EDTA 7 4 53 16.71 18.25 
Nitric 7 1 24 7.14 7.67 
HCL 2 1 4 2.50 2.12 

Juvenile 
(3-16 yrs) 

EDTA 5 60 108 74.6 19.67 
Nitric 4 5 9 7 1.83 
HCL 1 3 3 3 -- 

Adult   
(16+ 

years) 

EDTA 22 25 281 99.77 65.91 
Nitric 72 3 30 10.85 5.33 
HCL 4 1 9 4.25 3.40 
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Figure 6. Scatter plot of decalcification time versus decedent age in years. 

The general linear model derived from the step-up modeling process for decalcification 

time (Equation 1) included decedent age, decalcification agent, sample thickness, and sample 

width as statistically significant predictive elements. When controlling all variables except agent, 

decalcification time is 3.1 times greater for EDTA than nitric acid. The effect size of the 

prediction variables, as indicated by their coefficient values, is greater for EDTA, except for 

sample width. 

Equation 1. General linear model for the prediction of decalcification time in logTime and Time 
in days 

log𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =  �
2.144 + 0.016 ∗ 𝑎𝑎𝑎𝑎𝑇𝑇 + 0.174 ∗ 𝑡𝑡ℎ𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖 + 0.017 ∗ 𝑤𝑤𝑇𝑇𝑤𝑤𝑡𝑡ℎ ∶ 𝑤𝑤𝑇𝑇𝑖𝑖𝑎𝑎𝑑𝑑 = 𝐸𝐸𝐸𝐸𝑇𝑇𝐸𝐸           
1.009 + 0.004 ∗ 𝑎𝑎𝑎𝑎𝑇𝑇 + 0.062 ∗ 𝑡𝑡ℎ𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖 + 0.017 ∗ 𝑤𝑤𝑇𝑇𝑤𝑤𝑡𝑡ℎ ∶ 𝑤𝑤𝑇𝑇𝑖𝑖𝑎𝑎𝑑𝑑 = 𝑁𝑁𝑇𝑇𝑡𝑡𝑁𝑁𝑇𝑇𝑖𝑖 𝐸𝐸𝑖𝑖𝑇𝑇𝑤𝑤 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =  �8.534 ∗ 1.016𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 1.190𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖 ∗ 1.017𝑤𝑤𝑖𝑖𝑤𝑤𝑡𝑡ℎ ∶ 𝑤𝑤𝑇𝑇𝑖𝑖𝑎𝑎𝑑𝑑 = 𝐸𝐸𝐸𝐸𝑇𝑇𝐸𝐸           
2.742 ∗ 1.004𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 1.064𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖 ∗ 1.017𝑤𝑤𝑖𝑖𝑤𝑤𝑡𝑡ℎ ∶ 𝑤𝑤𝑇𝑇𝑖𝑖𝑎𝑎𝑑𝑑 = 𝑁𝑁𝑇𝑇𝑡𝑡𝑁𝑁𝑇𝑇𝑖𝑖 𝐸𝐸𝑖𝑖𝑇𝑇𝑤𝑤

 

 

Increasing decedent age by one year increased decalcification time in EDTA by 1.6% and 

0.4% in nitric acid. Age-agent interaction was insignificant (p=0.17) for nitric acid and 
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significant (p=0.01) for EDTA. Sample thickness had a greater impact upon EDTA than nitric 

acid with 19% and 6.4% increases in decalcification time respectively at a 1 mm increase in 

thickness. The decal-thickness interaction was significant for both EDTA (p=0.0007) and nitric 

acid (p=0.0038). Sample width did not have a differential effect between agents. 

Transformed residual values indicating model precision are shown in Table 8. Accuracy 

was not calculated as the sample was not partitioned prior to model development to allow for 

scoring. 

Table 8. Transformed residuals of the general-linear model 

Percentile Transformed Residual 
0% -132.1 days 
5% -21.8 days 
25% -2.8 days 
50% 0.3 days 
75% 3.9 days 
95% 42.6 days 
100% 75.4 days 

 

Regarding sample quality, EDTA decalcification produced the highest average Likert 

scores in every feature category (tissue, cells, and nuclei), followed by nitric acid and HCl (Table 

9). Covariance estimates for the tissue model were 2.1 (SE=1.5) for evaluator and 2.4 (SE=1.7) 

for sample identifier. Cells model covariance estimates for evaluators and samples were 0.4 

(SE=0.4) and 3.4 (SE=2.3), respectively, and the nuclei model had covariance estimates of 1.2 

(SE=0.8) for evaluator and 2.7 (SE=1.8) for sample identifier.  
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Table 9. Likert Scores 

  MEAN + STANDARD DEVIATION 
RANK DECALCIFICATION AGENT TISSUES CELLS NUCLEI 

1 EDTA (n=42) 4.1 ± 0.9 3.7 ± 1.0 3.7 ± 1.2 
2 Nitric acid (n=42) 3.8 ±1.1 3.4 ± 1.2 3.2 ± 1.3 
3 HCl (n=42) 3.6 ± 1.0 3.0 ± 1.3 2.9 ± 1.3 

 

Based on odds ratios (Table 10), EDTA is significantly more likely to receive a higher 

Likert score than HCl for all features. EDTA is also likely to score higher in all features when 

compared to nitric acid, but this is borderline significant for tissues (p=0.0462) and nuclei 

(p=0.0117) and not significant for cells (p=0.1515). 

Table 10. Likert Score Odds Ratios 

COMPARISON TISSUES CELLS NUCLEI 
EDTA (1) vs. Nitric (2) 

(p-value) 
2.4 * 

(0.0462) 
1.8 

(0.1515) 
2.7 * 

(0.0177) 
Nitric (2) vs. HCl (3) 

(p-value) 
1.5 

(0.3597) 
2.5 * 

(0.0285) 
1.8 

(0.1354) 
EDTA (1) vs. HCl (3) 

(p-value) 
3.7 ** 

(0.0048) 
4.6 ** 

(0.0006) 
5.1 ** 

(0.0003) 
*Borderline significant (0.0167 < p > 0.05) 
**Significant (p < 0.0167) 

Decalcification in EDTA produces the highest sample quality of the three decalcification 

agents but is the most time-consuming. Nitric acid produces swift decalcification with good 

sample preservation for adult and juvenile specimens and bone thicker than 3 mm. However, thin 

samples of the cranial vault (<3 mm) from infants and children ages birth to three years are best 

decalcified in EDTA which provides the best preservation in a time comparable to nitric acid. 

Research Goal 2: Evaluate Histological Environment of Fracture Sample 

Research Design, Methods, Analytical and Data Analysis Techniques 
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Seven evaluators (one anatomist and six forensic pathologists) with extensive histology 

experience were employed to assess 154 sample slide sets, with each set containing four 

differently stained slides of the same sample (Table 11). Each set was assigned three randomly 

selected evaluators. Slides were assessed under a microscope or with the scanned digital slides 

using the Histology Sample Evaluative Form (Fig. 7) developed for the project. Each evaluator 

completed a form for every stain at all three anatomic zones (outer table, diploë, inner table), 

producing 12 assessments of a single injury sample per evaluator. Upon completion of the forms 

and review by the project administrators for errors or missing data, evaluation worksheets were 

entered into the online database Research Electronic Data Capture (REDCap). 

Table 11. Samples evaluated by three observers. 

AGE GROUP DECEDENT CASES SAMPLES 
Infant (0-3 years) 7 16 
Juvenile (3-16 years) 4 7 
Adult (16+ years) 68 131 
TOTAL 80 154 
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Figure 7. Histology sample evaluative form
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Research Goal 2a: Interobserver Error 

Research Design, Methods, Analytical and Data Analysis Techniques 

A preliminary interobserver error test was undertaken to evaluate the reliability of the 

method for analyzing the fracture histomorphology of the human cranial vault and determine any 

required adjustments. Interobserver error was assessed according to stain type, anatomical zone, 

and healing feature using both an unadjusted kappa coefficient and Prevalence-Adjusted Bias-

Adjusted kappa (PABAK), the latter of which accounts for agreement by chance and skewed 

data patterns. The study included 48-53 fracture samples. A 2-way analysis was utilized as most 

samples had only been assessed by two evaluators due to the preliminary nature of the data at the 

time of this study. Both the PABAK and unadjusted kappa values were interpreted using the bins 

outlined in Table 127.  

Table 12. Interobserver error kappa interpretation 

KAPPA VALUE INTERPRETATION 
≤ 0.0 No agreement 

0.01 – 0.20 None to slight 
0.21 – 0.40 Fair 
0.41 – 0.60 Moderate 
0.61 – 0.80 Substantial 
0.81 – 1.00 Almost perfect 

 

Expected Applicability of the Research 

This study was completed to ascertain whether the evaluation forms and the features on 

the forms could be identified in fractures samples by multiple observers for different stains and 

anatomic zones. 
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Results and Findings 

  For all assessments of interobserver error the PABAK values are greater than the 

unadjusted kappa values. This is expected as the raw evaluative data show a high prevalence of 

“not present” scores for many histological features. Unadjusted kappa values interpret the high 

incidence of absent scores as chance agreement, which is misleading for this study. PABAK 

accounts for the skewed data distribution and provides the better measure of agreement between 

observers. 

  

Figure 8. Interobserver error and histological stain 
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Figure 9. Interobserver error and anatomical zone

 

Figure 10. Interobserver error and histological feature 
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The mean PABAK values for observer agreement compared through the four histological 

stains, shown by the circles in Figure 8, all fell within the moderate agreement range. The 

PABAK values according to the anatomical zone (Fig. 9) also indicated evaluators are in 

moderate agreement on average. The interquartile ranges for both histological stain and 

anatomical zone PABAK values fell in the moderate to substantial agreement range.  

As expected, the PABAK values for histological features varied (Fig. 10). 

Reversal/cement lines had the lowest average PABAK score in the fair agreement range. 

Hematoma, organization, connective tissue, mesenchyme, fibroblasts/cytes, collagen, bone 

formation, bone matrix, bone resorption, woven bone, and lamellar bone were on average in 

moderate agreement. There was substantial agreement between evaluators for fibrin, 

inflammation, new capillaries, and almost perfect agreement for pigment-laden macrophages and 

cartilage formation. Overall, interpretation of the PABAK values indicate the technique is a 

viable method for assessing the fracture histomorphology of the human cranial vault. 

Research Goal 2b: Staining and Cranial Histology 

Research Design, Methods, Analytical and Data Analysis Techniques 

Histological slide sets for cranial fractures were developed using the stains hematoxylin 

and eosin (H&E), Masson’s trichrome, alcian blue with an orange G counterstain (AB/OG), and 

Russell-Movat pentachrome. Four sets of histological slides, corresponding with the four stains, 

from 154 fracture/injury samples were reviewed by three evaluators for the presence, extent, and 

character of the features and sub-features associated with fracture repair as reflected in the 

Histology Sample Evaluative Form (Fig. 7). Assessments were done separately for each of the 
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four stains at the outer table, diploë, and inner table, and evaluators were asked to provide 

comments on their ability to see each histological feature with a given stain. 

The level of agreement between evaluators for the absence/presence and extent of the 

histological features of healing for each of the four stains was evaluated using a 3-way kappa 

test. Kappa3 scores for the outer table, diploë, and inner table were condensed by taking the 

highest score between the zones for each feature and stain combination for each sample. To 

select the best stains for each histological feature, mean kappa values were aggregated across 

zones for each feature and stain. Each average was sectioned into bins outlining the greatest level 

of agreement between observers to prevent any overvaluation of small differences in kappa 

values (Table 12)7. 

Expected Applicability of the Research 

This research was done to identify which histological stains would be best for 

investigating the features of fracture histomorphology. 

Design Alterations 

Due to the coronavirus pandemic, histological slide evaluations could no longer be 

completed on the physical slide sets with microscopes. To address this issue, a fillable pdf 

evaluation form was developed, and the scanned digital slide sets from the Aperio CS2 scanner 

were distributed to evaluators. Assessment results were entered into the REDCap database as 

previously done for the physical assessments.  
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Results and Findings 

The results of the kappa3 analysis for interobserver agreement of the four histological 

stains (H&E, Masson’s trichrome, AB/OG, and Russell-Movat pentachrome) are presented in 

Table 13. Fibrin was the only feature for which a single stain produced the highest level of 

agreement. The 17 other features had either a two, three, or four-way tie between stains for the 

highest level of agreement. For example, bone formation/remodeling’s kappa scores for the four 

stains were all within the fair agreement range (0.21 – 0.39). The raw kappa value was highest 

for pentachrome (ꜙκ = 0.38); however, the lowest kappa score, associated with AB/OG (κ = 0.34), 

was still within the fair agreement range, thus the difference in visualizing bone 

formation/remodeling between all four stains is negligible.  

The results indicate there was no single stain which allowed investigators to 

comprehensively assess the presence/absence of all 18 features and sub-features of fracture 

repair. For most features, there was fair agreement between the evaluators’ assessments using 

any of the four stains. The only exception is for fibrin where kappa values indicate evaluators 

agreed to a substantial degree (κ = 0.61-0.80) in either the absence or presence of fibrin using the 

trichrome stain. 

 

 

 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



   
 

28 
 

Table 13. Level of observer agreement for stains using kappa3. Stain code: hematoxylin and 
eosin (H&E), trichrome (TriChr), alcian blue hematoxylin/orange G (AB/OG), pentachrome 
(PChr) 

HEALING FEATURE GREATEST 
LEVEL OF 
AGREEMENT 

# OF STAINS 
AT LEVEL OF 
AGREEMENT 

DECREASING RAW KAPPA3 VALUE 
 

   Stain 1 Stain 2 Stain 3 Stain 4 

Bone Formation/Remodeling Fair 4 PChr H&E TriChr AB/OG 
Bone Matrix Fair 4 TriChr PChr H&E AB/OG 
Bone Resorption Fair 4 PChr AB/OG H&E TriChr 
Capillaries Moderate 4 TriChr H&E PChr AB/OG 
Cartilage Formation Fair 3 PChr TriChr AB/OG  

Collagen/Fibrous C.T. Substantial 2 AB/OG PChr     
Connective Tissue Moderate 4 AB/OG PChr TriChr H&E 
Fibrin Substantial 1 TriChr       
Fibroblasts/cytes Moderate 4 H&E AB/OG PChr TriChr 
Fracture Edge Blurred Fair 4 TriChr H&E AB/OG PChr 

Hematoma Moderate 4 AB/OG TriChr H&E PChr 
Inflammation Fair 4 TriChr H&E AB/OG PChr 
Lamellar Bone Fair 4 TriChr H&E AB/OG PChr 
Mesenchyme/Loose C.T. None to slight 4 AB/OG PChr TriChr H&E 
Organization Moderate 4 TriChr H&E PChr AB/OG 
Pigment-Laden 
Macrophages 

Fair 2 TriChr PChr     

Reversal Lines Fair 2 H&E PChr     
Woven Bone Fair 4 H&E TriChr PChr AB/OG 

 

Research Goal 2c: Features and Stages of Cranial Vault Fracture Healing 

Research Design, Methods, Analytical and Data Analysis Techniques 

To elucidate the histological progression of healing in the human cranial vault, only 

samples having an exact and confirmed time since injury were utilized in this portion of the 

study (Table 14). Due to limited samples for infants (n=15) and juveniles (n=7), continued 

inferential analyses were performed on the adult sample only (n=125). However, qualitative 

observations of the differences of infant and juvenile cranial repair from adult healing were 

made. For each adult sample, the presence/absence of each feature in each zone was determined 
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with a majority rule (≥50%) using the evaluations from the stain(s) achieving the highest level of 

interobserver agreement for each feature (see results of “Research Goal 2b: Staining and Cranial 

Histology”). Samples were partitioned into healing time categories outlined in Table 15. The 

presence of each histological feature in each healing time category was assessed. 

Table 14. Samples with known age of injury 

AGE GROUP DECEDENT CASES SAMPLES 
Infant (0-3 years) 6 15 
Juvenile (3-16 years) 4 7 
Adult (16+ years) 68 125 
TOTAL 78 147 

  

The extent variable was explored for the following features of healing in adults: 

hematoma organization, fibrin, fracture edge, mesenchyme/loose connective tissue, 

fibroblasts/cytes, fibrous connective tissue/collagen, new capillaries, and lamellar bone. 

Evaluations for samples were coded to correspond with the absence/presence and level of extent 

for each feature. For example, evaluations of hematoma organization were scored on the 

following scale: 0 = ‘absent’, 1 = ‘minimal’, 2 = ‘mild’, 3 = ‘moderate’, and 4 = ‘extensive’. The 

scores were averaged for each zone of a sample and aggregated across the different stains and 

evaluators. These extent variables as well as inflammation type, intensity, and distribution, 

cartilage, and woven bone were explored on a sample-by-sample basis for infant and juvenile 

specimens. 
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Table 15. Healing time categories for adult samples 

 

 

 

 

 

 

Co-occurrence of healing features in adults was examined using Yule’s Q. Analyses were 

completed for the entire adult sample (n=125) using every histological feature without regard to 

healing time. Co-occurrence was also assessed within specific healing times for select features. 

Only the 1-7 days (n=29) and 18+ months (n=46) bins of fracture healing time (Table 15) had 

enough samples to perform a descriptive analysis of co-occurrence. Within the two bins of 

interest, features with occurrence rates of 10-90% were assessed. Nine features were examined 

for samples with 1-7 days of healing time: hematoma, organization, fibrin, inflammation, 

fracture edge (blurred), connective tissue, fibroblasts, collagen, and bone formation. Seven 

features were examined for samples with 18+ months of healing time: connective tissue, 

fibroblasts, collagen, capillaries, bone resorption, woven bone, and reversal.  

 

 

 

HEALING TIME SAMPLES 
Acute 10 
0-1 hours 5 
1-24 hours 4 
1-7 days 29 
7-14 days 8 
14-30 days 6 
1-6 months 7 
6-18 months 10 
18+ months 46 
Total 125 
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Expected Applicability of the Research 

This research was done to assess the progression of histological features of healing in the 

cranial vault. It identifies the presence, extent, and cooccurrence of 18 histological features for 

future use in developing a method to date fractures of the calvarium.  

Participants and Other Collaborating Organizations 

Evaluations were completed by the project’s 7 evaluators. Data analysis of histological 

feature presence and extent was completed by biostatistician Joseph Billian. 

Results and Findings 

 Amongst the sample of adult cranial vault injuries, cartilage and pigment-laden 

macrophages were almost entirely absent, occurring in less than 2% of all samples. Inflammation 

produced present score frequencies of less than 10% for all anatomical zones. Woven bone was 

present in less than 15% of the samples for all three zones. Mesenchyme and bone resorption 

were identified in fewer than 20% of specimens in all zones. Notably, the absence of cartilage 

and woven bone from the fracture healing process indicates that adult cranial healing lacks both 

soft cartilaginous and hard woven bone callus stages that occur with postcranial healing. All 

other features of healing scored on an absent/present basis were observed in 20% or more of the 

sample. Table 16 shows the features present at different healing times for the adult sample. 

Trends of when features appear, peak, and wane can be discerned from Table 16. In the 

1-to-7-day range there is a peak in the presence of hematoma, hematoma organization, and 

fibrin. Between 7- and 14-days, connective tissue features become prevalent in the majority of 

samples, including mesenchyme, fibroblasts, and collagen. In the next time range, 14 to 30 days, 

these features peak and decrease thereafter. New capillaries also peak in the 14-to-30-day range 
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and blurred fracture edge and bone formation processes, in particular bone matrix and reversal 

lines, are seen in most samples. By 1 to 6 months, the bone formation features of bone matrix, 

lamellar bone, and reversal lines are present in over 75% of samples and remain so for the 

remainder of the healing process. 

