
1 
 

Expedited Extraction of 2D Bone Porosity Descriptors from 3D Micro-CT and Serial 
Section Images 

Mary Cole, M.A. 
Advisor: Dr. Samuel D. Stout 

Department of Anthropology, The Ohio State University 
The 32nd Edward F. Hayes Graduate Research Forum 

 
ABSTRACT 

Anthropologists have extensively studied how physical activity changes the shape of the 

bones used for those behaviors (Ruff et al., 2006). When mechanical demand changes from an 

optimal level, bone is formed or resorbed (removed) until it restores the balance of bone meeting 

mechanical needs. Bone forms on surfaces where demand is increased, and bone is resorbed on 

surfaces where demand is decreased (Lanyon, 1982). The cross-sectional shapes of limb bones in 

particular have been broadly tracked across fossil and archaeological populations to detect trends 

in bone strength associated with the evolution of bipedalism, transition to agriculture, division of 

labor, roughness of terrain, and tool use (30+ studies reviewed in Ruff and Larsen, 2014). 

The relationship between mechanical demand and bone shape becomes more complicated 

when anthropologists examine the internal structures of bone tissue. The cortical “walls” of bone 

are perforated with hundreds (in the rib) to thousands (in the femur) of canal systems known as 

vascular pores, which carry the blood vessels that supply bone cells (Agnew and Stout, 2012, 

Cole, 2014). Vascular pores form through a mechanically-stimulated process of bone turnover 

called “remodeling”, which involves osteoclast cells tunneling into bone tissue, and osteoblast 

cells filling in all of this tunnel except a central pore (Burr and Akkus 2014). Remodeling is 

triggered under three circumstances: 1) mechanical demand decreases, so pores form to remove 

“excess” bone, 2) mechanical demand increases, damaging the bone, so the microscopically 

cracked tissue is removed through remodeling, or 3) the cellular processes underlying 

remodeling become de-sensitized and dis-regulated with age, leading to increased porosity 
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beyond what is mechanically stimulated (Agnew and Bolte, 2012, Burr and Akkus, 2014). Since 

these contradictory mechanical stimuli can all lead to porosity, anthropologists have sought to 

untangle the relationship between mechanical demand and pore number, shape, and location. 

Age-associated increases in porosity are also a key marker of bone fragility – decreased bone 

strength and increased fracture risk – both in archaeological (e.g. Cho and Stout, 2002) and 

modern populations (e.g. Yeni et al., 1997). At least 76% of the reduction in cortical strength 

with age results from porosity (McCalden et al., 2003). This is because vascular pores are stress 

concentrators where microscopic cracks can initiate and then propagate into a spontaneous 

fracture (Reilly and Currey, 1999, Ebacher et al., 2007). One in three women and one in five men 

over the age of 50 will experience at least one fracture due to severe bone loss (osteoporosis) 

(Melton et al., 1992, 1998, Kanis et al., 2000). 

Traditionally, anthropologists have examined porosity by cutting a ~100 micrometer 

thick cross-section of a bone. The cross-sections of pore systems on this slice of bone are then 

counted and measured (Agnew and Stout, 2012) However, pore networks are highly complex in 

three-dimensions, frequently splitting, merging, and branching at varied angles. In two-

dimensional cross-section, pore shapes and numbers are distorted (Stout et al., 1999; Bell et al. 

2001). Traditional histological slide preparation also involves grinding away several hundred 

micrometers of structural information between adjacent cross-sections, making it impossible to 

accurately reconstruct and follow pore structures as they change along a bone (Cho, 2012). 

Consequently, previous studies have not agreed on how pores respond in number, size, and 

orientation to different mechanical demands in different bone types or regions (reviewed in Stout 

et al. 1999 and Gocha and Agnew 2016). Additionally, manual selection and measurement of 

hundreds to thousands of individual pores is time-intensive (Agnew and Stout 2012, Cole 2014).  



