
Sample 

Å     Pediatric rib specimens (mid-axillary line to costo-condral junction) were obtained at autopsy following full IRB review 

and approval.  The test sample includes 44 ribs from 12 individuals (stature range: 58.7-132.5 cm, age range: 5-108 months).  

Ribs were frozen (-20º) in saline-soaked gauze until the time of  testing, and once thawed, all soft tissue was removed.  

 

Mechanical Testing Methods 

Å     Ribs were quasi-statically (2.5mm/min) loaded on their cutaneous surface in a 3-point bend test-set up where both ends 

were simply supported (Figure 1).  In this configuration the cutaneous cortex experienced compressive loads while the pleural 

cortex was in tension (Figure 2).  A pre-load was applied in which the rib was displaced to 0.75 mm to ensure it was 

positioned securely.  If  any rotation occurred during this time, it was accounted for in later analyses.  Force-displacement data 

were collected and used to calculate structural and material properties. 

 

Histological Methods 

Å     One cm transverse sections were removed at the region of  interest (ROI) near the loading point and embedded in 

EpothinÊ epoxy resin (Buehler).  Thick-sections (~150 µm) of  the resulting bone blocks were sliced with a slow-speed 

diamond-bladed wafering saw (Isomet, Buehler), manually ground down (~60-80 µm), and mounted on standard microscope 

slides with PermountÊ.  Visualization of microscopic features was achieved with an Olympus (BX51) microscope with a 

circular polarized light filter.  Individual overlapping digital images were taken across the transverse section and merged to 

form a composite at 100x magnification.  SPOTÊ digital imaging software was used to quantify the following variables: 

Å     Cortical Area in mm2 (Ct.Ar =Total area- Endosteal area), amount of  cortical bone between periosteal and endosteal 

borders (Figure 3a) 

Å     Relative Secondary Lamellar Bone Area in mm2 (Sd.Ar/ Ct.Ar ), ratio of  area of  secondary lamellar bone within cortex to 

cortical area (Figure 3b) 

Å     Relative Porosity Area in mm2 (P.Ar/ Ct.Ar ), ratio of  area of  porous spaces within cortex to cortical area (Figure 3c) 

 

Å     MomentMacroJ for ImageJ (NIH) was used to determine area moments of  inertia (I) and section moduli (S) at the ROI.  

A comparison was made between ImageJ calculations of  Cortical Area based on microscopic images versus the transverse 

images obtained from standard-resolution (1 mm) CT scans (Figure 4a, b).  Direct measurements on microscopic images 

made in SPOTÊ were assumed to be the ôgold standardõ for this comparison.  The poor resolution of CT scans resulted in a 

large mean percent error as reported in Table 1 and a significant difference in calculated area moments of  inertia. 

 

Structural and Material Properties 

The following were calculated:  

Å     Peak moment, as the measure of  structural strength in this study, is defined by: 

 

Å     Peak stress, as the measure of  material strength in this study, is defined by: 

 

Å     Youngõs modulus, as the measure of material stiffness in this study, is defined by: 

  

Statistical Analysis 

Å     Univariate Mixed Models were fit using each of ôpeak momentõ, ôpeak stressõ, ôYoungõs modulusõ, and ôsection modulusõ 

as separate outcome variables and each of ôstatureõ, ôageõ, ôsecondary lamellar boneõ, and ôporosityõ as fixed effect univariate 

predictors.  The mixed model included random intercepts for each individual and assumed an unstructured variance 

covariance matrix to take the correlation between multiple observations on the same individual into account. 
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ImageJ: 

from CT  

ImageJ: from  

microscope 

Ct.Ar : Mean % Error 122.17 % 0.56 % 
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Table 1. Comparison between ògold standardó direct 

microscopic measurements and ImageJ calculations 

Figure 1. 3-point bend test set-up 

Figure 4. Comparative images of  specimen Ped14_L6 using a) microscopic 

techniques and b) a CT scan, displaying resolution differences  

Resolution= 6.5 p/mm Resolution= 680 p/mm 

a b 

Superior 

Cutaneous Pleural 

Inferior 
Costal Groove 

Figure 2. Illustration of  immature thorax and associated orientation 

of  a transverse section of  a right 6th rib.  Note the position of  the 

costal groove and cutaneous (compression) and pleural (tension) 

cortices. (Illustration from Scheuer and Black 2000) 

Imin : Mean (mm4) 97.01 52.79 

Å     In this pediatric test sample, bone strength increases with growth and 

development and it appears that geometry is the primary reason for this. 