Table 16. Feature presence and healing time for adult sample. 

Feature Zone n Acute 0-1 hr 1-24 hr 1-7 d 7-14 d 14-30 d 1-6 mo  6-18 mo 18+ mo 

TOTAL 125 10 5 4 29 8 6 7 10 46 

Hematoma 

O 37 (30%) 2 (20%) 1 (20%) 1 (25%) 23 (79%) 3 (38%) 3 (50%) 2 (29%) 1 (10%) 1 (2%) 

D 42 (34%) 4 (40%) 1 (20%) 1 (25%) 23 (79%) 2 (25%) 5 (83%) 1 (14%) 3 (30%) 2 (4%) 

I 41 (33%) 2 (20%) 1 (20%) 2 (50%) 23 (82%) 2 (25%) 3 (50%) 2 (29%) 2 (20%) 4 (9%) 

Organization 

O 27 (22%) 0 (0%) 1 (20%) 0 (0%) 20 (69%) 3 (38%) 2 (33%) 1 (14%) 0 (0%) 0 (0%) 

D 29 (23%) 1 (10%) 0 (0%) 0 (0%) 19 (66%) 2 (25%) 4 (67%) 1 (14%) 2 (20%) 0 (0%) 

I 26 (21%) 1 (10%) 1 (20%) 0 (0%) 18 (64%) 1 (13%) 2 (33%) 1 (14%) 1 (10%) 1 (2%) 

Pigment 

O 1 (1%) 0 (0%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

D 1 (1%) 0 (0%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

I 1 (1%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Fibrin 

O 29 (23%) 1 (10%) 0 (0%) 0 (0%) 22 (76%) 2 (25%) 2 (33%) 1 (14%) 1 (10%) 0 (0%) 

D 37 (30%) 4 (40%) 0 (0%) 0 (0%) 22 (76%) 2 (25%) 4 (67%) 1 (14%) 2 (20%) 2 (4%) 

I 29 (23%) 1 (10%) 1 (20%) 0 (0%) 19 (68%) 2 (25%) 3 (50%) 1 (14%) 1 (10%) 1 (2%) 

Inflammation 

O 9 (7%) 0 (0%) 0 (0%) 0 (0%) 5 (17%) 1 (13%) 1 (17%) 1 (14%) 0 (0%) 1 (2%) 

D 10 (8%) 0 (0%) 0 (0%) 0 (0%) 7 (24%) 0 (0%) 1 (17%) 0 (0%) 1 (10%) 1 (2%) 

I 8 (6%) 0 (0%) 0 (0%) 0 (0%) 4 (14%) 0 (0%) 1 (17%) 1 (14%) 1 (10%) 1 (2%) 

Fracture 
Edge Blurred 

O 69 (55%) 1 (10%) 0 (0%) 0 (0%) 7 (24%) 3 (38%) 3 (50%) 6 (86%) 8 (80%) 41 
(100%) 

D 70 (56%) 1 (10%) 0 (0%) 0 (0%) 7 (24%) 3 (38%) 4 (67%) 6 (86%) 8 (80%) 41 
(100%) 

I 71 (57%) 1 (10%) 0 (0%) 0 (0%) 7 (25%) 3 (38%) 4 (67%) 5 (71%) 8 (80%) 43 
(100%) 

Connective 
Tissue 

O 57 (46%) 1 (10%) 1 (20%) 0 (0%) 5 (17%) 5 (63%) 4 (67%) 4 (57%) 3 (30%) 34 (74%) 

D 56 (45%) 2 (20%) 0 (0%) 0 (0%) 5 (17%) 5 (63%) 5 (83%) 4 (57%) 4 (40%) 31 (67%) 

I 52 (42%) 0 (0%) 0 (0%) 0 (0%) 4 (14%) 4 (50%) 4 (67%) 4 (57%) 2 (20%) 34 (74%) 

Mesenchyme 

O 16 (13%) 0 (0%) 0 (0%) 0 (0%) 1 (3%) 4 (50%) 3 (50%) 3 (43%) 1 (10%) 4 (9%) 

D 21 (17%) 1 (10%) 0 (0%) 0 (0%) 2 (7%) 4 (50%) 3 (50%) 2 (29%) 2 (20%) 7 (15%) 

I 13 (10%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (25%) 2 (33%) 2 (29%) 1 (10%) 6 (13%) 

Fibroblasts/ 
cytes 

O 46 (37%) 0 (0%) 0 (0%) 0 (0%) 4 (14%) 5 (63%) 3 (50%) 4 (57%) 2 (20%) 28 (61%) 

D 47 (38%) 1 (10%) 0 (0%) 0 (0%) 3 (10%) 5 (63%) 5 (83%) 4 (57%) 3 (30%) 27 (59%) 

I 45 (36%) 0 (0%) 0 (0%) 0 (0%) 3 (11%) 4 (50%) 3 (50%) 4 (57%) 2 (20%) 29 (63%) 

Collagen 

O 54 (43%) 0 (0%) 1 (20%) 0 (0%) 5 (17%) 4 (50%) 4 (67%) 3 (43%) 3 (30%) 34 (74%) 

D 51 (41%) 1 (10%) 0 (0%) 0 (0%) 4 (14%) 4 (50%) 4 (67%) 4 (57%) 4 (40%) 30 (65%) 

I 49 (39%) 0 (0%) 0 (0%) 0 (0%) 4 (14%) 2 (25%) 4 (67%) 4 (57%) 2 (20%) 33 (72%) 

O 40 (32%) 0 (0%) 0 (0%) 0 (0%) 2 (7%) 4 (50%) 4 (67%) 4 (57%) 1 (10%) 25 (54%) 
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New 
Capillaries 

D 47 (38%) 2 (20%) 0 (0%) 0 (0%) 3 (10%) 3 (38%) 5 (83%) 4 (57%) 4 (40%) 26 (57%) 

I 39 (31%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 2 (25%) 3 (50%) 4 (57%) 2 (20%) 27 (59%) 

Cartilage 
Formation 

O 1 (1%) 0 (0%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

D 2 (2%) 0 (0%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (2%) 

I 1 (1%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Bone 
Formation 

O 77 (62%) 0 (0%) 0 (0%) 0 (0%) 7 (24%) 3 (38%) 5 (83%) 7 (100%) 9 (90%) 46 
(100%) 

D 80 (64%) 3 (30%) 1 (20%) 0 (0%) 7 (24%) 3 (38%) 5 (83%) 7 (100%) 9 (90%) 45 (98%) 

I 78 (62%) 1 (10%) 1 (20%) 0 (0%) 10 (36%) 2 (25%) 5 (83%) 7 (100%) 8 (80%) 44 (96%) 

Bone Matrix 

O 68 (54%) 0 (0%) 0 (0%) 0 (0%) 2 (7%) 2 (25%) 4 (67%) 5 (71%) 9 (90%) 46 
(100%) 

D 71 (57%) 3 (30%) 0 (0%) 0 (0%) 2 (7%) 2 (25%) 4 (67%) 6 (86%) 9 (90%) 45 (98%) 

I 67 (54%) 1 (10%) 0 (0%) 0 (0%) 2 (7%) 1 (13%) 5 (83%) 6 (86%) 8 (80%) 44 (96%) 

Bone 
Resorption 

O 14 (11%) 0 (0%) 0 (0%) 0 (0%) 2 (7%) 3 (38%) 1 (17%) 3 (43%) 0 (0%) 5 (11%) 

D 24 (19%) 0 (0%) 0 (0%) 0 (0%) 3 (10%) 3 (38%) 1 (17%) 4 (57%) 2 (20%) 11 (24%) 

I 17 (14%) 0 (0%) 0 (0%) 0 (0%) 3 (11%) 2 (25%) 0 (0%) 4 (57%) 2 (20%) 6 (13%) 

Woven Bone 

O 10 (8%) 0 (0%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 1 (17%) 1 (14%) 2 (20%) 5 (11%) 

D 17 (14%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (33%) 3 (43%) 3 (30%) 9 (20%) 

I 15 (12%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 3 (50%) 3 (43%) 1 (10%) 8 (17%) 

Lamellar 
Bone 

O 65 (52%) 0 (0%) 0 (0%) 0 (0%) 2 (7%) 2 (25%) 2 (33%) 5 (71%) 8 (80%) 46 
(100%) 

D 67 (54%) 2 (20%) 0 (0%) 0 (0%) 1 (3%) 2 (25%) 3 (50%) 6 (86%) 8 (80%) 45 (98%) 

I 62 (50%) 1 (10%) 0 (0%) 0 (0%) 1 (4%) 0 (0%) 3 (50%) 6 (86%) 7 (70%) 44 (96%) 

Reversal 
Lines 

O 62 (50%) 0 (0%) 0 (0%) 0 (0%) 3 (10%) 3 (38%) 4 (67%) 6 (86%) 5 (50%) 41 (89%) 

D 58 (46%) 0 (0%) 0 (0%) 0 (0%) 3 (10%) 2 (25%) 4 (67%) 6 (86%) 5 (50%) 38 (83%) 

I 60 (48%) 1 (10%) 0 (0%) 0 (0%) 5 (18%) 2 (25%) 4 (67%) 6 (86%) 4 (40%) 38 (83%) 

Color code: 
  >0-25% 
  26-50% 
  51-75% 
  75-100% 
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Figure 11. Histological slide photomicrographs of injuries to the cranial vault at varying times of 
healing. (A) Acute, (B) 1 hour, (C) 14 hours, (D) 2 days 12 hours, (E) 12 days 20 hours, (F) 22 
days, (G) 4 months, (H) 1 year 4 months, (I) 10 years. 

A 

B 

D C E 

F G 

I H 

A 
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Table 17. Adult extent scores. Color coding is based on the maximum mean extent. 

Feature Zone Acute 0-1 hr 1-24 hr 1-7 d 7-14 d 14-30 d 1-6 mo 6-18 mo 18+ mo 

TOTAL 10 5 4 29 8 6 7 10 46 

Hematoma 
Organization 
Extent (1-4) 

O 5 (0.08 - 
0.58) 

1 (1.08 - 
1.08) 

1 (0.08 - 
0.08) 

24 (0.33 
- 2.17) 

5 (0.50 - 
1.50) 

5 (0.17 - 
2.00) 

3 (0.17 - 
2.08) 

3 (0.42 - 
1.08) 

8 (0.33 - 
1.33) 

D 7 (0.08 - 
0.67) 

1 (0.42 - 
0.42) 

1 (0.08 - 
0.08) 

25 (0.08 
- 2.83) 

5 (0.33 - 
1.42) 

5 (0.42 - 
1.83) 

3 (0.50 - 
2.42) 

3 (0.67 - 
1.75) 

7 (0.33 - 
1.33) 

I 4 (0.17 - 
0.92) 

1 (1.00 - 
1.00) 

1 (0.25 - 
0.25) 

23 (0.08 
- 2.17) 

5 (0.08 - 
1.00) 

5 (0.17 - 
2.00) 

4 (0.33 - 
2.67) 

3 (0.67 - 
1.75) 

11 (0.25 
- 1.33) 

Fibrin           
Extent (1-4) 

O 3 (0.67 - 
0.67) 

1 (0.33 - 
0.33) 

1 (0.25 - 
0.25) 

25 (0.33 
- 2.00) 

4 (0.33 - 
1.33) 

3 (0.33 - 
2.33) 

1 (1.67 - 
1.67) 

2 (0.67 - 
2.00) 

7 (0.33 - 
1.00) 

D 5 (0.67 - 
1.33) 

1 (0.33 - 
0.33) 

1 (0.25 - 
0.25) 

25 (0.33 
- 3.33) 

5 (0.33 - 
1.33) 

5 (0.67 - 
2.67) 

1 (2.67 - 
2.67) 

4 (0.67 - 
2.00) 

6 (0.33 - 
0.67) 

I 4 (0.33 - 
1.00) 

1 (1.00 - 
1.00) 

1 (0.25 - 
0.25) 

24 (0.33 
- 2.67) 

4 (0.67 - 
1.33) 

3 (1.67 - 
2.00) 

2 (0.33 - 
2.33) 

3 (0.67 - 
2.00) 

6 (0.33 - 
1.00) 

Fracture Edge 
(1=Sharp 
2=Blurred 3=n/a) 

O 10 (1.00 
- 1.67) 

5 (1.00 - 
2.33) 

4 (1.00 - 
2.83) 

29 (1.00 
- 2.33) 

8 (1.00 - 
1.67) 

6 (1.33 - 
2.00) 

7 (1.33 - 
2.17) 

10 (1.33 
- 2.67) 

46 (1.67 
- 3.00) 

D 10 (1.00 
- 1.67) 

5 (1.00 - 
1.33) 

4 (1.00 - 
1.33) 

29 (1.00 
- 1.67) 

8 (1.00 - 
1.67) 

6 (1.33 - 
2.00) 

7 (1.33 - 
2.42) 

10 (1.25 
- 2.67) 

46 (1.67 
- 3.00) 

I 10 (1.00 
- 1.67) 

5 (1.00 - 
1.33) 

4 (1.00 - 
1.33) 

28 (1.00 
- 1.67) 

8 (1.00 - 
1.67) 

6 (1.33 - 
2.00) 

7 (1.33 - 
2.08) 

10 (1.08 
- 2.67) 

46 (1.67 
- 3.00) 

Fibroblasts/cytes 
Frequency (1-4) 

O 4 (0.08 - 
0.50) 

2 (0.42 - 
0.58) 

1 (0.08 - 
0.08) 

18 (0.08 
- 1.83) 

5 (1.42 - 
2.00) 

5 (0.17 - 
2.08) 

6 (0.33 - 
3.08) 

7 (0.17 - 
1.08) 

39 (0.08 
- 3.00) 

D 3 (0.08 - 
1.92) 

1 (0.17 - 
0.17) 

1 (0.08 - 
0.08) 

14 (0.08 
- 2.92) 

5 (1.00 - 
2.00) 

5 (1.17 - 
2.08) 

7 (0.17 - 
3.25) 

7 (0.08 - 
2.33) 

37 (0.25 
- 3.00) 

I 2 (0.08 - 
0.25) 

2 (0.08 - 
0.17) 

1 (0.25 - 
0.25) 

10 (0.08 
- 2.00) 

5 (0.17 - 
1.25) 

5 (0.25 - 
1.58) 

6 (0.33 - 
2.83) 

4 (0.25 - 
1.92) 

39 (0.08 
- 3.00) 

Fibrous 
CT/collagen 
Extent (1-4) 

O 4 (0.33 - 
1.00) 

1 (1.50 - 
1.50) 

2 (0.67 - 
0.67) 

16 (0.17 
- 2.83) 

6 (0.67 - 
2.17) 

4 (0.67 - 
2.67) 

6 (0.17 - 
3.00) 

6 (0.33 - 
1.33) 

40 (0.33 
- 4.00) 

D 2 (0.67 - 
1.67) 

1 (1.50 - 
1.50) 

1 (0.67 - 
0.67) 

11 (0.17 
- 2.00) 

6 (0.17 - 
2.33) 

5 (0.67 - 
3.00) 

7 (0.17 - 
3.33) 

7 (0.33 - 
2.83) 

37 (0.17 
- 4.00) 

I 3 (0.17 - 
0.67) 

2 (0.33 - 
1.00) 

1 (1.00 - 
1.00) 

11 (0.17 
- 2.00) 

4 (0.33 - 
1.00) 

4 (0.67 - 
2.17) 

5 (0.50 - 
2.83) 

7 (0.17 - 
2.67) 

41 (0.33 
- 3.83) 

New Capillaries 
Extent (1-4) 

O 2 (0.58 - 
0.67) 

1 (0.42 - 
0.42) 

1 (0.33 - 
0.33) 

13 (0.08 
- 1.42) 

5 (0.50 - 
1.58) 

4 (0.50 - 
2.75) 

4 (0.67 - 
2.42) 

7 (0.17 - 
1.33) 

33 (0.08 
- 2.92) 

D 2 (0.75 - 
1.08) 

1 (0.42 - 
0.42) 

1 (0.33 - 
0.33) 

9 (0.08 - 
1.50) 

6 (0.25 - 
1.58) 

5 (0.83 - 
2.67) 

6 (0.33 - 
2.42) 

7 (0.42 - 
2.58) 

38 (0.08 
- 3.33) 

I 1 (0.08 - 
0.08) 

2 (0.08 - 
0.67) 

1 (0.67 - 
0.67) 

8 (0.08 - 
1.67) 

5 (0.08 - 
1.33) 

5 (0.25 - 
2.08) 

5 (0.08 - 
2.50) 

5 (0.08 - 
1.83) 

35 (0.08 
- 3.00) 

Lamellar Bone 
Extent (1-4) 

O 6 (0.33 - 
0.58) 

3 (0.58 - 
1.33) 

1 (0.08 - 
0.08) 

16 (0.17 
- 2.25) 

4 (0.33 - 
1.33) 

4 (0.58 - 
1.67) 

7 (0.33 - 
3.33) 

10 (0.58 
- 3.33) 

46 (1.33 
- 4.00) 

D 7 (0.25 - 
0.75) 

3 (0.33 - 
1.00) 

1 (0.17 - 
0.17) 

16 (0.17 
- 2.00) 

4 (0.58 - 
1.75) 

4 (0.33 - 
1.58) 

6 (0.92 - 
3.33) 

10 (0.58 
- 3.50) 

46 (0.92 
- 4.00) 

I 6 (0.33 - 
1.17) 

3 (0.50 - 
1.00) 

1 (0.67 - 
0.67) 

15 (0.17 
- 2.08) 

5 (0.17 - 
0.67) 

4 (0.67 - 
1.58) 

7 (0.17 - 
3.25) 

10 (0.42 
- 3.33) 

46 (0.42 
- 4.00) 

Color code: 
  >0-1 Minimal 

  >1-2 Mild 

  >2-3 Moderate 

  >3-4 Extensive 

 
To better distinguish the reparative process, the extents of the following features were 

investigated to derive their nuanced changes over time: hematoma organization, fibrin, fracture 

edge blurring, fibroblasts, fibrous connective tissue/collagen, new capillaries, and lamellar bone. 
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Adult extent scores are summarized in Table 17. The first value in each cell represents the 

number of samples for which the feature was scored as present in any evaluation for that 

anatomical zone, followed by the range of the mean extent values across all samples. The color 

coding is based upon the maximum mean extent. This table shows that when hematoma peaks in 

the 1-7 day range, that it reaches a moderate extent of expression. When fibrin peaks during the 

1-7 day period, its expression varies by zone from mild to extensive. With fracture edge, it is 

evident that by 18+ months there are many fractures that are scored as N/A or 3 which indicates 

the fracture edge is unobservable because bone has completely healed across the fracture gap. 

Fibroblasts/cytes reached the greatest extent in samples that were between 1 and 6 months old 

but remained at a moderate extent for injuries that were more than 18 months old. New 

capillaries peak at 14-30 days and beyond and during these time periods their extent is mild to 

extensive, varying by age and anatomic zone. Finally, lamellar bone has extensive representation 

is samples 1-6 months and older. 

A summary of the analysis of covariation of assessed features is presented in Table 18 

(full covariation results in Table 24 in the Appendix). This table shows that hematoma, 

organization, and fibrin presence are all highly correlated. Pigment laden macrophages have high 

covariation with both cartilage and inflammation, but this is because these features were rarely 

seen in the sample. All of the sub-features under the connective tissue category 

(mesenchyme/loose connective tissue, fibroblasts/cytes, fibrous connective tissue/collagen) all 

have the highest covariance with connective tissue. Capillaries also show the highest covariance 

with connective tissue. The sub-features of the bone formation/remodeling category, including 

bone matrix, bone resorption, woven bone, lamellar bone, and reversal/cement lines, all show 
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their highest covariance with other features within this category. Blurring of fracture edge also 

has a high co-occurrence with lamellar bone presence.  