3 
 

This presentation will demonstrate two new automated or near-automated techniques that 

extract two-dimensional pore measurements from exactly adjacent slices of bone, without a loss 

of three-dimensional information. The sample consisted of adjacent regions of the midshaft of a 

cadaveric right-side fourth rib from a 72 year old human female. The first technique, high-

resolution micro-computed tomography, involved scanning a 1 cm long rib segment using a 

Skyscan 1172-D High Resolution Desk-Top Micro-CT. Pore spaces were automatically 

extracted in three-dimensional space through the Segmentation Editor of AvizoFire 8.1 and 

exported as series of two-dimensional slices. Each slice represented an adjacent region of the 

bone length, with thickness 4.88 µm. The second technique, reconstruction from serial sections, 

involved decalcification in 14% EDTA and freezing cryostat serial sectioning of an immediately 

adjacent 1 mm long rib segment. Due to the thinness of each serial section (30 µm), pore spaces 

were empty with distinct boundaries, facilitating automated extraction of the majority of pores 

through thresholding of pixel intensity, particle size, and particle circularity in ImageJ, and near-

automated extraction of section boundaries and the few remaining pores by adjusting wand tool 

pixel value tolerance. Both microCT and serial section image sequences were loaded into 

ImageJ, which reported descriptive statistics for pore number, area, and circularity. Average 

sectional pore mean area and percent porosity were similar between micro-CT (mean area = 

0.00560 +/- 0.00262 mm2; % porosity = 5.59 +/- 0.05%) and histological technique (mean area = 

0.00444 +/- 0.000771 mm2; % porosity = 5.71 +/- 1.9%). Micro-CT serial sections on average 

reported fewer, more circular pores (130 +/- 6.58 pores; 0.877 +/- 0.0132 circularity) than 

histological technique (167 +/- 8.98 pores; 0.709 +/- 0.050 circularity), as micro-CT can better 

incorporate tissue separating or edging pores. Both techniques preserve three-dimensional 

structural information and minimize sample processing time.  For both methods, adjacent serial 
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sections can also be interpolated to reconstruct the three-dimensional structure of the pore 

network. 

INTRODUCTION 

Bone Mass and Shape Reflects Mechanical Loading History 

Bone functional adaptation is the theoretical concept that a bone adjusts its mass and 

shape during life to accommodate typical mechanical demands. Net bone deposition remains 

constant as long as these mechanical stimuli maintain an “optimum customary strain level” 

(Lanyon et al., 1982). This optimal setpoint is likely determined by a combination of genetic, 

hormonal, and other physiological influences (Robling et al., 2014). Increases in mechanical 

demand above this threshold stimulate bone formation, while decreases in mechanical demand 

below this threshold induce bone resorption (Lanyon et al., 1982). Mechanical demand refers to 

the amount and distribution of bone mass necessary for resisting typical mechanical loading. 

Osteocytes, the cells embedded in pre-existing bone, sense changes in the typical mechanical 

demands exerted on bone tissue. They produce local factors that activate bone resorption by 

osteoclast cells and/or bone formation by osteoblast cells (Martin, 2002). 

 Bones change in mass and shape drastically during growth, but the amount and 

distribution of bone mass continues to change throughout the lifetime in response to mechanical 

and physiological demands. Modeling refers to formation of new bone on a bone surface, 

uncoupled to resorption (Allen and Burr, 2014). For example, as bones lengthen during growth, 

they impose increasing mechanical strain on the bone tissue during bending. This drives the 

whole bone to expand radially in cross-section, including bone formation on its periosteal 

(external) surface and bone resorption on its endosteal (internal) surface (Fig. 1) (Turner, 2006). 

During the pubertal growth spurt, increased bone length precedes increased bone mass (Rauch 
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and Shoenau, 2001). Cortical area, the amount of cortical bone mass in cross-section, is 

proportional to the bone’s resistance to axial compression from body weight (Skedros, 2012).  

                          

       Fetal Human Femur                                 Adult Human Femur 

Figure 1. A midshaft cross-section of a human femur at fetal (left) and adult 

(right) stages is pictured. During growth, increases in bone length strain the 

human femur and trigger radial expansion. The cross-section also elongates to 

align with the direction of greatest bending strain, altering cross-sectional shape.  

Scale bars are 1 mm. Image from Cole (2014). 

Bone responds to regional strains, rather than total strains, such that the distribution of 

bone mass can vary along anatomical axes (Lanyon et al., 1982; Ruff et al., 2006). When strain is 

regionally concentrated, bone forms preferentially on the periosteal (external) surface of the 

highly-strained region, rather than uniformly around the bone circumference (Lanyon et al. 

1982). Cross-sectional geometry describes bone shape by quantifying the distribution of bone 
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mass in cross-sectional space. These geometric measurements indicate the direction in which 

bone best resists mechanical forces such as bending and torsion (Ruff and Hayes, 1983a,b). 

Since the cross-sectional quantity and distribution of bone mass correlate with typical 

mechanical loading, anthropologists have applied these measurements broadly to infer how 

bones were used in past populations. Paleoanthropologists have widely used cross-sectional 

geometry to describe the early bipedalism of fossil human ancestors, including how this 

locomotion pattern evolved in concordance with changing limb proportions and body size. 