 

Å     The error introduced into cross-sectional properties by importing CT 

data into ImageJ is large. Therefore, it is suggested that high-resolution 

microscopic imaging techniques are utilized, rather than CT scans, to 

determine accurate bone area and area moments of  inertia. 

 

Å     This study is limited in that many rib specimens were from 

chronically ill children, which can alter the rate of  bone development to 

varying degrees.  However, even in healthy children bone growth can vary 

significantly in magnitude and rate in individuals of  the same age.  It is 

suggested that future studies rely on stature as a proxy for skeletal 

development, rather than the common practice of  relying on age. 

 

Å     Future development of  this research will include a larger sample from 

individuals of  all sizes and ages (pediatric through elderly) for 

comparison, as well as improved dynamic test procedures using complete 

ribs.   

 

Å     A better understanding of  the change in mechanical properties of  ribs 

from early childhood through adulthood can improve current scaling 

techniques for child crash dummies and improve analytical models. 
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Å     Traumatic injury from motor vehicle crashes is the leading 

cause of  death in children (NHTSA 2009).  The thorax is an 

important region of  study because its movement dictates relative 

motion of  the head and because it is an area often injured from 

restraints in motor vehicle crashes.  Few studies exist that explore 

the material properties, mechanical behavior, or variation in 

structure within immature human bone specimens, which are all 

necessary to help prevent injury and to understand injury 

mechanisms in children.  

 

Å     The objectives of  this study are: 1) to measure material and 

structural properties of  pediatric ribs, 2) to accurately and precisely 

define cross-sectional properties of  pediatric ribs, and 3) to 

microscopically quantify features associated with developmental 

stages in the rib and explore their relationship with mechanical 

properties. 

 

Å     It is often assumed that bone is a homogenous material 

however; it is actually a complex composite material.  This is 

especially true for immature skeletal tissue, which is a 

combination of  primary and secondary bone.  Secondary lamellar 

bone is comprised of  features associated with remodeling 

(secondary osteons), whereas for the purpose of  this study, 

primary bone is defined as all types of  non-secondary bone 

including woven, fibrolamellar, and primary lamellar bone.  Bone 

types are thought to have different material properties and 

behavior patterns (Liu et al. 2000), so it is important to account for 

them in studies on immature bone.  

 

Å     Due to a high activation frequency of  remodeling events in 

sub-adults, large amounts of  intracortical porosity are common.  

In adults, porosity has a negative effect on bone strength (Martin 

et al. 1998), so this relationship is explored here in pediatric ribs. 

 
 
 

Å     Structural Properties - Peak moment was found to have a significant 

positive relationship with ôstatureõ (Figure 5a), ôsecondary lamellar boneõ 

(Figure 5b) and ôageõ indicating that the strength of ribs increases with 

growth and development.  No relationship between peak moment and 

ôporosityõ was found, possibly due to random distribution of  porosity 

from remodeling events and modeling drift.   

 

Å     Material Properties - The strongest predictor of Youngõs modulus is 

ôsecondary lamellar boneõ (Figure 6b).  Youngõs modulus also had a 

significant positive relationship with ôstatureõ (Figure 6a) and ôageõ, but 

no relationship with ôporosityõ was found.  Peak stress had no 

relationship with any of  the predictor variables.  It is unclear why there is 

no trend however, with additional data from a broader age range (i.e. 

older than nine years), perhaps a trend will be revealed in future testing. 

 

Å     Geometric Properties - Section modulus had a significant positive 

relationship with ôstatureõ (Figure 7a), ôageõ, and ôsecondary lamellar 

boneõ (Figure 7b), but not with ôporosityõ.  

Figure 3. Composite images at 100x magnification of  specimen  Ped14_L6 showing 

manual measurement techniques for: a) Cortical Area, b) Secondary Bone Area, and c) 

Porosity Area.  Note examples of  primary bone (*) and secondary bone (#) in image a. 
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Figure 6. Youngõs modulus plotted by a) stature and b) secondary lamellar bone with mean estimate line derived from the univariate mixed 

model showing statistical significance 
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Figure 7. Section modulus plotted by a) stature and b) secondary lamellar bone with mean estimate line derived from the univariate mixed 

model showing statistical significance 
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Figure 5. Peak moment plotted by a) stature and b) secondary lamellar bone with mean estimate line derived from the univariate mixed model 

showing statistical significance 
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