Table 18. Summary of the highest covariations of features without regard to healing time 

FEATURE  HIGHEST COVARIATION  RANGE  MEAN  
Hematoma* Fibrin*  0.91 to 0.99  0.96  
Organization* Fibrin  0.89 to 0.99  0.95  
Pigment* Cartilage*  0.94 to 0.97  0.96  
Inflammation* Pigment  0.92 to 0.94  0.93  
Connective Tissue* Fibrous CT/Collagen*  0.92 to 1.0  0.96  
Mesenchyme/Loose CT* Connective Tissue  0.77 to 0.98  0.89 
Fibroblasts/cytes* Connective Tissue  0.91 to 1.0 0.96 
Capillaries* Connective Tissue  0.91 to 1.0 0.95 
Fracture Edge* Lamellar Bone  0.96 to 0.98  0.97  
Bone Formation* Bone Matrix 0.96 to 1.0 0.99 
Bone Matrix* Lamellar Bone* 0.99 to 1.0 1.0 
Bone Resorption* Bone Formation 0.57 to 0.95 0.83 
Woven Bone* Bone Matrix 0.73 to 0.94 0.87 
Reversal/Cement Lines* Bone Formation 0.94 to 0.99 0.97 

* indicates it was also the highest covariation for listed feature. 

Infant and Juvenile Healing 

The sample sizes for the infants and juveniles are too small for statistical analysis, 

however each of these individuals represents an important contribution to understanding cranial 

fracture repair. As such, each case will be discussed from the acute injury state to more advanced 

healing. The presence of tissues and cells involved in infant and juvenile healing was drawn from 

the majority agreement of two evaluators. These values are included in Tables 22 and 23 in the 

Appendix. Tables 19 and 20 include the mean extents of all three evaluators using all stains. 

Since the tissue extents are documented as ordinal variables between 0 (absent) and 4 

(extensive), a mean extent of less than 1 indicates that only one of three evaluators documented 
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the presence and extent of the tissue. Therefore, any score less than 1 is excluded from the 

assessment. The following descriptions include all three zones, unless otherwise specified. 

Description of Infant Samples 

FH-065 and FH-012 are infants with acute linear fractures and serve as controls 

representing fractures with no healing. Although one evaluator noted the minimal presence of 

healing tissues, reevaluation by the PIs found no evident healing response. 

 
Figure 12. Photomicrograph of FH-012 acute fracture sample  

FH-001 is an infant with two areas of circular injuries to the left and right parietals. These 

are birth injuries attributed to vacuum assisted delivery with an injury age of 20 days. Tissues 

and extents include a mild to moderately organized hematoma, minimal to mild fibrin in the 

outer and inner zones, acute to chronic inflammation with mild intensity and focal to patchy 

distribution, minimal to mild mesenchyme, rare to mild fibroblasts/cytes, mild to moderate 

fibrous connective tissue, minimal to mild new capillaries, and minimal cartilage matrix. The 

osseous response is exhibited by a blurred fracture margin, a reversal line in the diploic zone, and 

minimal woven bone in the outer and inner zones. 
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Figure 13. FH-001 photomicrograph of parietal injury aged 20 days 

There are three infants (FH-002, FH-053, and FH-089) in the study with an unknown age 

of injury, however it is assumed the injuries are not older than the decedents’ age. Although they 

were primarily included for the inter-observer agreement portion of the study, each will be 

described. 

FH-002 has multiple healing linear cranial fractures with investigative evidence 

suggesting the injuries were inflicted on multiple occasions. Three samples were taken at 

postmortem examination of fractures that grossly appeared to be at three different stages of 

healing. For ease of comparison, the samples are described from minimal to extensive healing. 

Sample 2 is composed of minimal to mild mesenchyme in the diploic and inner zones, mild to 

moderate fibroblasts/cytes, minimal to mild fibrous connective tissue, and the osseous response 

includes a blurred fracture margin, and a reversal line in the outer and inner zones. Sample 1 is 

composed of minimal to mild fibrin in the outer and inner zones, minimal to moderate 

mesenchyme, mild to moderate fibroblasts/cytes, minimal to mild fibrous connective tissue, 

minimal new capillaries, minimal to mild woven bone, a blurred fracture margin, and a reversal 

line in the outer zone. Sample 3 is composed of minimal hematoma organization in the outer and 

inner zones, minimal to moderate mesenchyme, mild to moderate fibroblasts/cytes, mild to 

moderate fibrous connective tissue, minimal to mild new capillaries, minimal to moderate 
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cartilage, a blurred fracture margin, minimal to mild woven bone, minimal lamellar bone in the 

diploic zone, and a reversal line. 

FH-053 is an infant represented by six samples from a single linear fracture on the left 

parietal. The samples vary slightly, primarily in the presence or absence of an inflammatory 

response. Tissue presence and extents include minimal to mild hematoma organization, minimal 

fibrin, inflammation (present in 2 samples), minimal to mild mesenchyme, moderate to extensive 

fibroblasts/cytes, moderate to extensive fibrous connective tissue, mild to moderate new 

capillaries, bone resorption, mild to moderate woven bone, minimal to mild lamellar bone, a 

blurred fracture margin, and reversal line. 

 

Figure 15. FH-053 healing fracture 

 

1 2 3 

Figure 14. Three fracture samples aged 1-3 months from case FH-002 
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FH-089 is an infant for which three samples from multiple linear fractures of the right 

parietal and occipital were submitted with little variation in the constitution of each. The samples 

are composed of minimal to mild hematoma organization (Sample 3 only), minimal fibrin 

(Sample 3 only), minimal mesenchyme (Sample 3 only), mild to moderate fibroblasts/cytes, 

moderate to extensive fibrous connective tissue, minimal to moderate new capillaries, minimal 

cartilage, mild to moderate woven bone, minimal to mild lamellar bone, a blurred fracture 

margin, and a reversal line. 

 

Figure 16. FH-089 healing fracture
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Table 19. Extent averages for infant samples 

Sample: 
FH-
065-
S1 

FH-
012-
S1 

FH-
053-
S1a 

FH-
053-
S1b 

FH-
053-
S1c 

FH-
053-
S1d 

FH-
053-
S1e 

FH-
053-
S1f 

FH-
001-
S1 

FH-
002-S1 

FH-
002-S2 

FH-
002-S3 

FH-
089-S1 

FH-
089-S2 

FH-
089-S3 

Injury Type: Linear Linear Linear Linear Linear Linear Linear Linear Other Linear Linear Linear Linear Linear Linear 

Healing Time: 0 days 0 days 8-28 
days 

8-28 
days 

8-28 
days 

8-28 
days 

8-28 
days 

8-28 
days 

20 
days 

1-3 
months 

1-3 
months 

1-3 
months 

3-8 
months 

3-8 
months 

3-8 
months 

FEATURE ZONE 
               

Organization 
Extent (1-4) 

Outer 0 0.25 1.33 0.92 1.5 1 2.67 2 2.67 0 0 1 0 0 1.33 

Diploë 0 0.42 1.33 1.08 1.17 0.75 1.33 0.75 1.25 0 0 0 0 0 1.33 

Inner 0 0 1.33 1 1 0.75 1.33 1.17 1.08 0 0 1 0 0 0 

Fibrin       
Extent (1-4) 

Outer 0 0.33 0 1 0.33 0.67 0 0 1.33 0 0 0 0 0 1 

Diploë 0 0.67 0 1 0 0.33 0 0 0.67 0 0 0 0 0 1 

Inner 0 0 0 1 0 0.33 0 0 1.67 0 0 0 0 0 0 

Inflammation 
Type (1=Acute, 

2=Chronic, 
3=Mixed) 

Outer 0 0 0.83 1.25 0 0.5 0.67 0.17 2.08 0.17 0 0 0 0 0.67 

Diploë 0 0 0.83 1.25 0 0 0.67 0 1.67 0.17 0 0 0 0 0.67 

Inner 0 0 0.83 1.25 0 0.17 0.67 0 1.58 0 0 0 0 0 0 

Inflammation 
Intensity 
(1=Mild, 

2=Moderate, 
3=Severe) 

Outer 0 0 0.75 0.83 0 0.25 0.42 0.08 1.25 0.08 0 0 0 0 0.33 

Diploë 0 0 0.75 0.75 0 0 0.42 0 0.75 0.08 0 0 0 0 0.33 

Inner 0 0 0.75 0.75 0 0.08 0.33 0 0.67 0 0 0 0 0 0 

Inflammation 
Distribution 

(1=Focal, 
2=Patchy, 

3=Widespread) 

Outer 0 0 1.08 1.25 0 0.5 0.92 0.17 1.83 0.08 0 0 0 0 0.33 

Diploë 0 0 1.08 1.25 0 0 1 0 1.33 0.08 0 0 0 0 0.33 

Inner 0 0 1.08 1.25 0 0.17 1 0 1.17 0 0 0 0 0 0 

Fracture Edge 
(1=Sharp, 
2=Blurred, 

3=n/a) 

Outer 1.17 1.17 2 2 2 2 2 2 1.92 1.67 1.33 2 2 2 2 

Diploë 1.08 1 2 2.08 2 2 2 2 1.75 1.83 1.33 2 2 2 2 

Inner 1.17 1.25 2 2 2 1.92 2 2 1.75 1.67 1.33 2 2 2 2 

Mesenchyme 
Extent (1-4) 

Outer 0.33 0 0 0 0.5 0.58 1.17 0.58 1.75 1.92 0.58 0.83 0.33 0.17 1.17 

Diploë 0 0 0 0 0.67 0.42 1.5 0.67 1.42 2.42 1.42 3 0.25 0.25 1.25 

Inner 0.08 0 0 0 0.42 0.58 1.17 0.67 1 1.25 1.42 1 0.42 0.25 1.33 

Outer 0.25 0.75 3.67 3.67 3.58 3.33 3 3.08 2.17 2.58 2.92 2.83 2.17 2.5 2.67 
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Fibroblast/cyte 
Frequency (1-4) 

Diploë 0 0 3.75 3.67 3.67 3.33 3 2.83 1.58 2.42 1.83 2.5 2.42 2.67 2.67 

Inner 0.17 0 3.67 3.67 3.33 3.25 3 2.67 1.5 2.17 2.17 2.58 2.25 2.5 2.58 

Fibrous 
CT/collagen 
Extent (1-4) 

Outer 0.67 0.67 3.67 3.67 3.67 3.83 3.33 4 2.67 2.17 2.33 2.5 3 3.5 3.67 

Diploë 0 0 3.83 3.83 3.67 4 3.33 4 2 1.5 1.67 2.17 3 3.83 3.67 

Inner 0.17 0 3.67 3.67 3.67 3.67 3.67 3.83 1.67 1.83 1.83 2.33 3.33 3.67 3.67 

New 
Capillaries 
Extent (1-4) 

Outer 0.42 0 3.17 2.67 2.58 2.42 2.08 2.17 2.08 1.25 0.17 1.17 1.92 1.92 2.25 

Diploë 0 0 3.17 2.42 2.67 2.58 2.33 2.25 1.83 1 0.67 2.17 2.92 2.25 2.33 

Inner 0.08 0 3 2.08 2.83 2.25 2.25 2.25 1.25 0.83 0.75 1.17 2.5 1.67 2.17 

Cartilage 
Matrix    

Extent (1-4) 

Outer 0 0 0.56 0 0 0 0.22 0.11 0.89 0.22 0 1.11 0.78 0.89 0.89 

Diploë 0 0 0.22 0 0 0 0.22 0.22 0.67 0 0.33 3 1 0.89 1 

Inner 0 0 0 0 0 0 0.33 0.11 0.89 0.11 0.44 1.22 1.22 1 0.89 

Woven Bone 
Extent (1-4) 

Outer 0 0 2.83 2.58 2.25 1.92 2 1.58 0.58 1.17 0.67 0.75 3.08 3.08 2 

Diploë 0 0 2.92 2.5 2.5 2 2 1.67 0.33 0.75 0.42 2.17 3.33 3.08 2.42 

Inner 0 0 2.83 2.5 2.92 2.08 2.58 1.58 0.75 1.33 0.75 0.83 3.25 3 2.25 

Lamellar Bone 
Extent (1-4) 

Outer 0.33 0.42 1.75 1.67 0.42 1.83 1.25 1.33 0 0.67 0.33 0.33 1.75 1.92 1.17 

Diploë 0.08 0.33 1.92 1.83 0.5 1.58 1.08 1.33 0 0.25 0.75 1 1.83 2 1.25 

Inner 0.17 0.25 1.75 1.58 1.08 2.33 1.33 1.42 0 0.33 0.42 0.67 1.75 1.83 1.33 

Color code: 
  >0-1 Minimal 
  >1-2 Mild 
  >2-3 Moderate 
  >3-4 Extensive 
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Description of Juvenile Samples 

The juvenile sample includes individuals ranging from 3 years to 15 years of age with 

linear cranial fractures. The cases are presented from the most acute injury to most advanced 

healing (Table 19). 

FH-014 is a decedent with a sub-acute fracture to the left parietal (1 hour). Although 

some tissues were noted by one evaluator, no healing response is evident. 

 

Figure 17. FH-014 parietal fracture healed 1 hour 

FH-008 is a decedent with multiple linear fractures. Three samples were collected for this 

individual; one (Sample 4) from the bone flap that was removed three hours after the injury and 

two samples (Sample 1 and 2) from the vault representing 3 days of healing. Although some 

tissues were noted in Sample 4 by one evaluator, no healing response is evident. Sample 1 is a 

linear fracture from the occipital with a healing time of three days. This sample is composed of 

minimal to mild mesenchyme, mild to moderate fibroblasts/cytes in the outer and diploic zones, 

minimal to mild fibrous connective tissue in the outer and diploic zones, minimal to mild new 

capillaries in the outer and diploic zones, minimal to mild cartilage in the diploic zone, a blurred 

fracture margin, and a reversal line in the diploic zone. Sample 2 is a linear fracture from the left 

parietal with a healing time of three days. The sample is composed of mild hematoma 
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organization, minimal fibrin in the inner zone, moderate fibrin in the diploic zone, an 

inflammatory response, blurred fracture margin, and reversal line. 

 

Figure 18. FH-008 fracture samples: (1) linear fracture healed 3 days, (2) linear fracture healed 3 
days, (4) linear fracture on bone flap with 3.5 hours of healing 

FH-041 is a decedent with a linear fracture of the frontal with a healing time of almost 13 

days. The fracture is composed of minimal hematoma organization in the diploic and inner 

zones, minimal to mild fibrin, an inflammatory response, mild to moderate mesenchyme, mild to 

moderate fibroblasts/cytes, minimal to moderate fibrous connective tissue, minimal to mild new 

capillaries, minimal to mild cartilage in the outer and diploic zones, minimal to mild woven and 

lamellar bone, a reversal line, and blurred fracture margin.  

 

Figure 19. FH-041 healing linear fracture aged 12 days and 20 hours 

FH-028 is a decedent with two healed linear fractures of the left parietal with an injury 

age of approximately 9 years. Sample 1 is a healed fracture with a complete bone bridge. It is 

1 2 4 
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composed of minimal mesenchyme, moderate lamellar bone, and a complete bone bridge. FH-

028 Sample 2 is a healed linear fracture with a bone bridge spanning the outer zone. It is 

composed of rare fibroblast/cytes in the diploic and inner zones, minimal to mild fibrous 

connective tissue, minimal new capillaries in the diploic zone, minimal lamellar bone, reversal 

lines, and a blurred fracture margin in the diploic and inner zones. 

 

 

 

 

 

 

 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



   
 

47 
 

Table 20. Extent averages for juvenile samples 

Sample: FH-014-S2 FH-008-S4 FH-008-S1 FH-008-S2 FH-041-S1 FH-028-S1 FH-028-S2 

Injury Type: Linear Linear Depressed Linear Linear Linear Linear 

Healing Time: 1 hour 3.5 hours 3 days 3 days 12 days, 20 
hours 

9 years, 3 
months 

9 years, 3 
months 

FEATURE ZONE               

Organization 
Extent (1-4) 

Outer 0 0 0.08 0 0.42 0 0 

Diploë 0 0 0.17 2.25 0.75 0.58 0.58 

Inner 0 0 0 0.67 0.83 0 0.17 

Fibrin            
Extent (1-4) 

Outer 0 0 0 0 1 0 0 

Diploë 0 0 0 2.67 1.33 0.67 0 

Inner 0 0 0 1.33 1.67 0 0 

Inflammation 
Type (1=Acute, 

2=Chronic, 
3=Mixed) 

Outer 0 0 0 0 0.92 0 0.17 

Diploë 0.75 0 0 2.33 2.42 0 1 

Inner 0 0 0 0.08 0.83 0 0.25 

Inflammation 
Intensity (1=Mild, 

2=Moderate, 
3=Severe) 

Outer 0 0 0 0 0.42 0 0.08 

Diploë 0.33 0 0 1.08 0.92 0 0.42 

Inner 0 0 0 0.08 0.33 0 0.08 

Inflammation 
Distribution 

(1=Focal, 
2=Patchy, 

3=Widespread) 

Outer 0 0 0 0 0.5 0 0.17 

Diploë 0.42 0 0 1.58 1.5 0 0.42 

Inner 0 0 0 0.08 0.58 0 0.08 

Fracture Edge 
(1=Sharp, 

2=Blurred, 3=n/a) 

Outer 1.08 1.08 1.33 1.25 2 3 2.58 

Diploë 1.08 1.08 1.33 1.33 2 2.67 1.92 

Inner 1.08 1.08 1.33 1.33 1.92 2.83 1.92 

Mesenchyme 
Extent (1-4) 

Outer 0.25 0.08 2.17 0 2 0 0.5 

Diploë 0.25 0.08 1.33 0.42 2.08 0.92 0.58 

Inner 0.08 0 0 0 1.83 0 0.25 

Fibroblasts/cytes 
Frequency (1-4) 

Outer 0.17 0.08 2.08 0.58 2.5 0 0.92 

Diploë 0.17 0 2.42 1.17 2.17 0.67 0.92 

Inner 0.08 0 0 0.5 1.42 0.33 0.67 

Fibrous 
CT/collagen 
Extent (1-4) 

Outer 0 0 2 0.83 2.67 0 1.67 

Diploë 0 0 2 0.83 2.33 0.5 1.67 

Inner 0 0 0.33 0.5 1 0.5 1.67 

New Capillaries 
Extent (1-4) 

Outer 0 0 1.5 0 1.33 0 0.33 

Diploë 0 0 1.5 0.33 1.75 0.67 0.83 

Inner 0 0 0 0 1.08 0.17 0.33 

Cartilage Matrix 
Extent (1-4) 

Outer 0 0 0 0.22 1.56 0 0 

Diploë 0 0 1.44 0 1.44 0 0.44 

Inner 0 0 0 0 0.22 0.11 0.11 

Woven Bone 
Extent (1-4) 

Outer 0 0 0 0 1.67 0 0 

Diploë 0 0 0 0.08 1.25 0.33 0 

Inner 0 0 0 0 0.42 0.08 0 

Lamellar Bone 
Extent (1-4) 

Outer 0 0.5 0.67 0.25 1.92 2.75 1.42 

Diploë 0.5 0.5 0.75 0.17 1.75 2.58 1.17 

Inner 0.17 0.5 0.67 0.25 1 2.67 1.08 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



   
 

48 
 

Color code: 
  >0-1 Minimal 
  >1-2 Mild 
  >2-3 Moderate 
  >3-4 Extensive 

 

Stages of Healing in the Adult Cranial Vault 

This study shows that there is a marked difference between cranial and postcranial 

healing in the adult. First, there is no external callus stage. In typical postcranial fracture healing, 

there is a tandem process of intramembranous and endochondral ossification, however the degree 

of weight bearing and biomechanical factors can influence whether there is fibrous connective 

tissue or cartilage involved at the healing site8. We see an almost complete absence of cartilage 

development in cranial bone healing. A likely explanation for this is the minimal strain, stress, 

hydrostatic pressure, and movement on the cranial vault since there is little to no muscle action 

or weight bearing. This environment would likely result in decreased signaling for 

chondroblastic activity effectively eliminating a cartilaginous soft callus8. 