Cross-sectional geometry has also been broadly applied in archaeological contexts to identify 

differences between populations or over time in physical behaviors such as subsistence, division 

of labor, and mobility (reviewed in Ruff and Larsen, 2014). 

Complications of Inferring Mechanical Loading History from Bone Microstructure  

Bone tissue is also formed and resorbed within the cortex in order to replace old bone, 

accommodate localized mechanical changes, or repair microscopic damage (“microdamage”) to 

the bone tissue. This coupled process is called remodeling, wherein pre-existing bone is resorbed 

and then replaced by new bone (Frost, 2003, Allen and Burr, 2014). In stochastic remodeling, 

physiological needs of the body regulate bone formation and resorption. In targeted remodeling, 

bone responds to a specific mechanical need for bone resorption in order to repair microdamage 

(Martin, 2002). During remodeling, osteoclasts tunnel into the old or damaged bone, and 

osteoblasts subsequently fill this tunnel with new bone, leaving a small central pore for a blood 

vessel (Fig. 2). Just as modeling is evidenced by changes in bone mass and space, remodeling 

leaves behind a “secondary osteon”, which refers to the vascular pore and its surrounding 

concentric lamellae of new bone (Burr and Akkus, 2014).  
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Figure 2. During remodeling, osteoclasts tunnel into the bone tissue 

longitudinally, and are followed by osteoblasts forming new bone at the periphery 

of this tunnel. The shape of the central pore in cross-section depends on the 

degree of completion of the remodeling process in the plane of section. Image 

from Stout and Cole (2018).  

The microscopic structure of bone tissue (“microstructure”) retains secondary osteons 

and vascular pores as artifacts of remodeling. The geometry of these structures, particularly their 

distribution, size, and shape, reflects the mechanical stimuli of remodeling and could 

theoretically be used to infer physical behaviors in the past. However, the connection between 

mechanical trigger and structural evidence is complicated because remodeling can be initiated 

under low, moderate, and high mechanical strains. Bone is resorbed by osteoclasts at very low 

strains (<50 – 100 µε), leaving large pores called resorption bays (Frost, 2003). If bone formation 

is not initiated or completed, the resorption bay remains in the cross-section as a large pore. 
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Adjacent resorption bays can coalesce with one another or with the marrow cavity through 

resorption of their interstitial tissue regions, forming huge “trabecularized” pores (Fig. 3) 

(Zebaze et al., 2009).  

 

Figure 3. A region of a serial section of the human rib used in this study is 

pictured. Unfinished remodeling produces a resorption bay. Resorption bays can 

coalesce with the marrow cavity to form “trabecularized” pores. Finished 

remodeling produces a Haversian canal. Scale bar is 0.5 mm. 

 Bone is remodeled both to renew old bone at moderate strains (100 µ to 1,000 – 1,500 

µε) and to repair the microdamage that occurs at very high strains (8000-10,000 µε) (Frost, 

2003).  Bone regions under high strain (e.g., compression) have been hypothesized to accrue 

more microscopic damage, triggering more frequent remodeling for repairs (Lanyon and Baggot 

1976).  Some two-dimensional studies have found that secondary osteons tend to be smaller 

(Skedros et al., 1994, 1997, 2004) and more numerous under compression (Lanyon et al., 1979, 

Mason et al., 1995, Riggs et al., 1993a, b, Skedros et al., 1997, 2004). However, other studies 

Resorptive 
Bay 

Trabecularized 
Pore 
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have found denser secondary osteon populations in bone regions under low strain (e.g., tension), 

which they attribute to more frequent remodeling for bone renewal (e.g. Portigliatti et al., 1983, 

Mason et al., 1995, Skedros et al., 1996a, Gocha and Agnew, 2016).  

An additional complications is that as individuals age, remodeling becomes disconnected 

from its mechanical stimuli. Osteoblasts’ capacity for bone formation slows, decreasing their 

ability to keep pace filling resorption bays (Pearson and Lieberman, 2004). Bone resorption also 

increases in response to the lowered strains of weakening muscles and declining physical activity 

(Thomas et al., 2005).  About 70% of age-related bone loss in appendicular bones is cortical 

bone loss, which primarily occurs through the accumulation of porosity (Zebaze and Seeman, 

2014). Pore diameter increases while pore number and spacing decrease, suggesting that pores 

are coalescing (Chen and Kubo 2014, Milovanovic et al., 2014). These changes are exacerbated 

in aging women (Chen and Kubo 2014) due to declining estrogen levels at menopause that 

increase bone resorption (Robling et al., 2014).   