Hematoma 

The initial response to a cranial fracture or defect is a hematoma. A hematoma may be 

observed immediately after injury, but it is more likely to be seen in the 1-7 day range when it is 

organized with moderate amounts of fibrin. These features then wane and resolve after 14-30 

days. While it may be surprising that hematoma is not more prevalent in the 0-1 hour and 1-24 

hour range, this may be due to the fact that it is not yet organized and thus is more likely to be 

lost during sample removal, fixation, or decalcification. Although inflammatory cells are rarely 

seen, they are most likely to be observed in the 1-7 day range, disappearing thereafter.  
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Soft Tissue Response 

As fracture repair is a continuous process, it is expected there will be overlap between 

stages of healing. As the initial responses of hematoma and inflammation are peaking in the 1-7 

day period, this is also the time period when reparative processes begin. Connective tissue 

components, including mesenchyme/loose connective tissue, fibroblasts/cytes, and 

collagen/fibrous connective tissue, appear in the 1-7 day range, peak in the 14-30 day range and 

typically resolve after 1-6 months. Although there are relatively few observations of connective 

tissue features in the 6-18 month period, there is another peak in the 18+ months category. This 

peculiar phenomenon in the 18+ months bin is likely capturing injuries that were bridged with 

fibrous connective tissue rather than bone, an expected outcome in defects with wide fracture 

gaps. In concert with fibrous connective tissue infiltration, the formation of new capillaries is 

also observed starting between 1 and 7 days, peaking between 14 and 30 days and declining 

thereafter. The higher prevalence in the 18+ months category is likely a reflection of normal 

remodeling processes.  

Osseous Repair 

The osseous response to injury in our sample generally begins in the 1-7 day range and 

continues until the bone is healed. There are a couple of examples of osseous response prior to 

this time period, but they represent injuries sustained in unwitnessed motor vehicle accidents, so 

the exact time of death is unknown. The majority of samples show evidence of osseous activity 

in the 14-30 day period with evidence of bone matrix, reversal lines and blurred fracture 

margins. By the 30-180 day (1-6 months) time period and beyond, nearly every sample has 

evidence of osseous activity, the most prevalent being bone matrix, lamellar bone, and reversal 

lines. These features continue to have a high prevalence for the remainder of the injury age 
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categories (6-18 months, and 18+ months). Although osseous activity is common in advanced 

healing, evidence for bone resorption and woven bone are relatively rare within the sample. Bone 

resorption peaks in the 1-6 month range with 43-57% of samples showing evidence, but outside 

this time period it is not regularly observed. Woven bone is even less common with its highest 

prevalence between the 14-30 day (17-50%) and 30-180 day (14-43%) ranges. 

Discussion 

This study highlights the differences between cranial and postcranial bone repair in 

adults. Postcranial bone repair is typically divided into four stages: inflammation, soft callus, 

hard callus, and remodeling. The first difference is evident with the initial response to bone 

injury, as our sample shows little evidence of an inflammatory response. Cranial vault repair also 

lacks both the soft callus and hard callus stages that are common in postcranial repair, with a 

virtual absence of both cartilage and woven bone. Rather, the fracture gap is filled initially with 

connective tissue and then lamellar bone is laid down perpendicular to the fractured cortical 

bone. This type of repair is known as “gap healing,” a type of direct fracture healing that occurs 

if there are stable conditions and a relatively small fracture gap9. However, if the fracture gap is 

wide, fibrous connective tissue may persist indefinitely. Without a soft and hard callus, the 

traditional remodeling phase is also lacking in cranial defect repair. In fact, most of the injuries 

in the 18+ month range are still visible without complete remodeling and reestablishment of 

diploe, although our sample may be biased towards cranial injuries that are still grossly evident 

years later. 

Another surprising outcome of this study is a notable lack of osteoclasts and evidence of 

osteoclastic activity (Howship’s lacunae) despite the blurring of fracture margins. This 

remodeling along the fracture edge may be due to the presence of lysosomal cell lines which 
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degrade margins via acid hydrolases and promote apoptosis in the cells along the fracture 

margins10. 

While the sample sizes for infants and juveniles are too small for analysis, there are some 

interesting observations that seem to distinguish the cranial healing process in these younger 

ages. While inflammation and cartilage are still rare in these groups, 11 of the 15 infant samples 

(73.3%) have woven bone present in at least one of the anatomic zones, and 9 (60.0%) of the 

samples have it in all three zones. In juveniles, however, only 1 sample has evidence of woven 

bone. 

There were notable outcomes from this study that were not part of the research design. 

Evaluators were asked to evaluate several soft and hard tissue responses to injury, however they 

were not asked to evaluate how and in what orientation new bone is formed in the fracture gap. 

In general, woven bone is rare (especially in adults) and new bone formation is composed of 

lamellar bone. Whether the injury is due to surgical intervention or linear fracture, this new 

lamellar bone is deposited appositionally along each side of the fracture gap and is oriented 

perpendicular to the parent bone matrix. This orientation can still be seen years after the injury. 

Conclusion 

The Repository of Antemortem Injury Response (REPAIR) serves as an invaluable tool for 

the forensic community as the first database to bring together comprehensive recorded and visual 

data of cranial injuries of known ages. Through the compilation of this dataset under a secure yet 

easily accessible digital interface, the limitations imposed upon cranial fracture studies, such as 

difficulties in obtaining a robust sample, are mitigated. Researchers wishing to use the data 

housed in REPAIR may visit the site and register themselves and their prospective purpose in 

using information from the database. Upon approval of the proposed study by the platform 
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administrators, the requested data can be exported from REPAIR via a csv file and provided to 

the interested party. Visual data, such as photographs, radiographs, and scanned 

photomicrographs are also available to the research community. Additionally, the repository was 

designed in a manner such that postcranial fractures of known ages could be submitted and 

stored in the future with only minor adjustments, thus broadening the scope and utility of the 

data housed within REPAIR. The database is also useful for comparative assessments of cranial 

fracture and medical interventions in forensic casework. On the broader scope of influence, it 

serves the forensic community as a means to increase communication and collaboration between 

institutions through the continued addition of known age injuries to its population. 

Beyond the value of REPAIR, this is the first study to document the histological progression 

and develop unique stages of osseous healing for the human cranial vault. The stages of cranial 

fracture repair and associated histological features at different injury ages developed herein give 

investigators a preliminary tool to assess the age of cranial fractures, eliminating any prior 

reliance on postcranial models of healing and subjective estimations dependent upon analyst 

experience. Discernment of the histological trajectory of healing in the cranial vault and its 

characterization through stages shall act as the foundation of the authors’ continued research to 

develop a comprehensive time since injury estimation method. Outside the scope of forensic 

science, the clarity afforded to the scientific community via this groundbreaking model of cranial 

fracture repair will inherently be of use to tissue engineering and other researchers interested in 

augmenting rates of healing in the human cranium.  

An important contribution of this project was the development of a method to assess healing 

injuries of the vault. One of the deficiencies in forensic science has been the lack of 

understanding of how cranial vault bones heal. This deficiency is largely due to the absence of 
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appropriate histological training. Forensic anthropologists and forensic pathologists are 

minimally trained in normal and abnormal decalcified bone histology. Forensic anthropology 

training focuses on dry bone or ground bone histology and forensic pathologists focus on soft 

tissue morphology. As such, much time was spent with the evaluators to familiarize them with 

the presentation of the cells and tissues in healing bone.  

This experience has led the investigators to plan for a future workshop at the American 

Academy of Forensic Sciences annual meeting. This workshop will serve to train forensic 

pathologists and anthropologists in fracture healing histology and the value of using this 

information to inform future interpretations of cranial trauma for time-since injury. In addition, 

the profession of forensic anthropology is currently focused on standardizing education at the 

post graduate level. The educational materials and didactics from this workshop will constitute 

the basis for a fracture healing manual to incorporate into the graduate curriculum. 

The experimental sub-studies assessing histological staining and decalcification will allow 

histological technicians and investigators, interested in assessing healing in human bone, an 

empirical basis for selecting a decalcification agent and/or histological stain. Better informed 

methodologies will help to streamline the development of histological slides for research and 

forensic casework by reducing time investments, improving assessment accuracy, and preventing 

unnecessary destruction of osseous samples. 

Limitations 

A power analysis performed during the design phase of the study showed a sample size 

of 84 was required to achieve a medium (0.3) significant correlation effect between histological 

elements and time since injury. To account for specimens which were not suitable for testing, a 
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target sample goal was set at 100 samples for each of the three age cohorts: infants (0 to 36 

months), juveniles (36 months to 16 years), and adults (16+ years), resulting in a total of 300 

cases of known age cranial fractures. To achieve this sample size, partnerships were established, 

and material transfer agreements were executed with medical examiner offices across the 

country. Unfortunately, only samples from 3 decedents were obtained from partnering 

institutions. While the goal was still able to be met for the adult cohort, the infant and juvenile 

cohorts consist of 15 and 7 samples, respectively. Interestingly, many of the subadult samples 

that were contributed to the study had diastatic fractures rather than linear fractures (and were 

subsequently excluded from further analysis), demonstrating the ability of the immature cranium 

to dissipate energy through the sutures rather than fracturing. Thus, the evaluation of histological 

features of healing in concert with progressing time in the antemortem interval could only be 

done for the adult age group. While some understanding of the tissue and cellular responses to 

cranial fractures in infants and juveniles could be ascertained, the progressions could not be 

linked with time due to the small working samples. The results of the adult healing phases 

presented herein should not be applied to calvarial fractures in individuals younger than 16 years. 

It was observed in numerous studies that the rate of fracture healing in children, especially those 

under the age of two, is greatly increased in comparison to adults11–14. Furthermore, the structure 

of the cranial vault bone shifts from unilaminar to diploic beginning in the 4th year of life, 

potentially impacting the process of fracture repair15. Through the continued growth of REPAIR, 

the authors hope to derive the stages of healing and their associated time since injury for infants 

and juveniles at a future time. For now, the model of cranial vault healing developed through this 

research should be applied only upon the population of age 16 years and above.  
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Although our adult sample was robust, once it was divided into different age categories it 

was apparent that some injury age groups were underrepresented. This limited our ability to 

conduct robust statistical analyses comparing these different injury age groups. Furthermore, it 

was impossible in the development of the sample to control all factors which may alter the rate 

of fracture/injury repair in the cranial vault. Aspects of decedent history and injury such as the 

fracture severity, bone type, surgical interventions, patient ancestry, drug use, and co-morbidities 

may alter the rate and histological process of healing in the cranial vault. As the sample 

population of REPAIR becomes more robust, assessments to elucidate the influence of these 

confounding variables upon fracture healing in the cranium can be undertaken. This would allow 

for the development of tailored methods for aging fractures in individuals of varying 

demographics, medical histories. and injury circumstances. 

Collaborating Institutions 

The primary source of cranial vault fractures for building the REPAIR database came 

from medical examiner (ME) cases at this study’s host research institution, Western Michigan 

University Homer Stryker M.D. School of Medicine (WMed) Forensic and Autopsy Service. 

Additional samples were sourced through WMED’s body donation program and the following 

partner institutions: 

• Macomb County Medical Examiner’s Office, Mt. Clemens, Michigan 

• Pima County Office of the Medical Examiner, Tuscon, Arizona 

The number of cases contributed by each institution to the REPAIR database is listed in 

Table 18. The contributing offices were notified of the opportunity to submit samples to the 

database through the National Association of Medical Examiners listserv. Each partnering 

medical examiner office was required to complete a material transfer agreement developed by 
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the project PIs prior to sending fracture samples to WMed. Training in sample procurement 

methods was disseminated to the sampling partners, and shipping kits for sample transfers were 

assembled at the host institution and sent to the ME offices as needed. 

Table 21. REPAIR sample contributions by institution 

Institution Samples Contributed 
Western Michigan University Homer Stryker 
M.D. School of Medicine Forensic and 
Autopsy Service  

144 

WMed Body Donation Program 1 
Macomb County Medical Examiner’s Office 6 
Pima County Office of the Medical Examiner 4 
 
 
Scholarly Products Produced/In Progress 
 

Publications  

Submitted 

Isaac CV, Cornelison JB, Prahlow JA, Devota CJ, Christensen E. An Overview of Fracture 
Healing and the Repository of Antemortem Injury Response (REPAIR): An Online Database for 
Skeletal Injuries of Known Ages. Manuscript submitted for publication. 

In Preparation 

A manuscript of the results of the decalcification agent time and quality assessment is in draft 
and will be submitted for publication in Summer 2021. 

A manuscript of the results of the histological stain assessment for fracture histomorphology is in 
draft and will be submitted for publication in Summer 2021. 

A publication of the observed histological stages of cranial fracture repair for adult individuals 
aged 16+ years in a condensed form across each of the three anatomical zones is planned. 

Conference Presentations 

2020 

Cornelison JB, Isaac CV, Lackey-Cornelison W, Shattuck B, deJong JL, Fisher-Hubbard AO, 
 Brown TT, Douglas EA, Prahlow JA. (2020). The Histomorphology of Cranial Fracture 
 Healing: Preliminary Observations. Presented at the 72nd annual meeting of the  
 American Academy of Forensic Sciences in Anaheim, CA. 
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Isaac CV, Cornelison JB, Prahlow JA. (2020). The Repository of Antemortem Injury Response 
(REPAIR): An Invaluable Online Resource of Known Age Fractures for Comparison and 
Research. Presented at the 72nd annual meeting of the American Academy of Forensic 
Sciences in Anaheim, CA. 

Isaac CV, Cornelison JB, Prahlow JA. (2020). The Repository of Antemortem Injury Response 
(REPAIR): An Invaluable Online Resource of Known Age Fractures for Comparison and 
Research. Presented on February 7 at Michigan State University Anthropology 
Department’s 5th Annual Graduate Student Research Symposium, East Lansing, MI. 

2019 

Isaac CV, Cornelison JB, Christensen ER. (2019). The Repository of Antemortem Injury 
Response (REPAIR): An Online Reference of Known Time Since Fractures. Presented at 
the 9th annual meeting of the Forest, Lakes, and Grasslands (FLAG) Forensic 
Anthropologists, Roscommon, MI. 

Isaac CV, Cornelison JB, Prahlow JA. (2019). The Histomorphology of Cranial Fracture 
Healing: Case Examples. Poster presented at the 71st annual meeting of the American 
Academy of Forensic Sciences in Baltimore, MD. 

Cornelison JB, Isaac CV, Prahlow JA. (2019). A Comparison of Three Methods for Assessment 
of Bone Decalcification Time and Quality of Histological Slides for Cranial Fracture 
Healing Investigation. Poster presented at the 71st annual meeting of the American 
Academy of Forensic Sciences in Baltimore, MD. 

2018 

Cornelison JB, Isaac CV, Prahlow JA. (2018). Preliminary Observations for the Histology of 
Fracture Healing. Presented at the 8th annual meeting of the Forest, Lakes, and 
Grasslands (FLAG) Forensic Anthropologists, Roscommon, MI. 

2017 

Cornelison JB, Isaac CV (2017). Histological Investigation of Healing Cranial Trauma.  
 Presented at the Seventh Annual Forests, Lakes, and Grasslands Regional Conference, 
 Roscommon, MI, October 2016. 

Database 

The Repository of Antemortem Injury Response (REPAIR) 

REPAIR (repair.orainc.com), developed in collaboration with ORA, is a burgeoning database 

housing known-age cranial fracture cases with comprehensive written, radiographic, 

photographic and photomicrograph sample documentation for use in research and comparative 

casework assessments. 
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Training 

A sample procurement module for training purposes was developed and disseminated to 

partnering Medical Examiner Offices to ensure standard sample collection. The module 

describes the required radiography, gross examination photography, and sampling and storage 

guidelines for shipping.  

A training module was prepared for the evaluators to introduce the four different 

histological stains and the histology sample evaluative form. 
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Table 22. Histological feature presence/absence for infant samples 
  Sample: FH-

065-S1 
FH-
012-S1 

FH-
053-
S1a 

FH-
053-
S1b 

FH-
053-
S1c 

FH-
053-
S1d 

FH-
053-
S1e 

FH-
053-
S1f 

FH-
001-S1 

FH-
002-S1 

FH-
002-S2 

FH-
002-S3 

FH-
089-S1 

FH-
089-S2 

FH-
089-S3 

  Injury 
Type: 

Linear Linear Linear Linear Linear Linear Linear Linear Other Linear Linear Linear Linear Linear Linear 

  Fracture 
Healing 
Time: 

0 days 0 days 8-28 
days 

8-28 
days 

8-28 
days 

8-28 
days 

8-28 
days 

8-28 
days 

20 
days 

1-3 
months 

1-3 
months 

1-3 
months 

3-8 
months 

3-8 
months 

3-8 
months 

FEATURE ZONE                               

Hematoma Outer       X X X X X X             

Diploë   X   X X X     X             

Inner       X X X     X             

Organization Outer         X   X X X             

Diploë                 X             

Inner                 X             

Pigment Outer                               

Diploë                               

Inner                               

Fibrin Outer                 X             

Diploë   X             X             

Inner                 X             

Inflammation Outer       X         X             

Diploë       X         X             

Inner       X         X             

Fracture 
Edge Blurred 

Outer     X X X X X X X X   X X X X 

Diploë     X X X X X X X X   X X X X 

Inner     X X X X X X X X   X X X X 

Connective 
Tissue 

Outer     X X X X X X X X X X X X X 

Diploë     X X X X X X X X X X X X X 

Inner     X X X X X X X X X X X X X 

Mesenchyme Outer             X   X X         X 

Diploë             X   X X X X     X 
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Inner             X   X X X       X 

Fibroblasts Outer     X X X X X X X X X X X X X 

Diploë     X X X X X X X X X X X X X 

Inner     X X X X X X X X X X X X X 

Collagen Outer     X X X X X X X X X X X X X 

Diploë     X X X X X X X X X X X X X 

Inner     X X X X X X X X X X X X X 

Capillaries Outer     X X X X X X X X   X X X X 

Diploë     X X X X X X X X   X X X X 

Inner     X X X X X X X X   X X X X 

Cartilage 
Formation 

Outer                 X     X   X   

Diploë                       X   X   

Inner                 X     X   X   

Bone 
Formation 

Outer     X X X X X X   X X X X X X 

Diploë     X X X X X X   X X X X X X 

Inner     X X X X X X X X X X X X X 

Bone Matrix Outer     X X X X X X   X X X X X X 

Diploë     X X X X X X   X X X X X X 

Inner     X X X X X X X X X X X X X 

Bone 
Resorption 

Outer     X X X X X X         X X X 

Diploë     X X X X X X         X X X 

Inner     X X X X X X         X X X 

Woven Bone Outer     X X X X X X   X     X X X 

Diploë     X X X X X X       X X X X 

Inner     X X X X X X   X     X X X 

Lamellar Outer     X X   X X X         X X X 

Diploë     X X   X X X         X X X 

Inner     X X X X X X         X X X 

Reversal Outer     X X X X X X   X X   X X X 

Diploë     X X X X X X X     X X X X 

Inner     X X X X X X     X X X X X 
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Table 23. Histological feature presence/absence for juvenile samples 