It is particularly important to better understand how mechanical demand shapes porosity 

over the lifespan due to the connection to bone fragility and fracture risk.  Pores compromise 

mechanical strength because they concentrate stress. Microscopic cracks (“microdamage”) that 

form within a pore system can propagate through these highly interconnected tunnels until the 

bone fractures (Ebacher et al., 2007). A 4% porosity increase decreases bone’s toughness against 

crack initiation by 4%, and increases crack propagation through bone tissue by 84%  (Ural and 

Vashishth, 2007; Diab and Vashishth, 2005). An increase in porosity from 4% to 10% cuts peak 

stress before fracture by more than half, while an increase to 20% decreases bone deformation 

before cracking by threefold (Martin and Burr, 1989). In the femur, 76% of the reduction in bone 

strength in tension with age results from porosity (McCalden et al., 2003).  Osteoporosis (Fig. 4), 
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meaning the severe loss of bone with risk of fracture, is an important anthropological metric of 

health in archaeological populations. Understanding porosity’s contribution to osteoporosis also 

has broad public health implications. One in three women and one in five men over the age of 50 

will experience at least one fracture due to osteoporosis (Melton et al., 1992, Melton et al., 1998, 

Kanis et al., 2000). An estimated 1.25 million osteoporotic femoral neck fractures occur 

worldwide every year, and incidence is projected to increase by 240% in women and 310% in 

men by 2025 as individuals live to older ages (Gullberg et al., 1997). 

 

Figure 4. A midshaft cross-section of a highly osteoporotic human tibia is 

pictured. Extensive porosity is seen throughout the cortex, especially adjacent to 

the marrow cavity. Scale bar is 1 mm. Image from Cole (2014).  

Limitations of Inferences from Two-Dimensional Cross-Sections 

Histological studies of osteon and pore geometry have historically relied on two-

dimensional cross-sections. Yet osteons and their contained pores form complex, interconnected 
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three-dimensional networks (Maggiano et al., 2016). These patterns of branching, convergence, 

and splitting distort two-dimensional inferences of osteon and pore number, shape, and size  

(Stout et al., 1999, Maggiano et al., 2016). Two-dimensional studies have consistently found that 

porosity (total pore area / total regional area) is higher in regions of lower mechanical strain 

within a cross-section (e.g., Jowsey, 1960, Atkinson, 1965, Martin et al., 1980, Martin and Burr, 

1984, Skedros et al., 1994b, Thomas et al., 2005, Zebaze et al., 2010, Agnew and Stout, 2012, 

Cole, 2014, Dominguez and Agnew, 2016). However, two-dimensional studies conflict in their 

interpretations of how often pore systems form (e.g. Hattner and Frost, 1963, Frost, 1963, 

Lanyon and Baggot, 1976, Portigliatti et al., 1983, Mason et al., 1995, Skedros et al., 1996, 

Mulhern and Van Gerven, 1997, Cho and Stout, 2011, Mulhern, 2000, Robling and Stout, 2003, 

Gocha and Agnew, 2016), how far remodeling extends (e.g., Mason et al. 1995 , Yeni et al., 

1997, Skedros et al. 1994a,b, Skedros et al., 1997, Skedros et al., 2004, Dominguez and Agnew, 

2016), and how pores are oriented in three-dimensional space as they tunnel longitudinally (e.g., 

Cohen and Harris, 1958, Tappen, 1977, Layon and Bourn, 1979, Black et al., 1980, Petrt’yl, 

1988, Martin and Burr, 1989, Hert et al., 1994, Stout et al., 1999). 

Additionally, traditional histological techniques for slide preparation destroy hundreds of 

micrometers of bone tissue between sequential sections, making it difficult to follow three-

dimensional structures (Fig. 5). (Cho, 2012). Pores also number in the hundreds (in the human 

rib) to the thousands (in the femur) per cross-section, discouraging researchers from counting 

and measuring these structures individually and manually on two-dimensional cross-sections 

(Agnew and Stout, 2012, Cole, 2014). Analysis of structural contributions of porosity to fracture 

risk is thus limited by the absence of three-dimensional data (Bousson et al., 2001). This paper 
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presents two new methods for automated detection and measurement of two-dimensional pore 

structures from three-dimensional imaging methods.  

  

Figure 5. A region of the microCT image of the human rib used in this study is 

pictured. In a two-dimensional cross-sectional “slice” (left), pores in this region 

appear to be small and isolated. The three-dimensional image (right) reveals that 

the pores expand in volume and converge. Scale bars are 1 mm. 