  Sample: FH-014-S2 FH-008-S4 FH-008-S1 FH-008-S2 FH-041-S1 FH-028-S1 FH-028-S2 

  Injury Type: Linear Linear Depressed Linear Linear Linear Linear 

  
Healing Time: 1 hour 3.5 hours 3 days 3 days 12 days, 20 

hours 
9 years, 3 
months 

9 years, 3 
months 

FEATURE ZONE               

Hematoma 

Outer               

Diploë       X X     

Inner       X       

Organization 

Outer               

Diploë       X X     

Inner       X       

Pigment 

Outer               

Diploë               

Inner               

Fibrin 

Outer               

Diploë       X X     

Inner       X X     

Inflammation 

Outer               

Diploë       X X     

Inner               

Fracture 
Edge Blurred 

Outer         X . X 

Diploë         X X X 

Inner     X   X . X 

Connective 
Tissue 

Outer     X   X   X 

Diploë     X X X   X 

Inner     X   X   X 

Mesenchyme 

Outer     X   X     

Diploë     X   X   X 

Inner         X     

Fibroblasts 

Outer     X   X   X 

Diploë     X X X   X 

Inner         X     

Collagen 

Outer     X   X   X 

Diploë     X X X   X 

Inner     X   X   X 

Capillaries 

Outer     X   X     

Diploë     X   X   X 

Inner         X     

Cartilage 
Formation 

Outer         X     

Diploë     X   X     

Inner               

Bone 
Formation 

Outer         X X X 

Diploë         X X X 

Inner     X   X X X 

Bone Matrix Outer         X X   
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Diploë         X X X 

Inner     X   X X X 

Bone 
Resorption 

Outer         X     

Diploë         X     

Inner         X     

Woven Bone 

Outer         X     

Diploë         X     

Inner               

Lamellar 

Outer         X X X 

Diploë         X X X 

Inner     X   X X X 

Reversal 

Outer         X   X 

Diploë       X X X X 

Inner     X   X X X 
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Table 24. Covariation of feature presence in all adult fractures 

 

 

Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner Outer Diploë Inner
Outer 1

Diploë 0.95 1

Inner 0.94 0.96 1

Outer 1 0.95 0.92 1

Diploë 0.94 0.99 0.9 0.93 1

Inner 0.92 0.97 0.99 0.96 0.98 1

Outer 0.66 0.6 0.61 0.77 0.75 0.77 1

Diploë 0.66 0.6 0.61 0.77 0.75 0.77 1 1

Inner 0.67 0.61 0.61 0.77 0.75 0.77 1 1 1

Outer 0.99 0.95 0.97 0.98 0.93 0.95 0.75 0.75 0.75 1

Diploë 0.91 0.99 0.91 0.89 0.98 0.94 0.66 0.66 0.67 0.96 1

Inner 0.94 0.96 0.99 0.94 0.96 0.99 0.74 0.74 0.74 0.96 0.94 1

Outer 0.97 0.9 0.9 0.95 0.87 0.89 0.93 0.93 0.93 0.95 0.82 0.87 1

Diploë 0.93 0.96 0.92 0.83 0.95 0.91 0.92 0.92 0.92 0.89 0.84 0.89 0.98 1

Inner 0.79 0.95 0.89 0.62 0.94 0.87 0.94 0.94 0.94 0.74 0.79 0.85 0.96 0.99 1

Outer -0.7 -0.59 -0.61 -0.58 -0.57 -0.56 -0.48 -0.48 -0.48 -0.69 -0.65 -0.58 -0.69 -0.73 -0.43 1

Diploë -0.71 -0.57 -0.64 -0.58 -0.5 -0.57 -0.48 -0.48 -0.49 -0.7 -0.6 -0.58 -0.69 -0.73 -0.43 1 1

Inner -0.74 -0.6 -0.55 -0.63 -0.48 -0.48 -0.49 -0.49 -0.49 -0.74 -0.64 -0.51 -0.86 -0.74 -0.43 1 1 1

Outer -0.22 -0.3 -0.14 -0.03 -0.2 0 -0.26 -0.26 -0.27 -0.38 -0.37 -0.12 0.21 -0.35 0.09 0.82 0.81 0.76 1

Diploë -0.2 -0.13 -0.18 -0.11 0 -0.07 -0.24 -0.24 -0.25 -0.36 -0.2 -0.1 0.23 -0.11 0.36 0.81 0.81 0.72 0.96 1

Inner -0.25 -0.24 -0.09 -0.09 -0.07 -0.09 -0.19 -0.19 -0.19 -0.36 -0.33 -0.2 0.29 -0.04 0.42 0.89 0.88 0.85 0.94 0.97 1

Outer 0.2 0.1 0.11 0.43 0.38 0.31 0.54 0.54 0.54 0.23 0.34 0.38 0.6 -0.15 0.42 0.57 0.56 0.4 0.96 0.96 0.77 1

Diploë 0.23 0.34 0.25 0.35 0.42 0.38 0.42 0.42 0.42 0.17 0.44 0.3 0.65 0.12 0.53 0.58 0.57 0.33 0.82 0.98 0.78 0.99 1

Inner 0.05 0.13 0.45 0.29 0.41 0.59 0.62 0.62 0.62 0.23 0.4 0.39 0.68 -0.03 0.52 0.63 0.59 0.39 0.89 0.9 0.96 0.94 0.96 1

Outer -0.13 -0.35 -0.17 0.01 -0.07 0.04 -0.08 -0.08 -0.09 -0.26 -0.3 -0.17 0.39 -0.16 0.28 0.82 0.81 0.76 1 0.94 0.93 0.95 0.83 0.85 1

Diploë -0.18 -0.09 -0.22 -0.14 -0.01 -0.22 -0.12 -0.12 -0.12 -0.3 -0.1 -0.12 0.36 0.04 0.48 0.8 0.79 0.69 0.91 1 0.96 0.94 0.96 0.83 0.94 1

Inner -0.18 -0.23 -0.15 -0.05 -0.02 -0.05 -0.07 -0.07 -0.07 -0.22 -0.18 -0.15 0.4 0.09 0.52 0.85 0.83 0.79 0.91 0.96 1 0.82 0.84 0.97 0.93 0.97 1

Outer -0.23 -0.37 -0.14 -0.06 -0.32 -0.03 -0.21 -0.21 -0.22 -0.32 -0.46 -0.15 0.26 -0.3 -0.13 0.83 0.81 0.76 1 0.94 0.93 0.85 0.7 0.79 0.99 0.89 0.89 1

Diploë -0.33 -0.23 -0.29 -0.2 -0.17 -0.28 -0.17 -0.17 -0.17 -0.36 -0.25 -0.28 0.08 -0.02 0.43 0.86 0.86 0.78 0.95 1 0.96 0.94 0.96 0.7 0.92 0.99 0.95 0.94 1

Inner -0.35 -0.32 -0.09 -0.24 -0.2 -0.13 -0.14 -0.14 -0.14 -0.4 -0.43 -0.24 0.11 0.01 0.46 0.9 0.89 0.87 0.92 0.96 1 0.6 0.67 0.92 0.89 0.93 0.99 0.92 0.96 1

Outer -0.26 -0.37 -0.27 -0.18 -0.24 -0.28 0.02 0.02 0.02 -0.47 -0.44 -0.25 0.28 -0.33 0.12 0.85 0.84 0.78 0.99 0.91 0.91 0.96 0.78 0.8 0.97 0.89 0.84 0.98 0.89 0.85 1

Diploë -0.32 -0.14 -0.28 -0.33 -0.09 -0.3 -0.1 -0.1 -0.11 -0.48 -0.16 -0.19 0.15 0.05 0.49 0.74 0.74 0.63 0.93 1 0.94 0.88 0.93 0.74 0.89 0.99 0.92 0.88 0.99 0.92 0.92 1

Inner -0.41 -0.25 -0.16 -0.38 -0.2 -0.26 0.04 0.04 0.04 -0.55 -0.31 -0.34 0.05 -0.04 0.4 0.93 0.92 0.88 0.95 0.95 1 0.73 0.66 0.88 0.9 0.93 0.98 0.91 0.95 0.99 0.92 0.96 1

Outer 0.66 0.6 0.61 0.77 0.75 0.77 0.97 0.97 0.97 0.75 0.66 0.74 0.73 0.7 0.76 0.19 0.18 0.18 0.42 0.43 0.48 0.54 0.42 0.62 0.56 0.53 0.56 0.46 0.49 0.52 0.63 0.54 0.63 1

Diploë 0.41 0.33 0.34 0.58 0.54 0.59 0.94 0.94 0.94 0.54 0.41 0.54 0.52 0.48 0.56 0.5 0.49 0.49 0.09 0.67 0.7 0.25 0.67 0.8 0.27 0.74 0.76 0.14 0.72 0.73 0.37 0.75 0.38 0.99 1

Inner 0.67 0.61 0.61 0.77 0.75 0.77 0.97 0.97 0.97 0.75 0.67 0.74 0.73 0.7 0.76 0.18 0.17 0.18 0.41 0.42 0.48 0.54 0.42 0.62 0.55 0.53 0.56 0.45 0.49 0.52 0.62 0.54 0.63 1 0.99 1

Outer -0.66 -0.59 -0.52 -0.57 -0.5 -0.48 -0.53 -0.53 -0.54 -0.69 -0.61 -0.51 -0.36 -0.45 0.01 0.98 0.98 0.98 0.83 0.78 0.89 0.67 0.51 0.79 0.86 0.79 0.85 0.84 0.85 0.91 0.96 0.82 0.98 0.12 0.44 0.11 1

Diploë -0.61 -0.54 -0.53 -0.62 -0.48 -0.45 -0.57 -0.57 -0.58 -0.73 -0.56 -0.42 -0.41 -0.49 -0.05 0.96 0.95 0.96 0.76 0.79 0.88 0.64 0.47 0.77 0.79 0.81 0.83 0.77 0.83 0.9 0.95 0.85 0.98 0.07 0.4 0.05 0.99 1

Inner -0.56 -0.48 -0.35 -0.41 -0.33 -0.23 0.09 0.09 0.09 -0.56 -0.43 -0.3 -0.16 -0.28 0.29 0.95 0.96 0.97 0.69 0.72 0.89 0.48 0.36 0.78 0.64 0.67 0.84 0.7 0.8 0.91 0.8 0.71 0.98 0.09 0.42 0.09 0.99 0.98 1

Outer -0.81 -0.76 -0.67 -0.78 -0.75 -0.7 -0.42 -0.42 -0.42 -0.8 -0.81 -0.7 -0.44 -0.5 -0.36 0.98 0.98 0.97 0.83 0.78 0.86 0.48 0.41 0.68 0.81 0.76 0.8 0.88 0.83 0.9 0.87 0.78 0.9 0.26 0.55 0.25 1 0.99 0.96 1

Diploë -0.8 -0.68 -0.62 -0.8 -0.67 -0.6 -0.46 -0.46 -0.46 -0.83 -0.72 -0.61 -0.48 -0.54 -0.16 0.96 0.96 0.96 0.79 0.78 0.87 0.58 0.48 0.83 0.78 0.76 0.81 0.83 0.83 0.91 0.9 0.79 0.93 0.21 0.52 0.2 0.98 1 0.96 1 1

Inner -0.8 -0.65 -0.55 -0.76 -0.6 -0.55 -0.41 -0.41 -0.41 -0.79 -0.71 -0.55 -0.43 -0.5 -0.09 0.97 0.98 0.98 0.73 0.76 0.9 0.34 0.31 0.85 0.69 0.72 0.84 0.76 0.8 0.93 0.8 0.75 0.94 0.27 0.56 0.27 0.99 0.99 1 0.99 1 1

Outer 0.32 0.05 0.23 0.38 0.34 0.23 0.59 0.59 0.59 0.16 0.16 0.33 0 -0.47 0.06 0.67 0.66 0.48 0.9 0.56 0.47 0.89 0.82 0.83 0.86 0.66 0.57 0.71 0.62 0.38 0.95 0.67 0.66 0.89 0.79 0.89 0.91 0.9 0.6 0.39 0.51 0.23 1

Diploë -0.01 -0.13 -0.24 -0.03 0.19 -0.17 0.35 0.35 0.35 -0.24 -0.01 0.05 0.1 0.03 0.46 0.65 0.64 0.53 0.57 0.8 0.56 0.84 0.71 0.73 0.72 0.81 0.59 0.45 0.78 0.53 0.78 0.82 0.62 0.8 0.9 0.79 0.9 0.95 0.57 0.51 0.56 0.32 0.96 1

Inner 0.17 0.06 0.06 0.26 0.36 0.09 0.86 0.86 0.86 0.03 0.01 0.18 0.31 0.25 0.63 0.73 0.73 0.59 0.42 0.66 0.7 0.68 0.54 0.68 0.58 0.65 0.69 0.22 0.71 0.64 0.66 0.75 0.75 0.86 0.93 0.86 0.85 0.83 0.92 0.37 0.47 0.52 0.92 0.98 1

Outer -0.27 -0.67 -0.66 -0.05 -0.49 -0.43 0.7 0.7 0.7 -0.49 -0.81 -0.49 0.2 -0.31 -0.2 0.76 0.76 0.51 0.85 0.94 0.73 0.88 0.82 0.63 0.78 0.76 0.65 0.87 0.88 0.75 0.71 0.77 0.4 0.7 0.48 0.7 0.87 0.86 0.71 0.9 0.89 0.79 0.6 0.67 0.25 1

Diploë -0.56 -0.45 -0.44 -0.39 -0.19 -0.12 0.52 0.52 0.51 -0.43 -0.36 -0.43 -0.12 -0.19 0.38 0.87 0.87 0.73 0.75 0.97 0.79 0.88 0.73 0.84 0.76 0.89 0.84 0.68 0.94 0.81 0.67 0.89 0.75 0.52 0.22 0.51 0.93 0.92 0.84 0.89 0.94 0.89 0.64 0.86 0.65 0.96 1

Inner -0.49 -0.17 -0.36 -0.29 0.13 -0.03 0.57 0.57 0.57 -0.34 -0.27 -0.36 -0.05 -0.12 0.45 0.85 0.93 0.85 0.58 0.91 0.84 0.81 0.61 0.73 0.71 0.86 0.88 0.49 0.85 0.86 0.58 0.79 0.78 0.57 0.28 0.57 0.92 0.8 0.91 0.73 0.85 0.94 0.57 0.74 0.71 0.89 0.99 1
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	Purpose 
	Purpose 

	Determining the time since injury of skeletal fractures provides forensic practitioners with a means of establishing or corroborating timelines leading up to death, as well as discerning situations of abuse. This is especially true for deaths resulting from trauma to the cranial vault, which can be indicative of both accidental and non-accidental injury. Despite this, the empirical basis from which investigators can accurately and precisely age cranial fractures remains largely unexplored. Conversely, the d
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	Major Goals and Objectives 
	Major Goals and Objectives 

	The primary goals of this study were threefold, with each phase informing the following. The first was to develop a deidentified online database of cranial injuries of known age with associated decedent information and injury radiographs, photographs, and photomicrographs. This database served as both a case submission portal and the archive of data and sample images (photographs, radiographs, and photomicrographs) of human calvarial osseous injuries at varying points of healing for the subsequent objective
	The primary goals of this study were threefold, with each phase informing the following. The first was to develop a deidentified online database of cranial injuries of known age with associated decedent information and injury radiographs, photographs, and photomicrographs. This database served as both a case submission portal and the archive of data and sample images (photographs, radiographs, and photomicrographs) of human calvarial osseous injuries at varying points of healing for the subsequent objective
	methods for sampling, decalcifying, and creating slides of fracture histomorphology were also developed, including sub-studies on decalcification agent and stain utility. 

	The second goal of this study was to microscopically evaluate the histological environment of cranial injury samples to ascertain the progression of tissues and cells during osseous repair in the outer table, diploë, and inner table of the cranium. As there is currently no widely accepted method for analyzing fracture histomorphology of human cranial bone, various premises were tested to ascertain the best materials and methods to produce histological slides that highlight the cells and tissues of cranial f
	The final aim of this research was to explore the process of fracture repair in the calvarium based upon the presence of tissue and cellular healing characteristics at different times. Correlation of these stages with the known fracture ages of the working sample produced the first scientifically validated model of healing in the human cranium, providing the foundation for a method to estimate the age of cranial injuries. 
	The project summaries, participants, design alterations, and outcomes of each research goal will be discussed independently. 
	Research Goal 1: Develop a Database of Cranial Fractures of Known Age 
	Research Goal 1: Develop a Database of Cranial Fractures of Known Age 

	Research Design, Methods, and Analytical and Data Analysis Techniques 
	The Repository of Antemortem Injury Response (REPAIR) was designed to serve as an online case submission portal and repository of cranial injuries of known age for forensic case 
	comparison and future research. Throughout the course of the grant, the databank’s utility and workflow were improved based on user feedback. Notable improvements include developing an approval queue for case submissions allowing administrators to screen for identifying decedent data prior to cases becoming visible to users, implementing data exportation to a csv file for data analysis, and creating a registration link for interested practitioners and contributors to request database access. 
	Samples of cranial injuries of known age to populate REPAIR were collected from medical examiner cases at Western Michigan University Homer Stryker M.D. School of Medicine’s (WMed) Forensic and Autopsy Service, WMed’s Body Donation Program, and partnering medical examiner offices. If possible, photographs and radiographs of the cranial injury were documented via photographs and radiographs. Excised samples were fixed in 10% neutral buffered formalin for two to four weeks, depending on the size and thickness
	-

	When completely demineralized, the samples were rinsed under running water for at least one hour and cross-sections of the injury were cut, photographed, and placed into cassettes for paraffin embedding. Embedded samples were cut into four 4-6 µm thin sections on a microtome. Samples were affixed to microscopic slides and stained with hematoxylin and eosin (H&E), Masson’s trichrome, alcian blue hematoxylin with an orange G counterstain (AB/OG), and Russell-Movat pentachrome. Each slide was checked microscop
	Expected Applicability of the Research 
	Beyond being a repository of data related to this research, REPAIR serves as a valuable resource for forensic practitioners to use to compare cranial fractures of unknown age in forensic cases to those in this study. Furthermore, REPAIR is a foundational dataset for future researchers to explore new questions related to cranial fracture healing. Finally, REPAIR was designed to allow for the inclusion of postcranial fractures in future research endeavors, adding to its future utility. 
	Participants and Other Collaborating Organizations 
	For the design of the database, we worked with Occupational Research and Assessment (ORA) to design and host REPAIR and implement suggested improvements. Samples of cranial 
	injuries for the study were provided by Western Michigan University Homer Stryker M.D. School of Medicine (WMed) Forensic and Autopsy Service and WMed’s Body Donation Program which were acquired by the PIs. Partner institutions that provided samples include the Pima County Office of the Medical Examiner in Tucson, Arizona, and the Macomb County Medical Examiner in Mt. Clemens, Michigan. Paraffin embedding, thin sectioning, mounting, and staining of glass slides were completed by histotechnologists Kristi Ba
	Design Alterations 
	To increase the participation of partnering institutions, an optional consent process and standard language for sample donation was developed for decedent next-of-kin. These changes were submitted to WMed’s Institutional Review Board but the project remained “Not Human Subjects Research.” A Grant Adjustment Notification (ID# 1061401) and updated Privacy Certificate were also submitted to the NIJ. After this change was approved on December 19, 2018, partnering institutions could contact the PIs to obtain a v
	Initially, this study included five histological stains: H&E, Masson’s Trichrome, AB/OG, Perl’s Prussian Blue (iron stain), and Tartrate-Resistant Acid Phosphatase (TRAP). Upon evaluations by the PIs, Perl’s Prussian blue and TRAP were not performing in the manner expected. The iron stain failed to highlight its target protein, hemosiderin, and the TRAP stain chosen for its ability to highlight osteoclastic enzymes did not signal as anticipated. Both stains were discontinued from use in this study following
	Initially, this study included five histological stains: H&E, Masson’s Trichrome, AB/OG, Perl’s Prussian Blue (iron stain), and Tartrate-Resistant Acid Phosphatase (TRAP). Upon evaluations by the PIs, Perl’s Prussian blue and TRAP were not performing in the manner expected. The iron stain failed to highlight its target protein, hemosiderin, and the TRAP stain chosen for its ability to highlight osteoclastic enzymes did not signal as anticipated. Both stains were discontinued from use in this study following
	-

	Movat pentachrome was the chosen alternative for the discontinued stains as it distinguishes types of collagen, connective tissues, cartilage, bone, osteoid, and osteogenic cells. 

	Activities/Accomplishments 
	The Repository of Antemortem Injury Response is accessible at (Fig. 
	repair.orainc.com 

	1) and includes a Submission Worksheet (Fig. 2) for case/decedent information, injury circumstances, and sample information; a Processing Worksheet (Fig. 3) detailing the specifics of the sample decalcification; and a Documentation section (Fig. 4) for radiographs, photographs, and photomicrographs of each specimen. The Advanced Search feature (Fig. 5) allows users to customize their search using any of the case information reflected within the worksheets and the administrators can export the data of intere
	Figure 1. The Repository of Antemortem Injury Response (REPAIR) online case submission, comparison, and research database 
	Figure 2. Submission Worksheet in REPAIR containing case information related to the decedent, injury circumstances, and details of the sample taken for the study. 
	Figure 3. Processing Worksheet in REPAIR containing details of the sample dimensions and decalcification process. 
	Figure 4. Photomicrograph section of the Documentation tab with images of the four differently stained histology slides. 
	Figure 5. Customizable search capabilities of REPAIR. 
	Results and Findings 
	The Repository of Antemortem Injury Response currently houses 86 case files of individuals aged 20 days to 87 years (Table 1) with 183 samples of fractures and medical interventions to the calvarium of known ages ranging from acute to 46 years of healing (Table 2). Table 3 provides a summary of the injury types represented within REPAIR. 
	Table 1. REPAIR cases and samples by age group 
	Table 2. REPAIR sample cranial injury ages 
	Table 3. REPAIR cranial injury types to date 
	Research Goal 1a: Decalcification Agent and Sample Preservation 
	Research Goal 1a: Decalcification Agent and Sample Preservation 

	Research Design, Methods, Analytical and Data Analysis Techniques 
	This sub-study had two components. The first was to assess the variables that influence the time it takes to decalcify a sample and the second was to assess the visibility of fracture histomorphology features of samples decalcified with different agents. For the first portion of the study, 124 samples (Table 4) were used to calculate and discern sample characteristics contributing to decalcification time, including decedent age and sample dimensions. 
	Measurements of sample thickness, width, and length were available for 113 of the 124 samples; volume and surface area were calculated for these samples (Table 5). All samples were fixed in 10% neutral buffered formalin for two to four weeks and decalcified in either 10% EDTA (n=34), 5% nitric acid (n=83), or 7% hydrochloric acid (n=7) (Table 4) until radiographic assessment confirmed complete demineralization. Decalcification times were recorded in days. 
	Table 4. Samples per decalcification agent by age group 
	Table 5. Sample measurements 
	Decalcification times for each agent were analyzed visually and through averages to assess expediency and distribution. A general linear model to predict decalcification time from dimensional variables, decedent age, and decalcification agent was developed through a step-up modeling process. The base model consisted of decalcification agent, EDTA or nitric acid, as the single predictive variable of processing time. HCl was discontinued because of the poor quality of the resulting slides, thus it was exclude
	To assess histological slide quality, six formalin-fixed fracture samples were cut into three sections for decalcification in 10% EDTA, 5% nitric acid, and 7% hydrochloric acid respectively. The resulting 18 demineralized samples were used to create slides stained with hematoxylin and eosin. Seven evaluators with expertise in histology assessed the preservation of each slide’s tissues, cells, and nuclei using a Likert scale from one to five in order of increasing feature quality and clarity. 
	Generalized linear mixed models using an ordered multinomial response variable and cumulative logit linking function were used to assess Likert scores for tissues, cells, and nuclei. Decalcification agent was the fixed effect and sample identifier and evaluator were assessed as 
	Generalized linear mixed models using an ordered multinomial response variable and cumulative logit linking function were used to assess Likert scores for tissues, cells, and nuclei. Decalcification agent was the fixed effect and sample identifier and evaluator were assessed as 
	covariates. These covariates were assessed due to preliminary analysis of the data indicating certain evaluators scored samples higher regardless of histological feature or decalcification agent, and particular samples scored high in every possible category while others were scored low. Odds ratios were produced for each histological feature for three comparisons: EDTA vs. nitric acid, nitric acid vs. HCl, and EDTA vs. HCl. The non-normal distribution of Likert scores and apparent influence of evaluator and

	0.05 were deemed “borderline significant”. 
	Expected Applicability of the Research 
	This study was conducted to provide useful data for practitioners to determine which decalcification agent to use based on the decedent’s age, sample dimensions, and time constraints compared to the resulting slide quality. 
	Participants and Other Collaborating Organizations 
	Evaluations were completed by the seven project evaluators. The data analysis was completed by biostatistician Joseph Billian. The sample preparation and data collection were completed by PI Jered Cornelison. 
	Results and Findings 
	HCl provided the fastest decalcification (), followed by nitric acid (days), then EDTA (). However, EDTA decalcified samples over a broader range of times than its acidic counterparts (Table 6). Decalcification time in HCl and nitric acid varied little between age cohorts (Table 7), while decalcification time in EDTA was reduced for infants. 
	𝑋=3.57 days
	̅

	𝑋=10.35 
	̅

	𝑋=78.97 days
	̅


	Figure 6 highlights the variation in EDTA decalcification time with age and the underrepresentation of HCl samples, prompting exclusion of HCl from the inferential analysis. Table 6. Agent decalcification rates 
	Table 7. Decalcification rate in days by age cohort 
	Figure 6. Scatter plot of decalcification time versus decedent age in years. 
	The general linear model derived from the step-up modeling process for decalcification time (Equation 1) included decedent age, decalcification agent, sample thickness, and sample width as statistically significant predictive elements. When controlling all variables except agent, decalcification time is 3.1 times greater for EDTA than nitric acid. The effect size of the prediction variables, as indicated by their coefficient values, is greater for EDTA, except for sample width. 
	Equation 1. General linear model for the prediction of decalcification time in logTime and Time in days 
	2.144 + 0.016 ∗ 𝑎𝑔𝑒 + 0.174 ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 + 0.017 ∗ 𝑤𝑖𝑑𝑡ℎ ∶ 𝑑𝑒𝑐𝑎𝑙 = 𝐸𝐷𝑇𝐴 
	log 𝑇𝑖𝑚𝑒 = {
	log 𝑇𝑖𝑚𝑒 = {
	1.009 + 0.004 ∗ 𝑎𝑔𝑒 + 0.062 ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 + 0.017 ∗ 𝑤𝑖𝑑𝑡ℎ ∶ 𝑑𝑒𝑐𝑎𝑙 = 𝑁𝑖𝑡𝑟𝑖𝑐 𝐴𝑐𝑖𝑑 

	8.534 𝑎𝑔𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑤𝑖𝑑𝑡ℎ 
	∗ 1.016
	∗ 1.190
	∗ 1.017
	∶ 𝑑𝑒𝑐𝑎𝑙 = 𝐸𝐷𝑇𝐴 

	𝑇𝑖𝑚𝑒 = {
	𝑇𝑖𝑚𝑒 = {
	2.742 𝑎𝑔𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑤𝑖𝑑𝑡ℎ 
	∗ 1.004
	∗ 1.064
	∗ 1.017
	∶ 𝑑𝑒𝑐𝑎𝑙 = 𝑁𝑖𝑡𝑟𝑖𝑐 𝐴𝑐𝑖𝑑 


	Increasing decedent age by one year increased decalcification time in EDTA by 1.6% and 0.4% in nitric acid. Age-agent interaction was insignificant (p=0.17) for nitric acid and 
	significant (p=0.01) for EDTA. Sample thickness had a greater impact upon EDTA than nitric acid with 19% and 6.4% increases in decalcification time respectively at a 1 mm increase in thickness. The decal-thickness interaction was significant for both EDTA (p=0.0007) and nitric acid (p=0.0038). Sample width did not have a differential effect between agents. 
	Transformed residual values indicating model precision are shown in Table 8. Accuracy was not calculated as the sample was not partitioned prior to model development to allow for scoring. 
	Table 8. Transformed residuals of the general-linear model 
	Regarding sample quality, EDTA decalcification produced the highest average Likert scores in every feature category (tissue, cells, and nuclei), followed by nitric acid and HCl (Table 9). Covariance estimates for the tissue model were 2.1 (SE=1.5) for evaluator and 2.4 (SE=1.7) for sample identifier. Cells model covariance estimates for evaluators and samples were 0.4 (SE=0.4) and 3.4 (SE=2.3), respectively, and the nuclei model had covariance estimates of 1.2 (SE=0.8) for evaluator and 2.7 (SE=1.8) for sam
	Table 9. Likert Scores 
	Based on odds ratios (Table 10), EDTA is significantly more likely to receive a higher Likert score than HCl for all features. EDTA is also likely to score higher in all features when compared to nitric acid, but this is borderline significant for tissues (p=0.0462) and nuclei (p=0.0117) and not significant for cells (p=0.1515). 
	*Borderline significant (0.0167 < p 0.05) **Significant (p 0.0167) 
	> 
	< 

	Decalcification in EDTA produces the highest sample quality of the three decalcification agents but is the most time-consuming. Nitric acid produces swift decalcification with good sample preservation for adult and juvenile specimens and bone thicker than 3 mm. However, thin samples of the cranial vault (<3 mm) from infants and children ages birth to three years are best decalcified in EDTA which provides the best preservation in a time comparable to nitric acid. 
	Research Goal 2: Evaluate Histological Environment of Fracture Sample 
	Research Goal 2: Evaluate Histological Environment of Fracture Sample 

	Research Design, Methods, Analytical and Data Analysis Techniques 
	Seven evaluators (one anatomist and six forensic pathologists) with extensive histology experience were employed to assess 154 sample slide sets, with each set containing four differently stained slides of the same sample (Table 11). Each set was assigned three randomly selected evaluators. Slides were assessed under a microscope or with the scanned digital slides using the Histology Sample Evaluative Form (Fig. 7) developed for the project. Each evaluator completed a form for every stain at all three anato
	Figure 7. Histology sample evaluative form 
	21 
	Research Goal 2a: Interobserver Error 
	Research Design, Methods, Analytical and Data Analysis Techniques 
	A preliminary interobserver error test was undertaken to evaluate the reliability of the method for analyzing the fracture histomorphology of the human cranial vault and determine any required adjustments. Interobserver error was assessed according to stain type, anatomical zone, and healing feature using both an unadjusted kappa coefficient and Prevalence-Adjusted Bias-Adjusted kappa (PABAK), the latter of which accounts for agreement by chance and skewed data patterns. The study included 48-53 fracture sa
	7

	Expected Applicability of the Research 
	This study was completed to ascertain whether the evaluation forms and the features on the forms could be identified in fractures samples by multiple observers for different stains and anatomic zones. 
	Results and Findings 
	For all assessments of interobserver error the PABAK values are greater than the unadjusted kappa values. This is expected as the raw evaluative data show a high prevalence of “not present” scores for many histological features. Unadjusted kappa values interpret the high incidence of absent scores as chance agreement, which is misleading for this study. PABAK accounts for the skewed data distribution and provides the better measure of agreement between observers. 
	Figure 8. Interobserver error and histological stain 
	Figure 8. Interobserver error and histological stain 
	Figure 9. Interobserver error and anatomical zone 

	The mean PABAK values for observer agreement compared through the four histological stains, shown by the circles in Figure 8, all fell within the moderate agreement range. The PABAK values according to the anatomical zone (Fig. 9) also indicated evaluators are in moderate agreement on average. The interquartile ranges for both histological stain and anatomical zone PABAK values fell in the moderate to substantial agreement range. 
	As expected, the PABAK values for histological features varied (Fig. 10). Reversal/cement lines had the lowest average PABAK score in the fair agreement range. Hematoma, organization, connective tissue, mesenchyme, fibroblasts/cytes, collagen, bone formation, bone matrix, bone resorption, woven bone, and lamellar bone were on average in moderate agreement. There was substantial agreement between evaluators for fibrin, inflammation, new capillaries, and almost perfect agreement for pigment-laden macrophages 
	Research Goal 2b: Staining and Cranial Histology 
	Research Goal 2b: Staining and Cranial Histology 

	Research Design, Methods, Analytical and Data Analysis Techniques 
	Histological slide sets for cranial fractures were developed using the stains hematoxylin 
	and eosin (H&E), Masson’s trichrome, alcian blue with an orange G counterstain (AB/OG), and 
	Russell-Movat pentachrome. Four sets of histological slides, corresponding with the four stains, from 154 fracture/injury samples were reviewed by three evaluators for the presence, extent, and character of the features and sub-features associated with fracture repair as reflected in the Histology Sample Evaluative Form (Fig. 7). Assessments were done separately for each of the 
	Russell-Movat pentachrome. Four sets of histological slides, corresponding with the four stains, from 154 fracture/injury samples were reviewed by three evaluators for the presence, extent, and character of the features and sub-features associated with fracture repair as reflected in the Histology Sample Evaluative Form (Fig. 7). Assessments were done separately for each of the 
	four stains at the outer table, diploë, and inner table, and evaluators were asked to provide comments on their ability to see each histological feature with a given stain. 

	The level of agreement between evaluators for the absence/presence and extent of the histological features of healing for each of the four stains was evaluated using a 3-way kappa test. Kappa3 scores for the outer table, diploë, and inner table were condensed by taking the highest score between the zones for each feature and stain combination for each sample. To select the best stains for each histological feature, mean kappa values were aggregated across zones for each feature and stain. Each average was s
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	Expected Applicability of the Research 
	This research was done to identify which histological stains would be best for investigating the features of fracture histomorphology. 
	Design Alterations 
	Due to the coronavirus pandemic, histological slide evaluations could no longer be completed on the physical slide sets with microscopes. To address this issue, a fillable pdf evaluation form was developed, and the scanned digital slide sets from the Aperio CS2 scanner were distributed to evaluators. Assessment results were entered into the REDCap database as previously done for the physical assessments. 
	Results and Findings 
	The results of the kappa3 analysis for interobserver agreement of the four histological stains (H&E, Masson’s trichrome, AB/OG, and Russell-Movat pentachrome) are presented in Table 13. Fibrin was the only feature for which a single stain produced the highest level of agreement. The 17 other features had either a two, three, or four-way tie between stains for the highest level of agreement. For example, bone formation/remodeling’s kappa scores for the four stains were all within the fair agreement range (0.
	The results indicate there was no single stain which allowed investigators to comprehensively assess the presence/absence of all 18 features and sub-features of fracture repair. For most features, there was fair agreement between the evaluators’ assessments using any of the four stains. The only exception is for fibrin where kappa values indicate evaluators agreed to a substantial degree (κ =) in either the absence or presence of fibrin using the trichrome stain. 
	 0.61-0.80

	Research Goal 2c: Features and Stages of Cranial Vault Fracture Healing 
	Research Goal 2c: Features and Stages of Cranial Vault Fracture Healing 

	Research Design, Methods, Analytical and Data Analysis Techniques 
	To elucidate the histological progression of healing in the human cranial vault, only samples having an exact and confirmed time since injury were utilized in this portion of the study (Table 14). Due to limited samples for infants (n=15) and juveniles (n=7), continued inferential analyses were performed on the adult sample only (n=125). However, qualitative observations of the differences of infant and juvenile cranial repair from adult healing were made. For each adult sample, the presence/absence of each
	To elucidate the histological progression of healing in the human cranial vault, only samples having an exact and confirmed time since injury were utilized in this portion of the study (Table 14). Due to limited samples for infants (n=15) and juveniles (n=7), continued inferential analyses were performed on the adult sample only (n=125). However, qualitative observations of the differences of infant and juvenile cranial repair from adult healing were made. For each adult sample, the presence/absence of each
	with a majority rule (≥50%) using the evaluations from the stain(s) achieving the highest level of interobserver agreement for each feature (see results of “Research Goal 2b: Staining and Cranial Histology”). Samples were partitioned into healing time categories outlined in Table 15. The presence of each histological feature in each healing time category was assessed. 

	The extent variable was explored for the following features of healing in adults: hematoma organization, fibrin, fracture edge, mesenchyme/loose connective tissue, fibroblasts/cytes, fibrous connective tissue/collagen, new capillaries, and lamellar bone. Evaluations for samples were coded to correspond with the absence/presence and level of extent for each feature. For example, evaluations of hematoma organization were scored on the following scale: 0 = ‘absent’, 1 = ‘minimal’, 2 = ‘mild’, 3 = ‘moderate’, a
	Co-occurrence of healing features in adults was examined using Yule’s Q. Analyses were completed for the entire adult sample (n=125) using every histological feature without regard to healing time. Co-occurrence was also assessed within specific healing times for select features. Only the 1-7 days (n=29) and 18+ months (n=46) bins of fracture healing time (Table 15) had enough samples to perform a descriptive analysis of co-occurrence. Within the two bins of interest, features with occurrence rates of 10-90
	Expected Applicability of the Research 
	This research was done to assess the progression of histological features of healing in the cranial vault. It identifies the presence, extent, and cooccurrence of 18 histological features for future use in developing a method to date fractures of the calvarium. 
	Participants and Other Collaborating Organizations 
	Evaluations were completed by the project’s 7 evaluators. Data analysis of histological feature presence and extent was completed by biostatistician Joseph Billian. 
	Results and Findings 
	Amongst the sample of adult cranial vault injuries, cartilage and pigment-laden macrophages were almost entirely absent, occurring in less than 2% of all samples. Inflammation produced present score frequencies of less than 10% for all anatomical zones. Woven bone was present in less than 15% of the samples for all three zones. Mesenchyme and bone resorption were identified in fewer than 20% of specimens in all zones. Notably, the absence of cartilage and woven bone from the fracture healing process indicat
	Trends of when features appear, peak, and wane can be discerned from Table 16. In the 1-to-7-day range there is a peak in the presence of hematoma, hematoma organization, and fibrin. Between 7-and 14-days, connective tissue features become prevalent in the majority of samples, including mesenchyme, fibroblasts, and collagen. In the next time range, 14 to 30 days, these features peak and decrease thereafter. New capillaries also peak in the 14-to-30-day range 
	Adult extent scores are summarized in Table 17. The first value in each cell represents the number of samples for which the feature was scored as present in any evaluation for that anatomical zone, followed by the range of the mean extent values across all samples. The color coding is based upon the maximum mean extent. This table shows that when hematoma peaks in the 1-7 day range, that it reaches a moderate extent of expression. When fibrin peaks during the 1-7 day period, its expression varies by zone fr
	A summary of the analysis of covariation of assessed features is presented in Table 18 (full covariation results in Table 24 in the Appendix). This table shows that hematoma, organization, and fibrin presence are all highly correlated. Pigment laden macrophages have high covariation with both cartilage and inflammation, but this is because these features were rarely seen in the sample. All of the sub-features under the connective tissue category (mesenchyme/loose connective tissue, fibroblasts/cytes, fibrou
	their highest covariance with other features within this category. Blurring of fracture edge also has a high co-occurrence with lamellar bone presence. Table 18. Summary of the highest covariations of features without regard to healing time 
	* indicates it was also the highest covariation for listed feature. 
	Infant and Juvenile Healing 
	The sample sizes for the infants and juveniles are too small for statistical analysis, however each of these individuals represents an important contribution to understanding cranial fracture repair. As such, each case will be discussed from the acute injury state to more advanced healing. The presence of tissues and cells involved in infant and juvenile healing was drawn from the majority agreement of two evaluators. These values are included in Tables 22 and 23 in the Appendix. Tables 19 and 20 include th
	The sample sizes for the infants and juveniles are too small for statistical analysis, however each of these individuals represents an important contribution to understanding cranial fracture repair. As such, each case will be discussed from the acute injury state to more advanced healing. The presence of tissues and cells involved in infant and juvenile healing was drawn from the majority agreement of two evaluators. These values are included in Tables 22 and 23 in the Appendix. Tables 19 and 20 include th
	the presence and extent of the tissue. Therefore, any score less than 1 is excluded from the assessment. The following descriptions include all three zones, unless otherwise specified. 