MATERIALS AND METHODS 

Sample Preparation 

 The sample used to develop these imaging methodologies was a cadaveric right-side 

fourth rib from a 72 year old female. The sample was provided by Dr. Amanda Agnew’s 

(Division of Anatomy, College of Medicine, The Ohio State University) allotment from the OSU 

Body Donation Program. A two inch transverse cross-section was cut from the midshaft, 

measured as 50% of the distance from the tubercle to the sternal end as in Agnew and Stout 

(2012), using a Dremel 400 XPR. A section 10 mm in length was cut from the vertebral end of 

this subsection for micro-computed tomography imaging, and an immediately adjacent section 5 

mm in length was cut for serial sectioning.  
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Method #1: High Resolution Micro-Computed Tomography (micro-CT) 

Micro-computed tomography (micro-CT) reconstructs three-dimensional structures by 

interpolating X-ray images of a rotating sample from hundreds of angles (Fig. 6) (Cooper et al., 

2004). A 10 mm length of the rib was selected in order to scan the maximum depth (6 – 10 mm) 

reported for complete pore systems (Filogamo, 1964; Johnson, 1964; Cooper et al., 2006). This 

depth would also capture branching events, which occur at minimum every 2.5 to 3 mm (Koltze, 

1951; Beddoe, 1977). Unfixed samples were scanned in air using a Skyscan 1172-D High 

Resolution Desk-Top Micro-CT (Department of Biomedical Engineering MicroCT Laboratory, 

The Ohio State University) with source voltage 59 kV, camera pixel size 8.87 µm, and voxel size 

(resolution) 4.88 µm. At a 5 µm resolution, micro-CT detects 99.5% of the percent porosity 

(pore area/cortical area) that can be visualized histologically (Cooper et al., 2004).  

 

Figure 6. The micro-CT detector collects X-rays of the rotating rib sample from 

hundreds of angles, as pictured in this diagram. 
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Three fields of view were required to cover the 10 mm length of each rib quarter. 

Angular x-ray projections were converted into serial cross-sectional slices by NRecon 

Reconstruction Software (Bruker) (Fig. 7).  

 

Figure 7. A single angular X-ray is pictured (left). The NRecon Reconstruction 

Software converts all angular X-rays into a series of cross-sectional slices of the 

rib, one of which is pictured (right). 

NRecon also corrected for defects in the micro-CT scanner or reconstruction, including 

section alignment, beam hardening, and ring artifact correction (Table 1). 

Table 1. NRecon Corrections 

Image Correction 
Bone Quarter 

1 2 3 4 
Section Alignment -3 -0.5 3.5 2.5 
Beam Hardening  30 20 20 20 
Ring Artifact Correction  6 4 4 4 
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The cross-sectional slices reconstructed from the angular X-ray projections can be 

stacked into a three-dimensional image in the software Avizo Fire 8.1. The four rib 

quarter cross-sections were loaded into this software and visualized as isosurface 

reconstructuons. The rib quarters were then manually transformed to their original 

positions relative to each other. Each transformed quarter was resampled with extended 

mode and preserved voxel size to save its new position (Fig. 8).  

 

Figure 8. An isosurface reconstruction of the four rib quarters after 

transformation to their original positions in Avizo Fire 8.1. Scale bar is 5 mm. 

Since rib quarters were scanned individually and reconstructed from angular X-ray 

projections, they could vary slightly in the pixel intensity representing bone tissue, both 

within sections (Fig. 7) and between sections. To correct for this variation, each rib 

quarter was loaded into the Segmentation Editor, and bone tissue regions were isolated 

using the Threshold tool. This produced a binary image of each rib quarter, where bone 
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tissue regions in a given cross-sectional slice were represented by a pixel intensity of 0 

(black), and air regions (pore, marrow, external space) were represented by a pixel 

intensity of 255 (white). Each binarized rib quarter was saved as a new label field, and 

then extracted as a new object using the Arithmetic tool. Finally, the four objects 

representing the rib quarters were merged into a single object using the Arithmetic tool. 

The merged object was exported from Avizo Fire 8.1 as a series of 2D .tiff files 

representing each cross-sectional slice. These .tiff files were then loaded into ImageJ 

(NIH) as an image sequence. The image sequence was converted to 8-bit grayscale and 

cropped in height and width to exclude space external to the cross-section, in order to 

reduce file size. Cross-sectional slices near the top or bottom of the stack were excluded 

if they did not contain the full cross-section. The final image stack contained 1,897 cross-

sectional slices of 4.88 µm thickness for a total bone length of 9.26 mm.  

In order to extract pore spaces from the cross-sectional slices of the whole rib, the 

light (high intensity) pixels representing pore spaces needed to be segmented from the 

dark (low intensity) pixels representing bone spaces. However, marrow cavity and 

external spaces were also represented by light (high intensity) pixels, and needed to be 

excluded from this analysis. The cropped .tiff files were reloaded into Avizo Fire 8.1. The 

Threshold tool of the Segmentation Editor was used to threshold dark pixels representing 

bone regions. These pixels were saved as a new label field. The holes in the bone label 

field, which represented pore spaces, were then filled using the Selection Fill tool. 

Finally, light pixels were thresholded from within the bone label field using the “Current 

Material Only” setting. This process isolated light pixel pore regions without including 

light pixel marrow cavity or external regions (Fig. 8).  
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Figure 8. Three-dimensional pore spaces (left) are reconstructed by extracting 

two-dimensional pore areas from the stack of cross-sectional images (right) in the 

Avizo Fire 8.1 Segmentation Editor. Dark pixels representing bone tissue are 

thresholded and saved as a material (top). The holes in this material are filled 

(middle). Light pixels representing pore areas are extracted from within the saved 

material (bottom).  

The isolated pore spaces were saved as a new label field, which was extracted as a 

new object using the Arithmetic tool. The pore object was exported from Avizo Fire 8.1 

as a series of 2D .tiff files, each representing a cross-sectional slice. These .tiff files were 

loaded back into ImageJ, where any large central pores representing trabecular spaces in 

the marrow cavity were manually selected with the Magic Wand tool and deleted. Some 

extremely small structures included on the pore image were not vascular pores, but 

represented osteocyte lacunae or noise from the X-ray projection. The Analyze Particles 

tool was used to isolate only those particles with an area below 0.0002 mm2, which we 

previously determined (Cole, 2014) to be the smallest Haversian canal size observed in 

human ribs. These isolated non-pore regions of interest were flattened into a stack of 

cross-sectional images representing only the non-pore particles. The Image Calculator 

tool was used to subtract the non-pore particle image sequence from the original pore 

image sequence, creating an image stack of cross-sections that excluded these non-pore 

particles (Fig. 9). The “cleaned” pore image sequence can be reloaded into Avizo Fire 8.1 

to visualize three-dimensional pore volumes (Fig. 10) and surfaces (Fig. 11). 
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Figure 9. The top cross-sectional slice from the “cleaned” micro-CT image 

sequence, with marrow inclusions and small non-pores removed. Scale bar is 1 mm.  

 

Figure 10. Top view of the volumes of the three-dimensional pore structures 

extracted from micro-CT imaging. Scale bar is 5 mm. 
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Figure 11. Top and side view of the isosurface visualization of the three-

dimensional pore structures extracted from micro-CT imaging. Scale bar is 5 mm. 
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Method #2: Reconstruction from Serial Sections 

 Micro-CT may be inaccessible to some researchers due to the high cost of scanning 

samples. Serial sectioning is an alternative methodology for following two-dimensional 

structures in three-dimensional space. Traditional histological slide preparation cuts 300 – 400 

µm thick sections on a sawblade, which are then ground to 100-150 µm thickness on a grinding 

wheel (Cho, 2012). This process destroys approximately 150 - 300 µm of bone length between 

sequential sections, making it difficult to follow structures accurately in three-dimensional space. 

Serial sectioning uses a sharp blade to cut much thinner serial sections without wasting sample 

material between sections. We cut our sections at 30 µm thickness after Tappen (1977) for this 

study, but we have experimentally cut whole cross-sections as thin as 8 µm.  

 To prepare the rib for serial sectioning, the reserved 5 mm long segment was fixed in 10 

mL of freshly prepared 4% formaldehyde for 24 hours under gentle agitation on a tube rotator. 

After fixation, the tissue was washed in 10 mL of distilled water for 30 minutes. To make the 

bone pliable to being thinly cut, the sample was decalcified to remove its mineralization. 

Decalcification was accomplished with the chelating agent 14% Ethylenediaminetetraacetic acid 

(EDTA) dissolved with ammonium hydroxide according to Sanderson et al., (1995). The sample 

was placed in 10 mL of fresh 14% EDTA every day. To test for the decalcification endpoint, 5 

mL of the previous day’s solution was removed and acidified to 3.4 pH was glacial acetic acid, 

and 5 mL of 3% ammonium oxalate stable stock solution was added. If calcium precipitated out 

of the solution overnight, the decalcification process was not complete and the sample was 

placed in fresh 14% EDTA for another day. Decalcification of the sample used in this study took 

eleven days. After decalcification, the sample was rinsed three times in 10 mL of distilled water 
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for 10 minutes each, and rinsed three times in 10 mL of 1X phosphate-buffered saline for 10 

minutes each. 