	Description of Infant Samples 
	FH-065 and FH-012 are infants with acute linear fractures and serve as controls representing fractures with no healing. Although one evaluator noted the minimal presence of healing tissues, reevaluation by the PIs found no evident healing response. 
	FH-001 is an infant with two areas of circular injuries to the left and right parietals. These are birth injuries attributed to vacuum assisted delivery with an injury age of 20 days. Tissues and extents include a mild to moderately organized hematoma, minimal to mild fibrin in the outer and inner zones, acute to chronic inflammation with mild intensity and focal to patchy distribution, minimal to mild mesenchyme, rare to mild fibroblasts/cytes, mild to moderate fibrous connective tissue, minimal to mild ne
	There are three infants (FH-002, FH-053, and FH-089) in the study with an unknown age of injury, however it is assumed the injuries are not older than the decedents’ age. Although they were primarily included for the inter-observer agreement portion of the study, each will be described. 
	FH-002 has multiple healing linear cranial fractures with investigative evidence suggesting the injuries were inflicted on multiple occasions. Three samples were taken at postmortem examination of fractures that grossly appeared to be at three different stages of healing. For ease of comparison, the samples are described from minimal to extensive healing. Sample 2 is composed of minimal to mild mesenchyme in the diploic and inner zones, mild to moderate fibroblasts/cytes, minimal to mild fibrous connective 
	FH-089 is an infant for which three samples from multiple linear fractures of the right parietal and occipital were submitted with little variation in the constitution of each. The samples are composed of minimal to mild hematoma organization (Sample 3 only), minimal fibrin (Sample 3 only), minimal mesenchyme (Sample 3 only), mild to moderate fibroblasts/cytes, moderate to extensive fibrous connective tissue, minimal to moderate new capillaries, minimal cartilage, mild to moderate woven bone, minimal to mil
	Description of Juvenile Samples 
	The juvenile sample includes individuals ranging from 3 years to 15 years of age with linear cranial fractures. The cases are presented from the most acute injury to most advanced healing (Table 19). 
	FH-014 is a decedent with a sub-acute fracture to the left parietal (1 hour). Although some tissues were noted by one evaluator, no healing response is evident. 
	FH-008 is a decedent with multiple linear fractures. Three samples were collected for this individual; one (Sample 4) from the bone flap that was removed three hours after the injury and two samples (Sample 1 and 2) from the vault representing 3 days of healing. Although some tissues were noted in Sample 4 by one evaluator, no healing response is evident. Sample 1 is a linear fracture from the occipital with a healing time of three days. This sample is composed of minimal to mild mesenchyme, mild to moderat
	composed of minimal mesenchyme, moderate lamellar bone, and a complete bone bridge. FH028 Sample 2 is a healed linear fracture with a bone bridge spanning the outer zone. It is composed of rare fibroblast/cytes in the diploic and inner zones, minimal to mild fibrous connective tissue, minimal new capillaries in the diploic zone, minimal lamellar bone, reversal lines, and a blurred fracture margin in the diploic and inner zones. 
	-

	Soft Tissue Response 
	As fracture repair is a continuous process, it is expected there will be overlap between stages of healing. As the initial responses of hematoma and inflammation are peaking in the 1-7 day period, this is also the time period when reparative processes begin. Connective tissue components, including mesenchyme/loose connective tissue, fibroblasts/cytes, and collagen/fibrous connective tissue, appear in the 1-7 day range, peak in the 14-30 day range and typically resolve after 1-6 months. Although there are re
	The osseous response to injury in our sample generally begins in the 1-7 day range and continues until the bone is healed. There are a couple of examples of osseous response prior to this time period, but they represent injuries sustained in unwitnessed motor vehicle accidents, so the exact time of death is unknown. The majority of samples show evidence of osseous activity in the 14-30 day period with evidence of bone matrix, reversal lines and blurred fracture margins. By the 30-180 day (1-6 months) time p
	The osseous response to injury in our sample generally begins in the 1-7 day range and continues until the bone is healed. There are a couple of examples of osseous response prior to this time period, but they represent injuries sustained in unwitnessed motor vehicle accidents, so the exact time of death is unknown. The majority of samples show evidence of osseous activity in the 14-30 day period with evidence of bone matrix, reversal lines and blurred fracture margins. By the 30-180 day (1-6 months) time p
	categories (6-18 months, and 18+ months). Although osseous activity is common in advanced healing, evidence for bone resorption and woven bone are relatively rare within the sample. Bone resorption peaks in the 1-6 month range with 43-57% of samples showing evidence, but outside this time period it is not regularly observed. Woven bone is even less common with its highest prevalence between the 14-30 day (17-50%) and 30-180 day (14-43%) ranges. 

	Discussion 
	This study highlights the differences between cranial and postcranial bone repair in adults. Postcranial bone repair is typically divided into four stages: inflammation, soft callus, hard callus, and remodeling. The first difference is evident with the initial response to bone injury, as our sample shows little evidence of an inflammatory response. Cranial vault repair also lacks both the soft callus and hard callus stages that are common in postcranial repair, with a virtual absence of both cartilage and w
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	Another surprising outcome of this study is a notable lack of osteoclasts and evidence of osteoclastic activity (Howship’s lacunae) despite the blurring of fracture margins. This remodeling along the fracture edge may be due to the presence of lysosomal cell lines which 
	Another surprising outcome of this study is a notable lack of osteoclasts and evidence of osteoclastic activity (Howship’s lacunae) despite the blurring of fracture margins. This remodeling along the fracture edge may be due to the presence of lysosomal cell lines which 
	degrade margins via acid hydrolases and promote apoptosis in the cells along the fracture margins. 
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	While the sample sizes for infants and juveniles are too small for analysis, there are some interesting observations that seem to distinguish the cranial healing process in these younger ages. While inflammation and cartilage are still rare in these groups, 11 of the 15 infant samples (73.3%) have woven bone present in at least one of the anatomic zones, and 9 (60.0%) of the samples have it in all three zones. In juveniles, however, only 1 sample has evidence of woven bone. 
	There were notable outcomes from this study that were not part of the research design. Evaluators were asked to evaluate several soft and hard tissue responses to injury, however they were not asked to evaluate how and in what orientation new bone is formed in the fracture gap. In general, woven bone is rare (especially in adults) and new bone formation is composed of lamellar bone. Whether the injury is due to surgical intervention or linear fracture, this new lamellar bone is deposited appositionally alon
	Conclusion 
	The Repository of Antemortem Injury Response (REPAIR) serves as an invaluable tool for the forensic community as the first database to bring together comprehensive recorded and visual data of cranial injuries of known ages. Through the compilation of this dataset under a secure yet easily accessible digital interface, the limitations imposed upon cranial fracture studies, such as difficulties in obtaining a robust sample, are mitigated. Researchers wishing to use the data housed in REPAIR may visit the site
	The Repository of Antemortem Injury Response (REPAIR) serves as an invaluable tool for the forensic community as the first database to bring together comprehensive recorded and visual data of cranial injuries of known ages. Through the compilation of this dataset under a secure yet easily accessible digital interface, the limitations imposed upon cranial fracture studies, such as difficulties in obtaining a robust sample, are mitigated. Researchers wishing to use the data housed in REPAIR may visit the site
	administrators, the requested data can be exported from REPAIR via a csv file and provided to the interested party. Visual data, such as photographs, radiographs, and scanned photomicrographs are also available to the research community. Additionally, the repository was designed in a manner such that postcranial fractures of known ages could be submitted and stored in the future with only minor adjustments, thus broadening the scope and utility of the data housed within REPAIR. The database is also useful f

	Beyond the value of REPAIR, this is the first study to document the histological progression and develop unique stages of osseous healing for the human cranial vault. The stages of cranial fracture repair and associated histological features at different injury ages developed herein give investigators a preliminary tool to assess the age of cranial fractures, eliminating any prior reliance on postcranial models of healing and subjective estimations dependent upon analyst experience. Discernment of the histo
	An important contribution of this project was the development of a method to assess healing injuries of the vault. One of the deficiencies in forensic science has been the lack of understanding of how cranial vault bones heal. This deficiency is largely due to the absence of 
	An important contribution of this project was the development of a method to assess healing injuries of the vault. One of the deficiencies in forensic science has been the lack of understanding of how cranial vault bones heal. This deficiency is largely due to the absence of 
	appropriate histological training. Forensic anthropologists and forensic pathologists are minimally trained in normal and abnormal decalcified bone histology. Forensic anthropology training focuses on dry bone or ground bone histology and forensic pathologists focus on soft tissue morphology. As such, much time was spent with the evaluators to familiarize them with the presentation of the cells and tissues in healing bone. 

	This experience has led the investigators to plan for a future workshop at the American Academy of Forensic Sciences annual meeting. This workshop will serve to train forensic pathologists and anthropologists in fracture healing histology and the value of using this information to inform future interpretations of cranial trauma for time-since injury. In addition, the profession of forensic anthropology is currently focused on standardizing education at the post graduate level. The educational materials and 
	The experimental sub-studies assessing histological staining and decalcification will allow histological technicians and investigators, interested in assessing healing in human bone, an empirical basis for selecting a decalcification agent and/or histological stain. Better informed methodologies will help to streamline the development of histological slides for research and forensic casework by reducing time investments, improving assessment accuracy, and preventing unnecessary destruction of osseous sample
	Limitations 
	A power analysis performed during the design phase of the study showed a sample size of 84 was required to achieve a medium (0.3) significant correlation effect between histological elements and time since injury. To account for specimens which were not suitable for testing, a 
	A power analysis performed during the design phase of the study showed a sample size of 84 was required to achieve a medium (0.3) significant correlation effect between histological elements and time since injury. To account for specimens which were not suitable for testing, a 
	target sample goal was set at 100 samples for each of the three age cohorts: infants (0 to 36 months), juveniles (36 months to 16 years), and adults (16+ years), resulting in a total of 300 cases of known age cranial fractures. To achieve this sample size, partnerships were established, and material transfer agreements were executed with medical examiner offices across the country. Unfortunately, only samples from 3 decedents were obtained from partnering institutions. While the goal was still able to be me
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	Although our adult sample was robust, once it was divided into different age categories it was apparent that some injury age groups were underrepresented. This limited our ability to conduct robust statistical analyses comparing these different injury age groups. Furthermore, it was impossible in the development of the sample to control all factors which may alter the rate of fracture/injury repair in the cranial vault. Aspects of decedent history and injury such as the fracture severity, bone type, surgica
	Collaborating Institutions 
	The primary source of cranial vault fractures for building the REPAIR database came from medical examiner (ME) cases at this study’s host research institution, Western Michigan University Homer Stryker M.D. School of Medicine (WMed) Forensic and Autopsy Service. Additional samples were sourced through WMED’s body donation program and the following partner institutions: 
	 
	 
	 
	Macomb County Medical Examiner’s Office, Mt. Clemens, Michigan 

	 
	 
	Pima County Office of the Medical Examiner, Tuscon, Arizona 


	The number of cases contributed by each institution to the REPAIR database is listed in Table 18. The contributing offices were notified of the opportunity to submit samples to the database through the National Association of Medical Examiners listserv. Each partnering medical examiner office was required to complete a material transfer agreement developed by 
	The number of cases contributed by each institution to the REPAIR database is listed in Table 18. The contributing offices were notified of the opportunity to submit samples to the database through the National Association of Medical Examiners listserv. Each partnering medical examiner office was required to complete a material transfer agreement developed by 
	the project PIs prior to sending fracture samples to WMed. Training in sample procurement methods was disseminated to the sampling partners, and shipping kits for sample transfers were assembled at the host institution and sent to the ME offices as needed. 

	Scholarly Products Produced/In Progress 
	Publications 
	Submitted 
	Isaac CV, Cornelison JB, Prahlow JA, Devota CJ, Christensen E. An Overview of Fracture Healing and the Repository of Antemortem Injury Response (REPAIR): An Online Database for Skeletal Injuries of Known Ages. Manuscript submitted for publication. 
	In Preparation 
	A manuscript of the results of the decalcification agent time and quality assessment is in draft and will be submitted for publication in Summer 2021. 
	A manuscript of the results of the histological stain assessment for fracture histomorphology is in draft and will be submitted for publication in Summer 2021. 
	A publication of the observed histological stages of cranial fracture repair for adult individuals aged 16+ years in a condensed form across each of the three anatomical zones is planned. 
	Conference Presentations 
	2020 
	Cornelison JB, Isaac CV, Lackey-Cornelison W, Shattuck B, deJong JL, Fisher-Hubbard AO, Brown TT, Douglas EA, Prahlow JA. (2020). The Histomorphology of Cranial Fracture Healing: Preliminary Observations. Presented at the 72nd annual meeting of the American Academy of Forensic Sciences in Anaheim, CA. 
	Isaac CV, Cornelison JB, Prahlow JA. (2020). The Repository of Antemortem Injury Response (REPAIR): An Invaluable Online Resource of Known Age Fractures for Comparison and Research. Presented at the 72nd annual meeting of the American Academy of Forensic Sciences in Anaheim, CA. 
	Isaac CV, Cornelison JB, Prahlow JA. (2020). The Repository of Antemortem Injury Response (REPAIR): An Invaluable Online Resource of Known Age Fractures for Comparison and Research. Presented on February 7 at Michigan State University Anthropology Department’s 5th Annual Graduate Student Research Symposium, East Lansing, MI. 
	2019 
	Isaac CV, Cornelison JB, Christensen ER. (2019). The Repository of Antemortem Injury Response (REPAIR): An Online Reference of Known Time Since Fractures. Presented at the 9th annual meeting of the Forest, Lakes, and Grasslands (FLAG) Forensic Anthropologists, Roscommon, MI. 
	Isaac CV, Cornelison JB, Prahlow JA. (2019). The Histomorphology of Cranial Fracture Healing: Case Examples. Poster presented at the 71st annual meeting of the American Academy of Forensic Sciences in Baltimore, MD. 
	Cornelison JB, Isaac CV, Prahlow JA. (2019). A Comparison of Three Methods for Assessment of Bone Decalcification Time and Quality of Histological Slides for Cranial Fracture Healing Investigation. Poster presented at the 71st annual meeting of the American Academy of Forensic Sciences in Baltimore, MD. 
	2018 
	Cornelison JB, Isaac CV, Prahlow JA. (2018). Preliminary Observations for the Histology of Fracture Healing. Presented at the 8th annual meeting of the Forest, Lakes, and Grasslands (FLAG) Forensic Anthropologists, Roscommon, MI. 
	2017 
	Cornelison JB, Isaac CV (2017). Histological Investigation of Healing Cranial Trauma. Presented at the Seventh Annual Forests, Lakes, and Grasslands Regional Conference, Roscommon, MI, October 2016. 
	Database 
	Database 

	The Repository of Antemortem Injury Response (REPAIR) 
	REPAIR (), developed in collaboration with ORA, is a burgeoning database 
	repair.orainc.com

	housing known-age cranial fracture cases with comprehensive written, radiographic, 
	photographic and photomicrograph sample documentation for use in research and comparative 
	casework assessments. 
	Training 
	Training 

	A sample procurement module for training purposes was developed and disseminated to partnering Medical Examiner Offices to ensure standard sample collection. The module describes the required radiography, gross examination photography, and sampling and storage guidelines for shipping. 
	A training module was prepared for the evaluators to introduce the four different histological stains and the histology sample evaluative form. 
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	AGE GROUP 
	AGE GROUP 
	AGE GROUP 
	DECEDENT CASES 
	SAMPLES 

	Infant (0-3 years) 
	Infant (0-3 years) 
	10 
	24 

	Juvenile (3-16 years) 
	Juvenile (3-16 years) 
	4 
	12 

	Adult (16+ years) 
	Adult (16+ years) 
	72 
	147 

	TOTAL 
	TOTAL 
	86 
	183 


	Figure
	INJURY AGES 
	INJURY AGES 
	INJURY AGES 
	SAMPLES 

	Acute 
	Acute 
	20 

	<1 day 
	<1 day 
	12 

	1-7 days 
	1-7 days 
	39 

	8-30 days 
	8-30 days 
	18 

	31-90 days 
	31-90 days 
	16 

	91-365 days 
	91-365 days 
	11 

	365-1825 days (1-5 years) 
	365-1825 days (1-5 years) 
	12 

	>1825 days (>5 years) 
	>1825 days (>5 years) 
	49 

	Unknown 
	Unknown 
	6 

	TOTAL 
	TOTAL 
	183 


	INJURY TYPES 
	INJURY TYPES 
	INJURY TYPES 
	SAMPLES 

	Linear 
	Linear 
	81 

	Craniotomy/Craniectomy/Cranioplasty 
	Craniotomy/Craniectomy/Cranioplasty 
	48 

	Diastatic/Suture 
	Diastatic/Suture 
	18 

	Burr hole 
	Burr hole 
	15 

	Depressed 
	Depressed 
	8 

	Ventriculoperitoneal (VP) Shunt 
	Ventriculoperitoneal (VP) Shunt 
	6 

	Comminuted 
	Comminuted 
	4 

	Hinge 
	Hinge 
	1 

	Cephalohematoma 
	Cephalohematoma 
	2 

	Unknown 
	Unknown 
	0 

	TOTAL 
	TOTAL 
	183 
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	Table
	TR
	DECALCIFICATION AGENT 

	AGE GROUP 
	AGE GROUP 
	EDTA 
	HCL 
	NITRIC ACID 
	TOTAL 

	Infant 
	Infant 
	7 
	2 
	7 
	16 

	Juvenile 
	Juvenile 
	5 
	1 
	4 
	10 

	Adult 
	Adult 
	22 
	4 
	72 
	98 

	Total 
	Total 
	34 
	7 
	83 
	124 


	Table
	TR
	N 
	MEAN 
	STD DEV 
	MIN 
	LOWER QUARTILE 
	MEDIAN 
	UPPER QUARTILE 
	MAX 

	Age of Decedent (years) 
	Age of Decedent (years) 
	124 
	39.7 
	25.1 
	0.2 
	22.6 
	39.2 
	60.9 
	87.8 

	Sample length (mm) 
	Sample length (mm) 
	113 
	42.2 
	17.1 
	11.9 
	32.0 
	38.2 
	50.3 
	122.3 