Serial sections were cut from the decalcified sample on a freezing Leica CM1510S 

Cryostat at the Campus Microscopy & Imaging Facility (CMIF) at The Ohio State University. 

To prevent ice crystal formation in the tissue during the freezing process, the sample was 

cryoprotected overnight in 10 mL of 30% sucrose, and then incubated overnight in 5 mL of 30% 

sucrose mixed with 5 mL of Optimal Cutting Temperature (O.C.T.) compound. The 

cryoprotected sample was frozen in 2-methylbutane chilled in a bath of liquid nitrogen. The 

frozen sample was then placed in a mold and surrounded with O.C.T., which was frozen at -20˚C 

inside the cryostat. The face of the sample immediately adjacent to the section scanned with 

micro-CT was serial sectioned for 34 sections at 30 µm thickness each, for a total bone length of 

1.020 mm.  

Pore boundaries were extracted from a digital image of each serial section. These digital 

images were created by taking overlapping 100x microscopic images of the entire cross-section 

with an Olympus BX51 microscope with attached SPOT digital camera under normal light 

transmission. Adjacent microscopic images were automatically photomerged in Adobe 

Photoshop CS2 into an image of the entire cross-section. We developed a protocol for automated 

extraction of pore borders from individual serial sections (Fig. 12), building on our previous 

work with traditional histological slides (Cole, 2014). First, a given serial section needed to be 

isolated from non-bone external and marrow cavity space. The digital image was opened in 

ImageJ, and the Magic Wand tool was activated external to the cross-section’s periosteal border. 

The Magic Wand tool selects pixels of the same or similar intensity that are connected to a 

clicked pixel. Its tolerance can be adjust to expand or contract the range of acceptable pixel 
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intensities to simultaneously select. The tolerance of the Magic Wand tool was modulated until 

its selection closely bordered the cross-section’s periosteal border. Space outside this selection 

was cleared. This operation was repeated to delete the marrow cavity. The Freehand Selection 

tool was used to select and delete any non-bone tissue adhered to the periosteal or endosteal 

borders.  

Automated extraction of pore borders is based on the idea that pore borders are darker 

than the surrounding bone, while the hollow pore lumen is lighter than the surrounding bone. 

The Adjust Threshold tool of ImageJ was used to extract these darker and lighter pixel 

intensities, which were then combined into a single image. In order to close gaps between darker 

and lighter regions of a pore, the binary operate sequence dilate, close, fill holes, erode was 

executed on this combined image. Finally, the Analyze Particles tool was used to select only 

particles that exceed 0.0002 mm2 in size and 0.40 in circularity ratio. These extracted pore 

borders were saved as a list of coordinates called an ROI set, which was superimposed on the 

original image of the serial section. The “fit” of the automatically isolated pore spaces was 

manually compared to the pore spaces visible on the image. Missing pores were manually added 

to the ROI set, and mistakenly selected particles representing debris or discoloration were 

deleted from the ROI set, although minimal changes were typically needed. 

 

A B 
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Figure 12. The digital image is opened in ImageJ (a). The Magic Wand tool 

tolerance is adjusted to outline tissue borders (b). Space external to the periosteum 

and internal to the endosteum is cleared (c). Dark pixels representing pore borders 

are isolated (d). Light pixels representing the hollow pore lumen are isolated (e). 

Pore border and pore lumen images are combined (f). Binary operations close and 
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fill the isolated pores (g). Pore regions of interest (ROIs) pass size and circularity 

thresholds (h). Pore ROIs are superimposed on the original image for manual 

inspection (i). Minimal manual addition and deletion of pore areas is required (j). 

Scale bars are 1 mm. 

This process of automated pore selection and manual checking was repeated for all 34 serial 

sections, creating an image stack of isolated pore regions from each serial section (Fig. 13).  The 

image stack of isolated pore regions could also be loaded into Avizo Fire 8.1 with a 30 µm slice 

thickness for a three-dimensional representation of the pore network (Fig. 14). 

 
 

Figure 13. Pore regions isolated from the top serial section. Scale bar is 1 mm. 
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Figure 14. Top and side view of the isosurface visualization of the three-

dimensional pore structures extracted from serial sections. Scale bars are 5 mm 

(top) and 8 mm (bottom). 