	Sample width (mm) 
	Sample width (mm) 
	113 
	27.7 
	12.7 
	6.1 
	20.1 
	26.7 
	33.5 
	88.7 

	Sample thickness (mm) 
	Sample thickness (mm) 
	113 
	7.9 
	3.5 
	1.5 
	5.4 
	7.5 
	9.9 
	24.0 

	Calculated Volume (mm^3) 
	Calculated Volume (mm^3) 
	113 
	11268.4 
	13977.2 
	198.8 
	3672.6 
	7833.1 
	13564.5 
	104160.6 

	Calculated Surface Area (mm^2) 
	Calculated Surface Area (mm^2) 
	113 
	3761.5 
	3127.2 
	253.0 
	2156.8 
	3138.6 
	4766.6 
	23142.6 

	Decalcification time (days) 
	Decalcification time (days) 
	124 
	28.9 
	45.4 
	1 
	7 
	11 
	24.5 
	281 


	Figure
	Figure
	Figure
	DECALCIFICATION AGENT 
	DECALCIFICATION AGENT 
	DECALCIFICATION AGENT 
	𝑿̅ + SD (DAYS) 
	MAX (DAYS) 
	MIN (DAYS) 
	RANGE (DAYS) 

	10% EDTA 
	10% EDTA 
	78.97 + 63.13 
	281 
	4 
	277 

	5% Nitric Acid 
	5% Nitric Acid 
	10.35 + 5.54 
	30 
	1 
	29 

	7% HCl 
	7% HCl 
	3.57 + 2.70 
	9 
	1 
	8 


	Table
	TR
	10% EDTA 
	7% HYDROCHLORIC ACID 
	5% NITRIC ACID 

	AGES 
	AGES 
	N 
	𝑿̅ ± SD 
	MAX 
	MIN 
	N 
	𝑿̅± SD 
	MAX 
	MIN 
	N 
	𝑿̅± SD 
	MAX 
	MIN 

	Infant 
	Infant 
	7 
	16.71 + 18.25 
	53 
	4 
	2 
	2.5 ± 
	4 
	1 
	7 
	7.14 
	24 
	1 

	(0-3 yrs) 
	(0-3 yrs) 
	2.12 
	± 

	TR
	7.67 

	Juvenile 
	Juvenile 
	5 
	74.60 ± 32.04 
	108 
	60 
	1 
	3 ± 0 
	-
	-
	4 
	7.00 
	9 
	5 

	(3-16 
	(3-16 
	± 

	yrs) 
	yrs) 
	1.83 

	Adult 
	Adult 
	22 
	99.77 ± 65.91 
	281 
	25 
	4 
	4.25 
	9 
	1 
	72 
	10.35 
	30 
	1 

	(16+ 
	(16+ 
	± 
	± 

	yrs) 
	yrs) 
	3.40 
	5.54 


	Figure
	Figure
	Figure
	Percentile 
	Percentile 
	Percentile 
	Transformed Residual 

	0% 
	0% 
	-132.1 days 

	5% 
	5% 
	-21.8 days 

	25% 
	25% 
	-2.8 days 

	50% 
	50% 
	0.3 days 

	75% 
	75% 
	3.9 days 

	95% 
	95% 
	42.6 days 

	100% 
	100% 
	75.4 days 
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	TR
	MEAN + STANDARD DEVIATION 

	RANK 
	RANK 
	DECALCIFICATION AGENT 
	TISSUES 
	CELLS 
	NUCLEI 

	1 
	1 
	EDTA (n=42) 
	4.1 ± 0.9 
	3.7 ± 1.0 
	3.7 ± 1.2 

	2 
	2 
	Nitric acid (n=42) 
	3.8 ±1.1 
	3.4 ± 1.2 
	3.2 ± 1.3 

	3 
	3 
	HCl (n=42) 
	3.6 ± 1.0 
	3.0 ± 1.3 
	2.9 ± 1.3 


	Table 10. Likert Score Odds Ratios 
	Table 10. Likert Score Odds Ratios 
	Table 10. Likert Score Odds Ratios 

	COMPARISON 
	COMPARISON 
	TISSUES 
	CELLS 
	NUCLEI 

	EDTA (1) vs. Nitric (2) 
	EDTA (1) vs. Nitric (2) 
	2.4 * 
	1.8 
	2.7 * 

	(p-value) 
	(p-value) 
	(0.0462) 
	(0.1515) 
	(0.0177) 

	Nitric (2) vs. HCl (3) 
	Nitric (2) vs. HCl (3) 
	1.5 
	2.5 * 
	1.8 

	(p-value) 
	(p-value) 
	(0.3597) 
	(0.0285) 
	(0.1354) 

	EDTA (1) vs. HCl (3) 
	EDTA (1) vs. HCl (3) 
	3.7 ** 
	4.6 ** 
	5.1 ** 

	(p-value) 
	(p-value) 
	(0.0048) 
	(0.0006) 
	(0.0003) 
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	Table 11. Samples evaluated by three observers. 
	Table 11. Samples evaluated by three observers. 
	Table 11. Samples evaluated by three observers. 

	AGE GROUP 
	AGE GROUP 
	DECEDENT CASES 
	SAMPLES 

	Infant (0-3 years) 
	Infant (0-3 years) 
	7 
	16 

	Juvenile (3-16 years) 
	Juvenile (3-16 years) 
	4 
	7 

	Adult (16+ years) 
	Adult (16+ years) 
	68 
	131 

	TOTAL 
	TOTAL 
	80 
	154 
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	Table 12. Interobserver error kappa interpretation 
	Table 12. Interobserver error kappa interpretation 
	Table 12. Interobserver error kappa interpretation 

	KAPPA VALUE 
	KAPPA VALUE 
	INTERPRETATION 

	≤ 0.0 
	≤ 0.0 
	No agreement 

	0.01 – 0.20 
	0.01 – 0.20 
	None to slight 

	0.21 – 0.40 
	0.21 – 0.40 
	Fair 

	0.41 – 0.60 
	0.41 – 0.60 
	Moderate 

	0.61 – 0.80 
	0.61 – 0.80 
	Substantial 

	0.81 – 1.00 
	0.81 – 1.00 
	Almost perfect 
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	Figure
	Figure
	Figure
	Figure
	Figure 10. Interobserver error and histological feature 24 
	Figure 10. Interobserver error and histological feature 24 
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	Figure
	Table 13. Level of observer agreement for stains using kappa3. Stain code: hematoxylin and eosin (H&E), trichrome (TriChr), alcian blue hematoxylin/orange G (AB/OG), pentachrome (PChr) 
	Table 13. Level of observer agreement for stains using kappa3. Stain code: hematoxylin and eosin (H&E), trichrome (TriChr), alcian blue hematoxylin/orange G (AB/OG), pentachrome (PChr) 
	Table 13. Level of observer agreement for stains using kappa3. Stain code: hematoxylin and eosin (H&E), trichrome (TriChr), alcian blue hematoxylin/orange G (AB/OG), pentachrome (PChr) 

	HEALING FEATURE 
	HEALING FEATURE 
	GREATEST LEVEL OF AGREEMENT 
	# OF STAINS AT LEVEL OF AGREEMENT 
	DECREASING RAW KAPPA3 VALUE 

	TR
	Stain 1 
	Stain 2 
	Stain 3 
	Stain 4 

	Bone Formation/Remodeling 
	Bone Formation/Remodeling 
	Fair 
	4 
	PChr 
	H&E 
	TriChr 
	AB/OG 

	Bone Matrix 
	Bone Matrix 
	Fair 
	4 
	TriChr 
	PChr 
	H&E 
	AB/OG 

	Bone Resorption 
	Bone Resorption 
	Fair 
	4 
	PChr 
	AB/OG 
	H&E 
	TriChr 

	Capillaries 
	Capillaries 
	Moderate 
	4 
	TriChr 
	H&E 
	PChr 
	AB/OG 

	Cartilage Formation 
	Cartilage Formation 
	Fair 
	3 
	PChr 
	TriChr 
	AB/OG 

	Collagen/Fibrous C.T. 
	Collagen/Fibrous C.T. 
	Substantial 
	2 
	AB/OG 
	PChr 

	Connective Tissue 
	Connective Tissue 
	Moderate 
	4 
	AB/OG 
	PChr 
	TriChr 
	H&E 

	Fibrin 
	Fibrin 
	Substantial 
	1 
	TriChr 

	Fibroblasts/cytes 
	Fibroblasts/cytes 
	Moderate 
	4 
	H&E 
	AB/OG 
	PChr 
	TriChr 

	Fracture Edge Blurred 
	Fracture Edge Blurred 
	Fair 
	4 
	TriChr 
	H&E 
	AB/OG 
	PChr 

	Hematoma 
	Hematoma 
	Moderate 
	4 
	AB/OG 
	TriChr 
	H&E 
	PChr 

	Inflammation 
	Inflammation 
	Fair 
	4 
	TriChr 
	H&E 
	AB/OG 
	PChr 

	Lamellar Bone 
	Lamellar Bone 
	Fair 
	4 
	TriChr 
	H&E 
	AB/OG 
	PChr 

	Mesenchyme/Loose C.T. 
	Mesenchyme/Loose C.T. 
	None to slight 
	4 
	AB/OG 
	PChr 
	TriChr 
	H&E 

	Organization 
	Organization 
	Moderate 
	4 
	TriChr 
	H&E 
	PChr 
	AB/OG 

	Pigment-Laden Macrophages 
	Pigment-Laden Macrophages 
	Fair 
	2 
	TriChr 
	PChr 

	Reversal Lines 
	Reversal Lines 
	Fair 
	2 
	H&E 
	PChr 

	Woven Bone 
	Woven Bone 
	Fair 
	4 
	H&E 
	TriChr 
	PChr 
	AB/OG 
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	Table 14. Samples with known age of injury 
	Table 14. Samples with known age of injury 
	Table 14. Samples with known age of injury 

	AGE GROUP 
	AGE GROUP 
	DECEDENT CASES 
	SAMPLES 

	Infant (0-3 years) 
	Infant (0-3 years) 
	6 
	15 

	Juvenile (3-16 years) 
	Juvenile (3-16 years) 
	4 
	7 

	Adult (16+ years) 
	Adult (16+ years) 
	68 
	125 

	TOTAL 
	TOTAL 
	78 
	147 
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	Table 15. Healing time categories for adult samples 
	Table 15. Healing time categories for adult samples 
	Table 15. Healing time categories for adult samples 

	HEALING TIME 
	HEALING TIME 
	SAMPLES 

	Acute 
	Acute 
	10 

	0-1 hours 
	0-1 hours 
	5 

	1-24 hours 
	1-24 hours 
	4 

	1-7 days 
	1-7 days 
	29 

	7-14 days 
	7-14 days 
	8 

	14-30 days 
	14-30 days 
	6 

	1-6 months 
	1-6 months 
	7 

	6-18 months 
	6-18 months 
	10 

	18+ months 
	18+ months 
	46 

	Total 
	Total 
	125 
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	Figure
	Figure
	Figure
	Figure
	Figure
	FEATURE 
	FEATURE 
	FEATURE 
	HIGHEST COVARIATION 
	RANGE 
	MEAN 

	Hematoma* 
	Hematoma* 
	Fibrin* 
	0.91 to 0.99 
	0.96 

	Organization* 
	Organization* 
	Fibrin 
	0.89 to 0.99 
	0.95 

	Pigment* 
	Pigment* 
	Cartilage* 
	0.94 to 0.97 
	0.96 

	Inflammation* 
	Inflammation* 
	Pigment 
	0.92 to 0.94 
	0.93 

	Connective Tissue* 
	Connective Tissue* 
	Fibrous CT/Collagen* 
	0.92 to 1.0 
	0.96 

	Mesenchyme/Loose CT* 
	Mesenchyme/Loose CT* 
	Connective Tissue 
	0.77 to 0.98 
	0.89 

	Fibroblasts/cytes* 
	Fibroblasts/cytes* 
	Connective Tissue 
	0.91 to 1.0 
	0.96 

	Capillaries* 
	Capillaries* 
	Connective Tissue 
	0.91 to 1.0 
	0.95 

	Fracture Edge* 
	Fracture Edge* 
	Lamellar Bone 
	0.96 to 0.98 
	0.97 

	Bone Formation* 
	Bone Formation* 
	Bone Matrix 
	0.96 to 1.0 
	0.99 

	Bone Matrix* 
	Bone Matrix* 
	Lamellar Bone* 
	0.99 to 1.0 
	1.0 

	Bone Resorption* 
	Bone Resorption* 
	Bone Formation 
	0.57 to 0.95 
	0.83 

	Woven Bone* 
	Woven Bone* 
	Bone Matrix 
	0.73 to 0.94 
	0.87 

	Reversal/Cement Lines* 
	Reversal/Cement Lines* 
	Bone Formation 
	0.94 to 0.99 
	0.97 
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	Figure 12. Photomicrograph of FH-012 acute fracture sample 
	Figure 12. Photomicrograph of FH-012 acute fracture sample 
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	Figure 13. FH-001 photomicrograph of parietal injury aged 20 days 
	Figure 13. FH-001 photomicrograph of parietal injury aged 20 days 
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	Figure 16. FH-089 healing fracture 
	Figure 16. FH-089 healing fracture 
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	Figure 17. FH-014 parietal fracture healed 1 hour 
	Figure 17. FH-014 parietal fracture healed 1 hour 


	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
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	Table 21. REPAIR sample contributions by institution 
	Table 21. REPAIR sample contributions by institution 
	Table 21. REPAIR sample contributions by institution 

	Institution 
	Institution 
	Samples Contributed 

	Western Michigan University Homer Stryker M.D. School of Medicine Forensic and Autopsy Service 
	Western Michigan University Homer Stryker M.D. School of Medicine Forensic and Autopsy Service 
	144 

	WMed Body Donation Program 
	WMed Body Donation Program 
	1 

	Macomb County Medical Examiner’s Office 
	Macomb County Medical Examiner’s Office 
	6 

	Pima County Office of the Medical Examiner 
	Pima County Office of the Medical Examiner 
	4 
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	Figure
	Figure
	Figure
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	Table 22. Histological feature presence/absence for infant samples 
	Table 22. Histological feature presence/absence for infant samples 
	Table 22. Histological feature presence/absence for infant samples 

	TR
	Sample: 
	FH065-S1 
	-

	FH012-S1 
	-

	FH053S1a 
	-
	-

	FH053S1b 
	-
	-

	FH053S1c 
	-
	-

	FH053S1d 
	-
	-

	FH053S1e 
	-
	-

	FH053S1f 
	-
	-

	FH001-S1 
	-

	FH002-S1 
	-

	FH002-S2 
	-

	FH002-S3 
	-

	FH089-S1 
	-

	FH089-S2 
	-

	FH089-S3 
	-


	TR
	Injury Type: 
	Linear 
	Linear 
	Linear 
	Linear 
	Linear 
	Linear 
	Linear 
	Linear 
	Other 
	Linear 
	Linear 
	Linear 
	Linear 
	Linear 
	Linear 

	TR
	Fracture Healing Time: 
	0 days 
	0 days 
	8-28 days 
	8-28 days 
	8-28 days 
	8-28 days 
	8-28 days 
	8-28 days 
	20 days 
	1-3 months 
	1-3 months 
	1-3 months 
	3-8 months 
	3-8 months 
	3-8 months 

	FEATURE 
	FEATURE 
	ZONE 

	Hematoma 
	Hematoma 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 

	Organization 
	Organization 
	Outer 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 

	Inner 
	Inner 
	X 

	Pigment 
	Pigment 
	Outer 

	Diploë 
	Diploë 

	Inner 
	Inner 

	Fibrin 
	Fibrin 
	Outer 
	X 

	Diploë 
	Diploë 
	X 
	X 

	Inner 
	Inner 
	X 

	Inflammation 
	Inflammation 
	Outer 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 

	Inner 
	Inner 
	X 
	X 

	Fracture Edge Blurred 
	Fracture Edge Blurred 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Connective Tissue 
	Connective Tissue 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Mesenchyme 
	Mesenchyme 
	Outer 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
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	Table
	TR
	Inner 
	X 
	X 
	X 
	X 
	X 

	Fibroblasts 
	Fibroblasts 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Collagen 
	Collagen 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Capillaries 
	Capillaries 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Cartilage Formation 
	Cartilage Formation 
	Outer 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 

	Bone Formation 
	Bone Formation 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Bone Matrix 
	Bone Matrix 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Bone Resorption 
	Bone Resorption 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Woven Bone 
	Woven Bone 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Lamellar 
	Lamellar 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Reversal 
	Reversal 
	Outer 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
	X 
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	Table 23. Histological feature presence/absence for juvenile samples 
	Table 23. Histological feature presence/absence for juvenile samples 
	Table 23. Histological feature presence/absence for juvenile samples 

	TR
	Sample: 
	FH-014-S2 
	FH-008-S4 
	FH-008-S1 
	FH-008-S2 
	FH-041-S1 
	FH-028-S1 
	FH-028-S2 

	TR
	Injury Type: 
	Linear 
	Linear 
	Depressed 
	Linear 
	Linear 
	Linear 
	Linear 

	TR
	Healing Time: 
	1 hour 
	3.5 hours 
	3 days 
	3 days 
	12 days, 20 hours 
	9 years, 3 months 
	9 years, 3 months 

	FEATURE 
	FEATURE 
	ZONE 

	Hematoma 
	Hematoma 
	Outer 

	Diploë 
	Diploë 
	X 
	X 

	Inner 
	Inner 
	X 

	Organization 
	Organization 
	Outer 

	Diploë 
	Diploë 
	X 
	X 

	Inner 
	Inner 
	X 

	Pigment 
	Pigment 
	Outer 

	Diploë 
	Diploë 

	Inner 
	Inner 

	Fibrin 
	Fibrin 
	Outer 

	Diploë 
	Diploë 
	X 
	X 

	Inner 
	Inner 
	X 
	X 

	Inflammation 
	Inflammation 
	Outer 

	Diploë 
	Diploë 
	X 
	X 

	Inner 
	Inner 

	Fracture Edge Blurred 
	Fracture Edge Blurred 
	Outer 
	X 
	. 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	. 
	X 

	Connective Tissue 
	Connective Tissue 
	Outer 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 

	Mesenchyme 
	Mesenchyme 
	Outer 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 

	Inner 
	Inner 
	X 

	Fibroblasts 
	Fibroblasts 
	Outer 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 

	Collagen 
	Collagen 
	Outer 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 

	Capillaries 
	Capillaries 
	Outer 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 

	Inner 
	Inner 
	X 

	Cartilage Formation 
	Cartilage Formation 
	Outer 
	X 

	Diploë 
	Diploë 
	X 
	X 

	Inner 
	Inner 

	Bone Formation 
	Bone Formation 
	Outer 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 

	Bone Matrix 
	Bone Matrix 
	Outer 
	X 
	X 
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	TR
	Diploë 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 

	Bone Resorption 
	Bone Resorption 
	Outer 
	X 

	Diploë 
	Diploë 
	X 

	Inner 
	Inner 
	X 

	Woven Bone 
	Woven Bone 
	Outer 
	X 

	Diploë 
	Diploë 
	X 

	Inner 
	Inner 

	Lamellar 
	Lamellar 
	Outer 
	X 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 

	Reversal 
	Reversal 
	Outer 
	X 
	X 

	Diploë 
	Diploë 
	X 
	X 
	X 
	X 

	Inner 
	Inner 
	X 
	X 
	X 
	X 
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	Table 24. Covariation of feature presence in all adult fractures 
	Table 24. Covariation of feature presence in all adult fractures 
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