RESULTS 

Micro-CT imaging and serial sections of bone tissue both facilitated automated 

extraction of pore boundaries. These methods both produced an image sequence of 

adjacent two-dimensional cross-sections of these isolated pore spaces (Figs. 9, 13) which 
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could be stacked into a three-dimensional image (Figs. 10, 11, 14). To assess the 

comparability of these methods, the ImageJ tool Analyze Particles was used to report 

pore dimensions from both stacks, averaged over all sections in a given stack (Table 2).  

Averaged Over All Sections Micro-CT Serial Sections 
Pore Mean Area (mm2) 0.00560 +/- 0.00262 0.00444 +/- 0.000771 
Total Pore Area (mm2) 5.59 +/- 0.05 5.71 +/- 1.9 

Pore Number 130 +/- 6.58 167 +/- 8.98 
Pore Circularity 0.877 +/- 0.0132 0.709 +/- 0.050 
Table 2. Stack averages of pore dimensions extracted from both methods 

Section averages for mean and total pore area appear comparable as the two methods 

overlap in these values when considering standard deviation. However, micro-CT 

produces, on average, fewer and more circular pores even considering standard deviation. 

This difference may be due to the superior capacity of micro-CT to distinguish soft tissue 

from hard bone tissue. Automated selection of pore borders on serial sections may 

mistake a soft tissue rim for a pore border or separation between adjacent pores (Fig. 15). 

As statistical analysis cannot be performed between two numbers, expansion of this 

project to additional samples will help determine whether this trend persists. 

 

Internal Soft 
Tissue Rim 

Subdivided 
Single Pore 
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Figure 15. In a serial section, pore borders may contain an internal rim of soft 

tissue that is mistaken for the hard tissue boundary of the pore. Serial sections 

may decrease average pore circularity by isolating the more jagged soft tissue rim. 

Serial sections may also increase average pore number by counting a single pore 

subdivided by soft tissue as multiple pores. Scale bar is 0.1 mm. 

DISCUSSION 

Micro-CT and serial sections are both effective and efficient tools for automated 

extraction of two-dimensional pore boundaries. These methods minimize pore variation 

within the tissue section. As discussed, traditional histology wastes 150 – 300 µm 

between adjacent sections, making it difficult to accurately follow structures between 

sections. However, traditional histological methods are also limited by a 100 - 150 µm 

section thickness, obscuring variation in pore size, shape, orientation, and position within 

this space. In fact, experienced histologists will recognize that pores often display a faint 

“shadow” on histological slides, representing the offset of the border outside of the plane 

of focus. This shadow is minimized in the 30 µm section thickness of the serial sections 

produced by this study, and pore variation is further reduced with the 4.88 µm section 

thickness of micro-CT. The reduced section thickness facilitates visualization of pore 

structures in three-dimensional pore space in both methods. In this study, micro-CT 

visualized 10 mm of bone length (100x traditional histology) and serial sections 

visualized 1 mm of bone length (10x traditional histology). However, depending on time 

and budget, bone length is theoretically unlimited.  

CONCLUSION AND FUTURE DIRECTIONS 
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Porosity has high anthropological potential for inferring physical behaviors in past 

populations, similar to the current application of cross-sectional geometry to bone mass 

and shape. Understanding how porosity becomes disconnected from mechanical demand 

with age also has important implications for assessing health, fragility, and fracture risk, 

both in past populations and in modern patients. However, studies attempting to link pore 

structure to its mechanical stimulus have derived contradictory or unclear results at least 

partially because they attempt to infer complex three-dimensional structures from two-

dimensional cross-sections. The automated methodologies presented in this study will 

equip anthropologists to increase their speed and accuracy in interpreting two-

dimensional pore dimensions in the context of three-dimensional space.  

This study was a methodological pilot project for ongoing research into the 

porosity of an age series (16 – 107 years) of the right side fourth rib of 36 cadaveric 

males and females. High and low strain regions of the human rib are currently under 

investigation for differences in two- and three-dimensional pore structure. As pores are 

not significantly loaded by body weight or muscle use (Bellemare et al., 2003), consistent 

associations of porosity with mechanical demand are expected between individuals. A 

subset of these ribs matched to right-side femoral necks will be studied with high-

resolution micro-CT, to determine how patterns of porosity manifest in this common site 

of osteoporotic “hip fracture”. This ongoing research will assess whether patterns in 

three-dimensional pore structure 1) explain patterns seen in two-dimensional histology, 

2) predict how a bone was mechanically loaded during life and 3) become disregulated 

with age, contributing to fracture risk.  
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